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Abstract

This thesis addresses the problem of plant parameter model identification for nonlinear finite-
dimensional second-order plant models for underwater vehicles from experimental data. These
models are necessary for predictive simulation studies, model-based control algorithms, and model-
based approaches to fault detection. The structure of these dynamical models can be derived using
first principles, but the model parameters such as mass, drag, and thrust coefficients must be

determined experimentally. This thesis provides solutions to several parts of this problem.

First, this thesis reports a derivation of a finite dimensional second-order using Newtonian
dynamics. The general form of these equation of motion are widely accepted in the research
literature, yet their full and detailed derivation using Newtonian dynamics is often omitted. This

thesis seeks to address this lacuna.

Second, this thesis reports an extension of an adaptive identifier (AID) to underactuated, three
degree of freedom underwater vehicles. Results of a simulation study are reported. Additionally,
the same AID is extended to simultaneously identify plant and control parameters for six degree
of freedom underwater vehicles. Another extension of the same AID is reported for plant models

with diagonal mass and drag matrices. Stability proofs are reported for all new AIDs.

Finally, this thesis reports a new algorithm to estimate the parameters of dynamical plants
using framework of the random sample consensus (RANSAC) algorithm. This new algorithm is
shown in simulation to outperform traditional least squares parameter identification methods with

respect to accuracy when observational data is corrupted by non-Gaussian noise.
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Chapter 1

Introduction

The undersea environment continues to be an active area of interest for its natural resources,
strategic military opportunities, many scientific frontiers, and a growing tourism industry. This
environment is extreme and in many cases inaccessible to humans directly. For these reasons,
unmanned underwater vehicles (UUVs) are designed and operated to extend our access to the
subsea environment. Modern UUVs have a long history starting in 1866 with the invention of
the first mechanically controlled, self-propelled submersible torpedo [16] which was followed
by widespread use of simple guided torpedoes in World War 1. Since World War I, UUVs have
continued to become more capable and many different types of UUVs are currently deployed on
scientific explorations, used to build and maintain critical undersea infrastructure, and utilized

during national defense operations.

State-of-the-art UUVs are often equipped with large instrumentation suites to measure veloc-
ities, depth, and attitude along with other signals, and employ on-board computers to deploy
algorithms for navigation, control, and other autonomous behaviors. There are a wide range of
reported actuation methods of modern UUVs including conventional thrusters, control surfaces
and other bio-inspired mechanisms [44], [27], [20], and [6]. However, operational performance
of UUVs is often contingent on accurate identification of dynamical plant and actuation models

that are unique to the configuration of each vehicle. Accurate model identification is required for



predictive simulation studies, the design and tuning of model-based UUV navigation and control

algorithms, and model-based approaches to fault detection.

The general structure of the finite-dimensional dynamical plant model for UUVs is widely
accepted, and a complete derivation of the equations of motion (EOM) is presented in Chapter 2.
Additionally, the structure of many types of control models have been reported and experimen-
tally verified by several researchers such as those in [41], [27], and [6]. However, all plant and
actuator parameters such as added mass, drag, and control fin coefficients must be determined

experimentally.

There are several reported approaches to estimating these plant and actuator parameters, some-
times called parameter identification or model fitting. These approaches include least squares
methods, adaptive methods, Kalman filters and their nonlinear extensions, and other machine
learning or neural net methods. This thesis reports two new approaches to estimating parameters
of both UUV plants and actuator models; one approach extends a previously reported adaptive
identifier (AID) to estimate actuator-model parameters in addition to plant parameters of under-
actuated UUVs, and the second approach implements a random sample consensus (RANSAC)
algorithm for robust estimation of dynamical models. Both new approaches offer advantages over
other existing methods. The AID extension enables the AID to estimate more parameters, and
the algorithm based on the RANSAC framework provides more robust estimation in the from

experimental data with non-Gaussian noise.

This thesis is organized in the following manner: Chapter 2 presents the derivation of the
widely accepted EOM applicable to all underwater vehicles using Newtonian dynamics. EOM
are reported for both the general six degree of freedom (6-DOF) class of UUVs and the three
degree of freedom (3-DOF) class of UUVs with motion in only the surge, sway, and heading
directions. Chapter 3 reports an extension of the AID reported in [36] for underactuated vehicles
in 3-DOF. Performance of this extension is evaluated in a simulation study of a 3-DOF UUV.

Chapter 3 also reports an extension of the AID to simultaneously evaluate the control parameter



identification for 6-DOF unmanned underwater vehicles (UUVs). Preliminary proofs of stability
are reported for all new AIDs. Finally, Chapter 4 presents a new algorithm based on the RANSAC
framework entitled "Dynamical Plant Identification using RANSAC" (DIRANSAC) that is designed
to identify dynamical plant parameters in the presence of noisy experimental data with outliers.
The performance of the DIRANSAC algorithm is evaluated in a simulated study of a one degree of

freedom (1-DOF) UUV.



Chapter 2

Dynamics of Underwater Vehicles

This chapter presents a derivation of the six degree of freedom (6-DOF) equations of motion (EOM)
for fully submerged underwater vehicles using classical Newtonian dynamics. This entire chapter
draws substantially from published work on the dynamics of rigid-body underwater vehicles done
by Steve Martin, Louis Whitcomb,[31], Thor Fossen [12], and others as cited. This derivation and
the resulting final dynamical equations for underwater vehicles are not new. However, this section
aims to present a complete and thorough derivation of these often-cited dynamical equations.
Often only the final results are published without disclaimers and without stating the underlying
assumptions. The step-by-step derivation of the EOM presented here allows for the possibility of

several structural observations.

Many mathematical models and derivations of the EOM of underwater vehicles are reported.
The first finite-dimensional mathematical models for underwater vehicles were developed at the
US Navy’s David Taylor Model Basin beginning in the 1950s [13] [14]. In 1961 Imlay in [23] reported
an expansion of these models to include more complete definitions of added mass. Revisions to
these early mathematical models were reported in 1979 by Feldman [9], and these revisions include
the clarification on the definition of notation, coordinate systems, and sign convention. These early

mathematical models were reported without derivation.

Sagatun in [12] reports a derivation of the EOM for marine vehicles using Lagrangian Dynam-

ics, and Fossen in [12] reports an approach using the quasi-Lagrangian approach. In addition,



McFarland in [37] approaches the problem by making extensive use of the properties of the Spe-
cial Euclidean group SE(3) and the associated Lie Algebra se(3). These other approaches have
several advantages, including the use of generalized coordinates in Lagrangian formulations and

manifolds in SE(3) formulations. The reader is referred to these studies for additional details.

The Newtonian approach builds from familiar first principles, starting with Newton’s second
law which states that the sum of the forces, ) “ f, acting on the vehicle is equal to the time derivative

of linear momentum
w i d w w . WALW o w w
E f_ﬁ[Mx]— MYx + Y MY, 2.1

where “M € R*? is the vehicle mass matrix and “x € RR? its linear velocity, both as seen in the
world frame denoted by the superscript “w”. Newton’s second law also states that the sum of the
moments, ) “t, is equal to the time derivative of angular momentum of a rigid body about the

origin of the world frame
wy d wWIw & w WAfW .
) tzﬁ[lw—i- x x “MYx] (2.2)

. . d
— ‘LUIZU(I’] +WIW&') _|_‘wx X wax +ZUx X E[ZUMZUX], (23)

where “I € R3*3 is the moment of inertia matrix of the vehicle and “w € R3 its angular velocity.
g 3%

The vector cross product is denoted as x and its relationship to the J() operator is defined in (2.11).

Upon inspection of (2.1) and (2.3) we can see that all the terms are defined to be relative to a
world frame which is assumed to be an inertial reference frame. This is an essential assumption
mandated by Newton'’s first law. However, we will find it advantageous to rewrite (2.1) and
(2.3) to contain only velocities as measured relative to the body frame of the vehicle and the time
derivative of these so called body velocities. The body frame is not an inertial frame of reference
and may seem awkward at first, but this arrangement affords some key conveniences. First this

formulation allows for the mass and inertia matrices to be defined such that they are constant. It



is also convenient for many underwater vehicles to be instrumented with sensors that directly

measure motions relative to the body frame.

With this goal in mind, we define the following coordinate frames in Fig 2.1:

e The world frame “w” is an inertial frame of reference.

e The body frame “b” is a body fixed frame coincident with the center of mass (COM) and

aligned along the principal axis.

¢ The body frame “L” is an arbitrary body fixed frame, with the same orientation as the “b”
frame but offset from the “b” frame by the vector ¢. In practice a common location of the “L”

frame is the center of pressure.

Figure 2.1: Illustration of coordinate frames

The remainder of this Chapter is organized as follows: Section 2.1 reports a derivation of

rigid body kinematics in the body center of mass frame. Section 2.2 reports a derivation of rigid



body kinematics in the “L” frame not coincident with the center of mass. Section 2.3 reports a
derivation of the hydrodynamics of underwater vehicles relative to the “b” or COM frame. Section
2.4 reports a derivation of the hydrodynamics of underwater vehicles relative relative to the “L”
frame. Section 2.5 reports a derivation of the rigid body dynamics of underwater vehicles. Section
2.6 reports a complete derivation of of the EOM of 6-DOF underwater vehicles by combining the
hydrodynamic and rigid body terms. Finally, Section 2.7 reports a derivation of the common three
degree of freedom (3-DOF) class of vehicles where only the surge, sway, and heading of the vehicle

are considered.
2.1 Rigid Body Kinematics in the Body Fixed COM Frame

In Fig 2.1 “x(t) is the vector from the origin of the world frame to the origin of the COM frame of
the vehicle relative to, or as measured in, the world frame. We denote the COM frame as the “b”
frame. The orientation or attitude of the vehicle relative to the world frame is defined by the vector
a(t). We use Euler Angles to parameterize the orientation of the underwater vehicle which have an
intuitive interpretation of roll pitch and yaw, but they exhibit a singularity at pitch angles of =77 /2.
However, this orientation is rare for many underwater vehicles. We define the non-inertial body
velocity "oy as the velocity of the underwater vehicle in the “w” frame (denoted as %(t)) projected

instantaneously on the body fixed frame b. Mathematically,
by, = b R(DYx(t 24
vx = R (@)"1(t), (24)

where the subscript , refers to the vector from the world frame to the “b” frame. The coordinate
transformation % R(@) describes the orientation of vectors in the world frame as they appear in the
b frame. £ R(@) is clearly a function of @(t), and regardless of the chosen parameterization of @(t),
b R(@) is always a member of the group of rigid body rotations SO(3). The group SO(3) is defined

as

SO(3) = {R € R®: RTR = I, det(R) = +1,} (2.5)



The inverse of the rotation matrix 4 R(#) is defined by the properties of group SO(3) as
bR™Y@) = b RT(@) = “R(a). (2.6)

Here ;' R(@) can be physically interpreted as a rotation matrix that describes the orientation
of vectors in the body frame as they appear in the world frame. Secondly, there is an important
relationship between the % [#R(d)] and the angular velocity of the COM frame. We start with the

inverse property of SO(3) and take the time derivative to yield

YR(@) yRT(d) =1 2.7)
d d
7 b R@) PRY@)] = 1 (2.8)
. . . T
wR(@) “RT(d@) + YR(@) YRT(d) = 0YR(@) YR (d) = —(gUR(a) ngT(a)) . (2.9)

Clearly ! R(@) IR () is skew symmetric. We define the instantaneous angular velocity of the

body as seen in the world frame denoted as Y& = [wy,; wy,; ws,] to be
J(*@) = PR(@) PR (@), (2.10)
where the mapping | : R® — SK(3) € R**3 defined as
0 —c b
]( > =|lc 0 —af. (2.11)
-b a O

The operator | is often described as the skew symmetric operator and is related to vector cross

a
b
c

product operation (denoted as x) where 4 x b=7] (E)E.

We define the instantaneous body angular velocity as the spacial velocity projected onto the b

frame

J(°&) = “RT(@) YR(@@). (2.12)



Furthermore the relationship between & and ¥@ is
J('@) = PRY (@) J("@) {'R (@) (2.13)
or
b = YR (7)“ 6. (2.14)

We also note for all R € SO(3) that R distributes over the cross product thus ¥V py, p» € R
R(pl X PZ) = Rpl X sz (215)

RJ(p1)p2 = J(Rp1)Rp2. (2.16)

Returning again to (2.1) and (2.3) we note that these equations contain linear acceleration “
and the angular acceleration “¢ of the vehicle both referenced to the world frame “w”. Again it
will be advantageous to express these terms as the time derivatives of linear body velocities "o

and angular body velocities /.

We start with finding an expression for “# by multiplying both sides of (2.4) by ;’R(d), rear-

ranging and taking the time derivative, and substituting in (2.12) which yields

%wx(t) _ %[;fzz(ﬁ)%x} 217)
() = UR(@)’0x + YR (@) 00 (2.18)
= VR(@)] (@) vy + FR(@) 05 (2.19)

= YR(7) (](bd})bvx + bz')x). (2.20)

by = b R(@)Vé. (2.21)

Force and moment vectors on the left side of (2.1) and (2.3) respectively can also be defined relative



to the body frame as

“f =¥R@)f (2.22)

= UR@)"F+ J(“x)"f. (2.23)

The sum of moments in the world frame includes the contribution from the forces acting on the

vehicle body at the moment arm “x.

Lastly expressions for “M and [ can be found by first noting the following similarity relation-

ship between the “w” and “b” frame,
“M =5 RT(@) "M 5 R(7) (2.24)
vy = RT(7@) 18 R(@), (2.25)

where “I and “M are both positive definite symmetric (PDS), time varying matrices expressed
relative to the “w” frame coordinate system. By matrix similarity ?I and "M are also both PDS
matrices, but expressed relative to the “b” frame coordinate system. T and "M are assumed to
be constant, or equivalently the mass and the inertia of many underwater vehicles do not change
when measured relative to a body fixed frame. This time invariance assumption can be justified for

many classes of unmanned underwater vehicles (UUVs).

The similarity relationship in (2.24) and (2.25) is widely accepted and can be quickly justified
using a simple example. Say we define an inertial frame “j” and /¢ is the acceleration a body the
with a mass matrix /M subject to a net force / f with the superscript / denoting all are relative to the

“"2r

j” frame. From Newton’s second law the three are related by
If=iMIZ (2.26)

We assume there is another reference frame “k” and the rotation matrix ;‘ R is the transformation

"2

between frame “j” and frame “k”. Both the force and acceleration vectors can be expressed in the

10



“k” frame as Kf = ;‘R if and K& = ;‘R JE, respectively. Substituting these into (2.26) and using a

property of SO(3) yields

(2.27)

(2.28)

(2.29)

7574

This similarity transformation is still applicable even if the coordinate frames “j” and “k” are

non-inertial coordinate frames.

Since YT and M are both assumed time invariant, we use the product rule to get time derivatives

of (2.24) and (2.25) as
“M = RT(@) "M R@) + b RT (@) PM b R(7) (2.30)
vi="RT(@) " 15 R(@) +5RT (@) "I 5 R(@). (2.31)
Substituting (2.12) yields
“M =R (@)]("w) "M {R(@) + L,RT (@) "M ] (*w) "}, R (@) (2:32)
“f = LR (@)]("w) *T 4R (@) + LR (@) *1 ] ("w) TR (@). (2.33)

11



2.2 Rigid Body Kinematics in the Body Fixed “L” Frame

It can be advantageous to write the EOM for underwater vehicles in an arbitrary body fixed frame
that is not the COM or “b” frame. We will denote this arbitrary frame as the “L” frame. There are
several reasons one might find this change of frame helpful. First, it can be difficult to measure
dimensions relative to the center of mass that are needed for sensor offset kinematics and alignment.
Additionally, it is common in naval engineering to write the EOM of a vessel relative to the ship’s
pivot point, or the point on an underactuated vessel which the ship pivots about during turning
maneuvers. Seo in [46] reviews the definition of the pivot point in surface vessels, which may also
be applicable to underactuated underwater vehicles. It is also common practice to utilize body
frames that are not located at the center of mass when in designing control algorithms. An example

may be found in the trajectory tracking controllers reported in [30].

In a similar manner as (2.4) we define the translational body velocity of the “L” frame to be the

instantaneous projection of “y onto the body frame. Mathematically,
b, _bprz\w,,
vy = R (@)"y, (2.34)

where the subscript , denotes the position vector y and the superscript b denotes the body frame.
In this derivation the orientation of the “L” frame will be defined to be the same as the orientation

of the “b” frame. To state this explicitly

PR(d@) = 'R(@)]R (2.35)
= Z’R(ﬁ)lgxg, (2.36)
= UR(@). (2.37)

For convenience we will continue to use the notation for the “b” frame in transformations between
the world and body frames. However, if there is a time invariant transformation between the two

frames “L” and “b”, or mathematically Y R # I5,3, then the following derivation would need to be

12



modified accordingly to reflect (2.35) and
WR(d@) = YR(@)IR. (2.38)
Similar to (2.21) differentiating (2.34) yields
wij = UR(7) ( J(°@)bo, + %y). (2.39)
The position of the “L” frame relative to the “b” frame is
Wy = Wy + PR(@) L. (2.40)

We need an expression for ? vy. Taking the time derivative yields

Yy = Y%+ PR(@) 0 (2.41)
=y +YR(@) J(bw) U2 (2.42)
=Yg+ YR(@) JT("0) bw. (2.43)

Substituting in (2.4) and (2.34) and multiply by R (7) results in

WR(@) vy = YR(@)"vx + YR(@) JT(70) Pw (2.44)
b0y = Loy + 1T ("0)bw, (2.45)

or equivalently,
oy = Yo, + J(P0)0. (2.46)

The expression for the time derivative of Yv, can be found by simply taking the time derivative of
both sides which results in

boy = Yo, + J(P0)0. (2.47)

And lastly, we note that the mass matrix in the “L” frame is equivalent to the mass matrix in the

“b” frame, i.e ‘M = M. This is a consequence of (2.24) and the assumption (2.37). We will use bMm

13



for convenience. The relationship between the moment of inertia in the “L” frame and the moment

of inertia in the “b” frame is defined using the generalized principal axis theorem [24], thus

T=147T0) ' M(Po). (2.48)
2.3 Hydrodynamic EOM in the Body Fixed COM Frame

The hydrodynamics of underwater vehicles relative to the “b” frame can be completed by returning
to the definitions of Newton’s Second Law in (2.1) and (2.3). In the case of hydrodynamics the
matrices “M and “I contain terms often referred to as added mass, mass ascension, apparent
mass, virtual mass and hydrodynamic added mass in the naval dynamics literature [31] [12] [22].
We will consider them to be positive definite symmetric (PDS). Additionally, we define the net

hydrodynamic force and moment acting on the vehicle to be fiy and “fy, respectively.

Starting with the linear degrees of freedom we can substitute (2.32), (2.4), (2.24), and (2.20) into

(2.1), thus
“ fr =uRT(@)] ("w) "M R (@) L,RT (@) "oy + L,RT (@) "M ] ("w)T {,R(@) {,RT (@) "o
+LRT (@) "MER@R@) (10 @) 0x +ox) (249)
=0 RT(a@)] ("w) "M Yo, + 5, RT (@) "M [ (Pw)T bo,
+ P RT(@) "M J(t@)Pv, + L RT (@) " MPo, (2.50)
=0, RT (@) (I(bw) M boy + ”Mbvx). (2.51)
Substituting in (2.22) to the left hand side and multiplying on the left by & R(#) results in
VR@) " fi = LRT(@) (J(w) "M Yoy + M5, (2.52)

b = J(Pw) "M Yo, + PMPo,. (2.53)

14



For the rotational degrees of freedom we consider (2.3) and (2.23). Using the definition (2.1) the

d
term “x X T [“ M™x] can be canceled as
" . : d
EUR(L_{) t_'_M:wIw@_i_wlw&}_'_wxXwax—i—W (254)
UR(@)T = VIO + VTV + Vi x UMY (2.55)

We substitute (2.33), (2.14), (2.25), (2.21), (2.4), and (2.24) into (2.3), and note that ] (*w)?w =0,

and utilize the distributive property of SO(3) in (2.16). These steps result in
wR(@) Py = LRT (@) ] (Pw) P18 R(@) YR(@) Pw + 5, RT(@) T J(*w)T &, R(7) PR(7) bw
+2RT@) P15 R(7) YR@) Pw + 4 RT (@) boy x §RT (@) "M Y R(@) §,RT (@) Py (2.56)
= RT(@)](*w) 1w + L, RT (@) T J(*w)T P
+PRT@) 1w + b RT (@) bo, x L RT(7) "M bo, (2.57)
= b RT(7) (](hw) 1Y+ P10 + J(Poy) LRT () 'M bvx). (2.58)
Multiplying on the left by % R(7) results in
b R(@) YR(@) Ty = b R(7) L RT (@) ( 1Cw) 'TPw + 1@ + J(%0y) LR (@) 'M bvx) (2.59)

Uiy = J(Pw) 1w + 21w + J(P0y) & RT (@) P M bo,. (2.60)
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Equations (2.53) and (2.60) can be combined by using the fact that J (°w) *M bv, = JT(*Mbo,)bw

to yield
be _ "M O3x3 bv'x + O3x3 ]T(beUx) bvx (2.61)
Pyl [0ms TP T JT(OMboy)  JT(TP@) | [P
b]? b, b
H| _b Ux b Ux
Together the matrices
b
bag | M O3
My = [03x3 by ] (2.63)
and
b 0313 JT(*Mboy)
Ca= |ronten it 269

are often referred to as the added mass terms, which are considered radiation induced forces in
naval architecture. Here the force and moment vectors ” f 1 and Yy represent the hydrodynamic
forces and moments acting on the vehicle. There are many hydrodynamic forces and moments
that act on an underwater vehicle, but we consider those that dominate in the hydrodynamic EOM
to be the drag terms and buoyancy terms. A discussion concerning the omitted effects of wind,

currents, waves, and other external environmental forces is provided in [12].

Infinite-dimensional drag forces acting on underwater vehicles are typically modeled using
quadratic drag terms. This model structure is confirmed in experimental results and conclusions in
[31] and [37] and is widely used in the literature. Some authors consider other models for drag,
and the most common alternative is to use a sum of linear drag and quadratic drag terms [31], [37],
[12]. However, we only consider quadratic drag terms in this derivation. This is the most common
model in literature and we can justify the omission of the linear drag term using first principles.
Linear, or viscous resistance drag dominates systems with very low Reynolds numbers (R, < 1).
Underwater vehicles of interest here have sizes on the order of m® and usually operate at higher

Reynolds numbers.
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We define the hydrodynamic drag to be the quadratic drag matrix
b b, b : :
DQ("vx,"@) = Y x| D; + ) 1@y, |D;, (2.65)
i=1 i=1

where each PDS drag matrix for the i degree of freedom (i = 1,2,...6) is defined as

['Diy1 'Diyy 'Diyz 'Dipy 'Dips PDipg]
’Diyy "Diyy "Dips "Diny "Dirs Digg
’Di3y "Dizy "Diss "Disy "Diss 'Disg
"Diy; 'Diyy, "Diys 'Digy "Diys 'Digg
’Disy "Disy "Diss "Disy Diss 'Disg
"Digy 'Dig, 'Dies 'Digs YDies YDigg|

bp; = (2.66)

Buoyant forces are present in all underwater vehicles that displace water. The net buoyant force

of a vehicle with dry mass m, water density p, and displaced volume v/ is

wﬁ :w,f:q - wﬁuoy (2.67)
=m“g—p g (2.68)
=(m—pv)"g. (2.69)

This formulation follows the convention that negatively buoyant vehicles will sink while positively
buoyant vehicles will rise if the sign of the gravity vector “§ is negative downward. In the “b”

frame these vectors are defined as

bfy =4R(@) “fp (2.70)

=L R(@@)(m — p)“%. 2.71)

If the center of mass and center of buoyancy are not collocated then these forces induce a

righting moment on the vehicle. Define by, to be the vector from the “b” frame to the center of
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buoyancy. Therefore the net righting moment is
bTh :](brcb) bﬁmoy (2.72)

=] ("re) &,R(@) (—p7)"3. (2.73)

Let YG (@) be the combined vector of buoyant forces (2.71) and righting moment (2.73) defined as

(2.74)

b, by ‘ LR(@)(m — pv)"g
H b b, b~ x w oN)"8
L =-"D Uy, @ o+ . . 2.75
bFy Q0% "@) 15 J(brep) LR(@) (—p7)“% @7)
b b T (bagb b
M 0343] |"0x 0343 J7 CMPy)| |"vx
_ : 2.7
[03x3 bl] bas| T+ LT(bevx) JTrro | |ba| (2.76)
or, equivalently
0=ty [0 vc, [105| £ opgtey, ba [0 — bg @) 2.77)
- A hd} A b(f) Xr b(f) . .

2.4 Hydrodynamic EOM in the Body Fixed “L” Frame

Newton’s EOM in a coordinate frame non-coincident with the COM can be found by substituting

(2.46) and (2.47) into (2.53), thus

Fy = bF, (2.78)
= J(*@)" Mbo, + P MPo, (2.79)
= J('@)* Mo, + ] (*@)"M]("0)°& +° Mbo, +° MJ(P0)0@. (2.80)

The torque applied to the body in the “L” frame is defined as the sum of the contribution from

moments due to forces in the “b” frame and the net torque in the “b” frame. We note that the "¢

18



vector is defined relative to the “b” frame. Subsequent substitution of (2.80) and (2.60) yields
Fa =170 fr + by (2.81)
=" ("0 (10 @) Moo, + 1('@) M) ("0)'@ + Mo, + M () )
+ 1% + 1 (P@) P 1@ + J (P )P Mo, (2.82)
Using the distributive property of cross products JT (?¢) can be distributed as
=] (0] (@) Moy + ] (O] (@) MI("0)"@ + T ()" Mo
+ 770 M (C0) 00 40100 + (°@) 1P@ + T (Pvy ) MP o, (2.83)

The last term, ] (Y0, )?MPv,, can be defined as a function of *v, and *@. Using the relationship (2.46)

the last term becomes

J(P0)P Moy =] ("o, + J(P0)° @) M (v, + J(P0)°@) (2.84)
=], + J(*0)P @) (P MPo, + M (P0)P D) (2.85)
=(vy + 1P 0) @) x (*MPo, + P MJ(40)b&). (2.86)

We can expand this expression following the distributive property of the cross product over

addition, i.e. p1 x (p2 4 p3) = (p1 X p2) + (p1 X p3). Note for all vectors p1, pa, p3, ps € R3,

(P14 p2) X (p3+ pa) =(p1+p2) X ps + (p1+p2) X pa (2.87)
== p3x (p1+p2) = pax (p1+p2) (2.88)
== (p3xp1) = (p3 X p2) = (pa x p1) = (pa X p2) (2.89)
=(p1 X p3) + (p2 X p3) + (p1 X pa) + (p2 X pa)- (2.90)
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Thus the term [ (v, )? M0, becomes
(o, + 10 @) x ("MPo, +"M](*0)&) = — (*MPo, x bvy) — (PMPo, x (P0)'®)

— ("MJ(*0)P& x Poy) — ("M (P0)P@ x ](P0)P )
(2.91)

=] (*0,)"MPo, + J(J("0)@)" MPo,
+ 1) MI ("0 @ + (10 @) M](P0)'@). (2.92)

Thus the EOM for angular degrees of freedom can be expressed as a function of ? vy and bé (and

their time derivatives) as
ty =]T (0] (@) Moy + T (O] (@) MI(C0) @ + ] ()" My
+IT O MI(P0) &+ 106 + 1 (P@) TP @
+ 1 ("oy)" MYy + J(1(*0)'@)" MO0y + ] (Cvy) M (1)@
+10C0 @) M (") @). (293)

The two terms JT (Y0)](*@)PM] (£)P @ and J(J(P4)2@)P M] (P€)P@) can be combined using the
fact that cross products satisfy the Jacobi Identity (2.94). We find it more clear to manipulate the
Jacobi Identity first and then directly substitute these terms such that the result allows use of the

parallel axis theorem, specifically,

p1 X (p2 X p3) + p2 x (p3 X p1) + p3 X (p1 X p2) =0 Vp1, p2 ps ER? (2.94)
p1 X (p2 X p3) — p2 X (p1 X p3) — (p1 X p2) X p3 =0 (2.95)
—p1 % (p2 X p3) + (p1 X p2) X p3 = — p2 X (p1 X p3)- (2.96)
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We directly substitute in the two terms JT (?4)](*@)?M] (?4)P@ and J(J(?4)°@)P M](b4)P&) noting

pr="1 pr =" ps ="MJ("0)'@
to yield
7' 01D M0 @ + 10 @) M (P0) @) = - 1(C@) ("0 M (*0) @ (2.97)
=]("@)]" ("0)* M](*0)' @, (2.98)

We substitute this result back into the EOM for angular degrees of freedom (2.83) to result in
7, :]T(bg)](ba})bevy I ]T(hg)thz-]y
IO M0 G + 1 + ] (@) T O MI (0@ + ] ('@) I
+J("vy)'MPo, + 1 (7("0)* @) MPoy + ] ("0,) " M (P0)0@. (2.99)

The expression for the inertia matrix relative to the ”L” frame, ], was defined in (2.48). We

substitute in the general principal axis theorem (2.48) into (2.99) to yield
Fy :]T(bg)j(ba})bevy 4 ]T(bg)bez-)y
+1'0 + J (@) 1P @
+ J(bvy) P MPoy, + J(J(00)°@)" Moy, + T(Poy) M (P0) . (2.100)

The Jacobi Identity can be used again to combine the two terms JT(%¢)](°@)?MPv, and

J(J(°0)*@)? MPv,. Taking the same form as (2.96) we can substitute directly by

pr ="t pr="a ps ="M"v,
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to yield
T 01 @) Moy + (") @) Moy = = J('@)] ()" M0, (2101)
=J(J("0)" MPv,)’@ (2.102)
We substitute this result back into the EOM for angular degrees of freedom (2.100) to yield
=170 Mboy, + 1°0 + J(P@) 1°6 + T (Po,) P MPo,
+(Poy)"MI (0@ + (] (P0) Moy ). (2.103)

We combine equations (2.80) and (2.103) as

(7

fH _ bM bM](bg) b
K?H - ]T(bﬁ)bM fl b(;"]
013 JT Moy + I M]("0%@)) | "oy (2.104)
T UTeMee, A Mty TG T MY, | 26| '
We define the “added mass” matrix
b b b
Y. M MJ (%)
and the “added mass” Coriolis matrix
0 0313 JE(*Mboy + PM (M) @)
Ca = |rontsn, Soiteye) [T e OOk (2100
We note that ‘M is symmetric and £C, is skew symmetric. We can write (2.104) as
(7 h
/;H ZMA +lCy |, (2.107)
H
As in Section 2.4 we define the quadratic drag matrix ‘DQ(’v,, @) to be
3 3
‘DQ(bvy, i) Z b0y, |°D; + Y [P@;|* Dy (2.108)

i=1 i=1
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Each negative semidefinite drag matrix for the ith degree of freedom (i = 1,2,...6) is defined as

[‘Diyy ‘Diyp, ‘Diyz ‘Diyy ‘Dips ‘Diyg)
‘Diyy; ‘Dipy ‘Dirs ‘Dipy 'Dips ‘Ding
'Diyy ‘Disy ‘Dizz ‘Dizy ‘Dizs Disg
'Diyy ‘Diyy ‘Diys ‘Diyy ‘Digs ‘Diygg
‘Disy ‘Disp ‘Disy ‘Disy ‘Diss Disg
|‘Diey ‘Digyr ‘Digs ‘Dies ‘Digs ‘Diyg |

‘D, =

(2.109)

The buoyancy term G () is structurally different in the “L” frame. The buoyant force term

remains the same but the righting moment is different. Define ‘r;, to be the vector from the “L”

frame to the center of buoyancy and note ?/ is as before the vector from the center of gravity to the

“L” frame. Thus the righting moment is
ZTb :](Z’”cb) bﬁmoy - ](bg) bﬁz

=] ("rep) WR(@) (=p7)"g — J("0) LR(@) (m)"g.

We can write all the hydrodynamic terms in the body “L” frame as

‘ful _[ ™ "MJ(P0)] |Poy
KFH ]T(hg)bM ZI b&}
0343 JT(Mbo, + M (P0)b)] |Po,
+ {]T(bevy_i_bM](bg)baj) JT(C1 + T (P MY, | | '@
b by |y _‘ LR@)(m — o)V
== PRU% D) ogs| = |1ry) LR@) (—p7)¥5 + 1(00)
We define
J(“rep) LR@) (—pv)* — J(°0) LR (@) (m)*g

Thus (2.113) is simplified to
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2.5 Rigid Body EOM

In general, the derivation of the EOM using rigid-body dynamics follows the derivation of the

hydrodynamic EOM in Section 2.3 and Section 2.4 with two differences.

First the body mass matrix, * Mg, is just a scalar mass multiplied by the identity nl3,3 (drop-

ping the “). From (2.24) and the inverse property of SO(3) we see
"Mgp = ,R(8)My,R™ (@) = 4R (@) mses,RT (@) = mlsys. (2.116)
This similarity extends to the EOM written in both the “b” and “L” frames where we note

‘Mgp = "Mgp = mIs;. (2.117)

The second difference is the replacement of hydrodynamic rotational inertia “I with the rigid
body inertia, “Irp. Both “I and “Igp are PDS, but unlike the added mass inertia £, closed form

expressions for “Irp exist for many simple geometric shapes.

For the rigid body dynamics we define the external applied forces and moments to be f and T
respectively. These forces are applied to the vehicle from thrusters or control surfaces which are
not already accounted for in the hydrodynamic derivation. For example, similar to (2.104), the
rigid body dynamics in the “L” frame is defined as

I b

f _ mIzy3 mlgng(bf) z')y
Z? ]T(bg)m13x3 éIRB bd}
0313 T (mPoy + m]("0)'@) 1 |Po
+ {]T(mbvy+m](bg)ba~]) ]T(KIRBb(%‘F]T(bK)mbUy)} b(g . (2.118)

Note that the kernel of the term JT(m’v,) in the lower left entry in the Coriolis matrix in (2.118)
is the span(” vy). This term can be ignored, but is retained herein for clarity on the simplification

steps to follow.
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In a similar manner we define ‘ Mrp and ‘Cgp to be the rigid body mass and inertia matrices
respectively. Therefore we can express the rigid body dynamics in the “L” frame as

Ef b b
='Mgg |, 4| +C
iz RB (b RB |p

Uy‘
w

(2.119)

2.6 Complete 6-DOF EOM in the Body Fixed “L” Frame

As reported in [12] and [7], it is common to assume that the hydrodynamics and rigid-body
dynamics can be linearly superimposed to define the complete EOM of underwater vehicles. For

the derivation of EOM in the “L” frame we add together the dynamics defined in (2.115) and (2.119)

as
¢ b5y 0 |Pvy P L N
0= M 4 +C o +*D vy, Y@ J=*tG(ad
Albs Albg Q("vy )ba) ()
tf - b
_ ¢ Oy ¢ Oy
+ | = M 7 +°C 4
tz RB 1035 RB by

We combine the mass matrices in (2.113) and (2.118) to yield

[ bm bM](bIZ)] [ mlzys m13x3](b€)]

Jrotm JTCOmIs  igs
— [ bM + mISxB (hM + m13x3)](b£):| (2 120)
JT(00) ("M + mlIzs) T+ Ixp ’ '
Taking *M; = "M + mlzy3, 'T; = ‘1 + ‘Irp, and My = " M;](°¢) yields
"My My (2.121)
MZ“ ZIt . .

The mass matrix is symmetric since M} = JT(°¢)(*M;)T and (*M;)T = "M, are symmetric.
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The hydrodynamics and rigid body Coriolis matrices in (2.113) and (2.118) can be added

together as

03,3 JT(*MPoy + "M (P0) )
]T(beUy +bM](b€)h(rJ) ]T(flba’] —‘r]T(bf)beUy)

0313 J* (mboy +mJ(°0)*@) ] (2.122)

* LT(mbvy+m](”5)b@) TT("IrgP@ + JT (P0)mboy) |~

Again taking ' M; = "M + mlsy3, ‘I = ‘I + ‘Irg, and M, = " M;J("¢) the expression for the

total Coriolis matrix is

0343 ]T(bMthvy + Mébdj)] (2'123)

{ JT(*Miboy + MP@) (1@ + M]oy)
This formulation is skew symmetric and equivalent to (2.125) in [12]. Other parameterizations
where the Coriolis matrix is not skew symmetric are possible, however it is always possible to

assemble the Coriolis matrix such that M — C(v) is a skew symmetric matrix [38].

We combine all hydrodynamic and rigid body terms together to yield the following EOM for

6-DOF underwater vehicles:

b .
%
bw

‘7

"M My
é? -

Ml L

+'DQ("vy, ') [Z}ﬂ -'6(@)

(2.124)

0313 TT (Mo, + M'@)

b

0

+ . - Y
{]T(bMthvy +MP@)  JTLYG + MTPoy) }

b

This formulation is consistent with that reported in [12].
2.6.1 Structural Observations of 6-DOF EOM

We can make a few structural observations. First in the definition above " M; and ‘I; are both 3x3
matrices. The body-frame hydrodynamic added-mass matrix, M, and the body-frame added-
inertia matrix, ‘I, are not necessarily diagonal. For rigid bodies it is true that the mass matrix #1353

and inertia matrix ‘Igp will be diagonal when the frame of reference is aligned along the principal
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axis. In fact, this basis for the “b” frame was chosen during the derivation of the rigid body EOM
with this simplicity in mind. However, if this frame of reference is chosen, then the hydrodynamic
added mass matrix ?M4 and inertial matrix ‘I will not necessarily be diagonal. Both *M4 and
‘I are considered real PDS and are therefore diagonalizable by real unitary matrices, or in other
worlds there is some similarity transform in using a member of SO(3) to a frame where each of the
hydrodynamic mass and inertia matrices are diagonal (it is not clear if such a frame exists where
they are both diagonal). However these two “principal” bases, one for the rigid body and the other
added mass, are most likely not the same for an underwater vehicles unless symmetry is present.

To state this explicitly, in the “b” basis frame:

1. M = RMDMR]TVI where D)y is diagonal and Rys # I3x3
2. b1 = RIDIRIT where Dj is diagonal and Rj # I343
3. "Mgp = mlzs

4. “Igp is diagonal

As a result, the combined mass and inertia matrices can only be considered real PDS because the

sum of a diagonal matrix with real positive entries and a PDS matrix is PDS.

Another observation can be found in the off diagonal terms of the combined mass matrix where
My = "M;](b¢). Clearly these blocks contain information about the vector */ which may be difficult
to measure in practice. However the dynamical model of a vehicle described in (2.124) can be
identified using methods reported in [28], [33], or [37], using the “L” frame to be some frame of
reference that is easy to measure. After the dynamical model is identified, the vector from the “L”
frame to the center of mass ’¢ could be estimated from the off diagonal terms of the mass matrix.
The estimate may serve as a confirmation of the accuracy of the model. A similar approach may
make it possible to estimate the location of the pivot point of a ship, which has been shown to exist

[46], but which is also difficult to measure directly.
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Yet another observation can be made in the off-diagonal blocks of the Coriolis matrix in 2.124.
In particular, the lower left off-diagonal block contains the term ]T(hMtb vy). This term, when
multiplied by the corresponding portion of the body velocity vector ? vy, results in non-zero Coriolis
forces in the angular degrees of freedom from only translational velocities. This is true even if the
reference frame is the “b” frame located at the COM (the vector ¢ = 0, and thus M, = *M;] (b)) = 0).
At face value this seems incorrect given intuition about rigid-body dynamics. However, this is
correct, and is related to the assumptions about added mass. If and only if all the eigenvalues of
the PDS combined added-mass matrix " M; are equal, then there will be no Coriolis forces in the
angular degrees of freedom as a result of this term. The proof is given as follows:
FACT: ' M; € R3* is positive definite symmetric (PDS). JT (* M;* vy)hvy = 0 & all eigenvalues of
b M are equal.

PROOF:

e JT(*Mbvy)Pv, = 0 < all eigenvalues of " M; are equal.
"M, is symmetric and is therefore diagonalizable by a real unitary matrix R,;, as "M; =

R%DmRm. By assumption Dy; = s;,13x3, s, € R4. Therefore
]T(hMtbvy)hvy _
JT(REL Dy Rubvy) 0, =
]T(Rﬁsmkngmbvy)bvy =
sm]T(Rz;lRmbvy)hvy =
sl " (I3x3"0) "0y =
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e JT(*Mbvy)Pv, = 0 => all eigenvalues of " M; are equal.
Again " M; is symmetric and is therefore diagonalizable by a real unitary matrix R, as
by, = R% DR, and RmbMtRL = Dy,. All the eigenvalues A1, Ay, A3 of bM; are the diagonal

entries of the diagonal matrix D,,. By definition of unitary matrices R, Ry, = I3
]T(bMtbvy)bvy =0
J (bvy)hMtbvy =0 (anticommutative property of cross products)
RIRuJ("0,)"MiPo, =0
RLJ(Rubvy)Ry* MiPv, = 0 (disributive property of cross products 2.16)
RLT(Rubvy)Ry® MyR] R0y = 0
R J(Ri"vy) DyuRyn"vy = 0
RIT ("vy)Dy™vy =0 (without loss of generality "v, = Rmbvy )
|R,Tn](’"vy)Dmmvy|2 =|0] |* |2 denotes the I norm.
"0y D] " ("0y) RiuRyy ] ("0y) D0y = 0
mvyTD;]T(mvy)](mvy)Dmmvy =0
[J1("0y) D™ vy|2 = 0.

We use the definition of the geometric magnitude of cross product, |a x b|y = |a|2 |b|2 |sin(6)]

where 0 is the angle between vectors a and b. Then

|""vy|2 D™ vyl2 [sin(6)| = 0.
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Ignore the trivial solution "v, = 0. All the eigenvalues of "M; are positive and nonzero

because M is PDS. Thus all diagonal entries in Dy, (A1, Ap, A3) are positive and Dy, # 03y3.

As a consequence [sin(6y,)| = 0. By definition of the sin function, the angle 6,, between

vectors "vy and Dy,"'vy is equal to 0 or 7t (or n7). Using geometric reasoning, 6, = 0 or

7 implies the D;,"'vy || ™vy,. Thus matrix D, only scales the magnitude of the vector "v,

and does not change the orientation. Therefore Ay = Ay = A3 = s, and Dy,"vy || "v, =

smIzx3"vy || "vy = 50y || "vy. = Dy = Sml3x3, and since bM; is PDS s,, € R,

The same results directly follow for rigid body motion where Y My = mIzy3. This is mentioned

in the commentary after (2.118).

In general, all the eigenvalues of the combined added-mass matrix b M; are not assumed to

be equal. Unequal eigenvalues are expected if the vehicle does not exhibit the same added mass

properties about all three cardinal planes. In the case of torpedo shaped vehicle, the same added

mass properties can be expected about two planes (in the sway and heave degrees of freedom), but

not all three.

2.7 Complete 3-DOF EOM in the Body Fixed “L” Frame

The 6-DOF equations reported in (2.124) can be pared down to 3-DOF equations by eliminating

the degrees of freedom that are not considered. Here we consider the structure of ’M and ‘I in the

common 3-DOF class of vehicles with two translational degrees of freedom often referred to as

surge and sway and one rotational degree of freedom often known as yaw or heading.

To observe some structure in the 6-DOF EOM we define " M; and ‘I from (2.124) as

M, —

b

bmll
mip
b

L 13

11
112

Li13

b

bm12
mpp

b
mpy3

i12
122
123
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hm13
mpy3

b
m33

i3
123
133

(2.125)

(2.126)



The vector from the body “b” frame to the “L” frame, by, only exists in one plane in this 3-
DOF model. As an aside, if the “L” frame is to be considered to be the center of pressure (using
naval architecture terminology) and the vehicle exhibits port-starboard symmetry then £, will be

approximately equal to 0. However, for this 3-DOF configuration we consider

Uy
be=1e,|. (2.127)
0
Thus My = " M;J("¢) can be expressed as
[omyy Pmyp Vs 0 0 ¥4
My = |bmyp Pmyy bmy| | O 0 —4 (2.128)
by Pz Vmss] | —ly e O

—Pmyzly  mazle (Pmygly —Pmiply)
= | =tmxly Pmysly  (Pminly —Umply)| . (2.129)
| —Vmssly Pmasly  (Pmazly —Pmosly)

For simplicity we define the plant velocities as

U1 U4
bvy = lvp| and Yw = |vs]. (2.130)
U3 Vg
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The entire 6x6 mass matrix can be assembled and we can partition it from this 6-DOF mass

matrix expression

U1
U2
"My M, |0
it i )o
0
U6
to this 3-DOF mass matrix expression
bmya bman (Pmyr by — Pmaaly)
o b (Pmanly — Pmaply)
(Pmygly —Pmiply)  (Pmiply — Pmpply) i33

To simply further, we can define bM; and Y 45p0F as

b b
brr _ | M11 "Mz
Mt —_ b b

mip My

Uy

b
{3por = /
y

Also we define the mapping J, : R — SK(2) € R** as

Using the definitions (2.133), (2.134) and (2.135) we can define VM, as

"M, ="M T (1) l3por

_ bmn bmu 0 1
bm12 mez -1 0

Thus the 3-DOF mass matrix in (2.132) can be rewritten as

Cx
fy

VM, UM,
"MI I |’

|

01

) .

Vg

(2.131)

(2.132)

(2.133)

(2.134)

(2.135)

(2.136)

(2.137)

The same process can be repeated for the Coriolis matrix. The only blocks of the 6-DOF Coriolis

matrix that contribute to the 3-DOF model are the off diagonal blocks. This is obvious upon
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examination of the structure present in the 6-DOF model which has the form

0 0 0 0
0 0 0 —Cis
0 0 0 Cis
0 Cis —Cis 0
—Ci5 0 Cx —Cys
Ce —Cp O Cas

Cis
0
—Ca
Css
0
—Cse

—C16
Cas
0
—Cy6
Cse
0

(2.138)

We use the definitions (2.125) and (2.134) and the terms in the off-diagonal blocks of the 6-DOF

Coriolis matrix, JT (° Mthvy + Myt @), can be written out as

hm13

b
ma3

b
m33

b
mip
bin
22
b
mp3

- bmll
Mt Z)y = Zmlz
mi3

b b
my101 + “mp07
b

_ b
= |"m1201 + "M02

b b
m1301 + “mo30n

—bm13€y

—hm33€y

(Pma1ly — Pmaaly)ve

=|(bmiply — Pmpply)vg) .

(Pmazly — Pmazly)ve

01
(%)
0

Ymagly  (Pmarly —Pminly)
hm23£x (bm12£y - bm22£x)
Umazly  (Pmasly — Pmpsly)

(2.139)
0
0
(43
(2.140)

Upon inspection of (2.138) only the terms in the e; and e, basis vector position will enter into this

3-DOF formulation, thus the 1,3 and 2,3 entries in the 3-DOF Coriolis matrix are

b
b

This can be shown to be equivalent to

0 -1 bi’i’lll bmlz 01
1 0 bmlz hmZz

U2

[

b
miy
b

mip

bmu
mpp

[bmlzvl — b0y — (Pmanly — Pmanly)vg
my1v11 + Pmipvy 4 (Pmyn by — Pmyaly)vg

Il

0
-1

(2.141)

Cy
fy

i

V6. (2.142)

We use the definition of *M; in (2.133) and * M, in (2.136) and the mapping (2.135) to simplify the

1,3 and 2,3 entries in the 3-DOF Coriolis matrix to

J2(1)P M,

01
02
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The 3,1 and 3,2 entries in the 3-DOF Coriolis matrix are the negative transpose of the 1,3 and

2,3 entries defined in (2.143), and thus

- {]2(1>bMt + ]2(776)bMé] '

(%1
02
= |01 02| "Mi]o(1) + " MT 2 (v6). (2.144)

The 3-DOF Coriolis matrix (and the 3-DOF velocity vector) can be assembled using (2.143) and

(2.144) to match the Coriolis matrix in [33] as

[ 02x2 J2(1)PM; z; +]2(Ué)hMe] Z; (2.145)
|01 02| "Mi]2(1) 4+ PMT T2 (v6) (23

This formulation of the Coriolis is still skew symmetric. Another equivalent way to express the
3-DOF Coriolis matrix (and the 3-DOF velocity vector) is to rearrange the terms as

J2(v6)" M J2(v6)" M, 1 |01
o1 0o PMiJa(1) PMTTa(1) 7Y | 22| (2.146)
/ ol | o

Here the 3,3 entry is a scalar and therefore it is equivalent to its transpose

01

T
] =lo1 va| 2(-1)"M,. (2.147)
U2

[”szzm

Therefore another equivalent formulation of the Coriolis matrix (and the 3-DOF velocity vector) is

e prE, ][
[|v1 02| M2 (1) |o1 02| 2(—1)P M, ZE (2.148)

The Coriolis matrix can be parameterized and organized many different ways. This is because
the Coriolis term, which includes both the Coriolis matrix and the velocity vector, is inherently a
vector-valued function. However, it is always possible to assemble the Coriolis matrix such that
M — C(v) is a skew symmetric matrix [38]. In a similar manner we can pare down the drag matrix
!DQ(v1,v,,v6) to be

'DQ(v1,v5,v6) = |v1|D1 + |v2| D2 + |vg| De. (2.149)
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Each PDS drag matrix for the ith degree of freedom (i = 1,2, 6) is defined as
‘Diyy ‘Diyy ‘Diys

‘D; = |'Diy1 'Diny ‘Dips| - (2.150)
‘Dizy ‘Dizp ‘Diss
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In conclusion, the dynamical EOM of a 3-DOF underwater vehicle with degrees of freedom in

surge, sway, and yaw are

Y/ .
fi [bMt bMﬂ ?1

e | —
[Jsz = M7 L Zz
6 6
— o — 1o
+ 02x2 ]2(1)bMt Ui‘+]2(v6)bMZ] Z); (2'151)
[or 02| "My J2(1) 4+ "M J2(06) 0 6
71
+€DQ(Z)1/UZ/U3) 2] .-
(43
This is equivalent to
[ .
— — [4) - — — 0
4‘2 :[:M; sz} v; n J2(v6)" M J2(v6)" My . v;
iy M, I Ge o1 02| "Mia (1) |o1 va] Jo(—1)" M, V6
(2.152)
01
+DQ(v1,v2,v3) |02 .-
U6

Buoyant forces do not enter into this particular 3-DOF formulation, but some authors [33]
include additional bias terms to account for unmodeled thruster dynamics, and other unmodeled

dynamics such as cable tethers.
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Chapter 3

Adaptive Identification of Plant and
Actuation Parameters of

Underactuated UUVs

3.1 Introduction

This chapter reports a novel adaptive identification algorithm for the estimation of parameters
for unmanned underwater vehicles (UUVs) underwater vehicle plant dynamical models from
experimental data in which a fully-submerged UUV performs dynamic maneuvers. This adaptive
identifier (AID) approach is inspired by the AID approach originally reported in McFarland and
Whitcomb [36], for the case of fully-actuated UUVs. Specifically, Chapter 3 reports the following

new results:

1. A preliminary proof of an extension of [36] to identify both actuation parameters and plant

parameters for six degree of freedom (6-DOF) UUVs simultaneously.

2. A preliminary simulation study that indicates that the AID in [36] can be extended to under-

actuated three degree of freedom (3-DOF) UUVs.

3. AID algorithm and proof of an extension of [36] for 6-DOF UUV plants with diagonal mass

and drag matrices.

The remainder of this chapter is organized as follows: Section 3.2 provides a review of literature
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on parameter identification of UUVs. Section 3.3 reports a proof of the extension of [36] for
underactuated 3-DOF UUV plants of the form addressed in [32]. Subsections 3.3.2.1 and 3.3.2.2
report the results of numerical simulations for both fully actuated and underactuated 3-DOF UUVs.
Section 3.4 reports a proof of an extension of [36] to estimate actuation parameters of 6-DOF UUVs
simultaneously. Section 3.4.3 reports a proof of an extension of [36] to 6-DOF UUV plants with

diagonal mass and drag matrices.

3.2 Literature Review

Several methods for the experimental identification of dynamical plant parameters for UUVs
have been reported. They broadly fall into one of the following categories: least squares linear
regression, adaptive estimation, Kalman filter variants, and machine learning (ML) or neural

net (NN) techniques.

* Least Squares

Hegrenaes et al. in [18] describes a constrained least squares method for 3-DOF parameter
identification of the "HUGIN 4500" UUV during sea trials in the Oslo-fjord, Norway. The
approach identifies the control surface parameters as defined in [41] and the model parameter

simultaneously. A cross validation with experimental results is reported.

Martin and Whitcomb in [29] report experimental identification and validation of a 6-DOF
model of the fully actuated Johns Hopkins University (JHU) remotely operated vehicle
(ROV) using both total least squares and ordinary least squares. They report a comparative
experimental evaluation of several candidate plant models and conclude that the fully
coupled quadratic drag model perform better than corresponding decoupled drag models

for this class of underwater vehicles.

Experimental parameter identification for underactuated gliders are reported by Graver et
al. in [15] The authors only report methods for estimating parameters that are observable in

steady glide which eliminates the need for body accelerations.
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Ridao et al. in [42] compares identification of a fully actuated decoupled 3-DOF model
parameters for the “URIS UU” vehicle using least squares and a second method which
involves numerical integration to avoid derivatives of body velocity signals which can be
difficult to obtain in experiments. Appendix A reports a result that indicates that with a
sufficiently small dt these two methods are actually equivalent and are therefore subject to

the same noise and numerical inaccuracies.

Naterajan ef al. in [40] reports offline experimental parameter identification of the under-
acutated 6-DOF “DAGON” UUV by first identifying the thruster model parameters, then

identifying the vehicle drag and mass parameters.

Adaptive Estimation

An approach to adaptive identification of UUV plant parameters was first reported by Small-
wood and Whitcomb in [48] for fully-actuated multi-degree of freedom UUVs, but is limited
to fully diagonal plant models in which the dynamics of each degree of freedom is fully
decoupled and independent from the dynamics of other degrees of freedom. McFarland and
Whitcomb in [36] report an AID for fully coupled, fully actuated 6-DOF UUVs. Neither AID
requires body acceleration signals. Both provide Lyapunov stability proofs and experimental
results for the fully actuated JHU ROV are compared with those found using ordinary least
squares. These adaptive estimation techniques require knowledge of thruster dynamics and

involve tuning adaptation gains for best performance.
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e Kalman Filters

The authors in [49] report an EKF estimation of 1 DOF dynamics of an underactuated, torpedo

shaped body using experimental data.

In [43] Sabet et al. identify some dynamical model parameters of a 6-DOF torpedo shaped
UUYV in simulation using Cubature and Transformed Unscented Kalman Filters. Performance
is compared with previously reported Extended Kalman Filters which are limited by lin-
earization of the nonlinear dynamical system. The authors estimate control input coefficients
for the control surfaces as formulated in [41] but assume the thrust coefficient and mass terms

are known.

e Machine Learning (ML) and Neural Net (NN) Methods

In [55] Wehbe et al. reports a study of several machine learning (ML) methods for identifying
the decoupled drag in in the Sway and Yaw DOF of the “Leng” torpedo shaped UUV. They
conclude that kernel based nonlinear estimators (SVR, KRR, GPR) yield better estimations for
hydrodynamic damping terms of underwater vehicles than neural net (NN) or least square
estimations. However, the prohibitively long computational time required to complete the

ML and NN estimates.

Another study [54] reports the use of NN in drag parameter identification of UUVs. The
authors in [54] report the method to be robust to noise and to be able to correctly identify time
varying drag parameters with online learning. The authors report a numerical simulation

study but no experimental evaluation.

In [56] Wu et al. report a symbolic regression method for UUV parameters based on genetic
algorithms and genetic programming. Using simulated 6-DOF data, the authors compare

identification using a symbolic regression and Levenberg-Marquardt least squares.

Online reinforcement learning is proposed by Karras et al. in [26] to identify the parameters
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of an underactuated UUV. The method is derivative-free, and four degree of freedom (x, y, z,

heading) experimental results are reported.

All ML/NN approaches reviewed assume knowledge of thruster and control surface models.
In addition, significant computational time and training data is needed to complete estimates

using ML and NN methods.

3.3 Adaptive Identification of 3-DOF UUV Plant Parameters

3.3.1 Problem Statements

The equations of motion (EOM) for fully coupled, 3-DOF (surge, sway, and heading) UUVs are

reported in Chapter 2.7. They have the form
T=u(t) = Mo+ C(M,v)v — D(v)v + by, (3.1)

where T = u(t) € IR3 is the vector of forces (in surge and sway) and moments (in heading) acting
on the body. T = [fi; fa;ts]. v € R® is the body velocity (the velocity of the body projected
into the body coordinate frame). v = [v1;v2;v¢]. 0 € IR? is the derivative of the body velocity.
0 = [01; U2; V). The mass matrix M, Coriolis matrix C(M, v), and the quadratic drag matrix D(v)
are defined in Chapter 2. This formulation assumes all drag matrices are negative semi-definite
and thus a minus sign appears in (3.1). Some authors such as in [33] will define the drag matrix
as positive definite and change the sign accordingly . In either case, the drag term must result in

damping, or the dissipation of energy of the system.

The term b, € RR? is the sum of buoyancy and bias terms. Entries of the bias term b, can be

parameterized as

by
by
be

by = |ba|. (3.2)

Some entries in the b, vector can be neglected in some conditions, but all entries are considered
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herein. Buoyant forces are not present in this particular 3-DOF arrangement, but vehicle configu-
rations and thrusters often have bias. One example of this is reported in [33] where the authors

report a non-zero bias they conclude is related t the forces from a tether.
3.3.2 AID Extension to 3-DOF UUV Plants

In [36] McFarland and Whitcomb report a new AID for fully actuated 6-DOF UUVs. This AID
approach is adapted and extended herein to estimate parameters of a 3-DOF UUV. The remainder

of this section reports these extensions in bold.
¢ Plant:

T= Mo+ C(M,v)v—D(v)v+b, (3.3)

¢ Task: Design parameter update laws for %, M, D;, and lA)a such that lim;_,« Av(t) = 0,
lim o0 M(t) =0, limy— e ﬁi(t) =0, and lims_ oo l;a(t) =0. Additionally, design the pa-

rameter updates laws such that signals are bounded.

e Error Coordinates:

s Ab,(t) = b,(t) — b,
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® Parameter Update Laws (removing the explicit notation for time dependence):

0= M‘l(—C(M,v)v+D(v)v—ba+T> +aAv (3.4)
M= % (107 + o9l + Aoyl + yoAoT) (3.5)
D; = —mlvilso” (3.6)
l;;u: v3Av (3.7)

Where

= 1 = adgp(y)(v) T Av

» The adjoint operator adgg ;) is defined as

0 — V6 0
adSE(Z) (v) = | ve 0 0 (3.8)
— 02 01 0

" Yo =0+ alv

» Adaptation gains «, y1, 72, 73 € R+

» M(ty) is positive definite symmetric (PDS)
= 9(to) = v(to)

» Je € R, such that 7 (ty)'/2 4+ € < A3 where
T
T (to) =||AM(to) [} + P Y |1AD;(to) [ (3.9)
i=1
+ L 11Aba(to) |2

¢ System and Stability Proof:

A proof for convergence of estimates 6, M,and D;, i = 1,2,3, to true plant values is reported

in [36]. We provide one additional term in the Lyapunov function to show convergence of
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the bias term estimate b, to the true bias term b,. Consider the Lyapunov candidate function

1 1
V(1) ZEAUTMAU + Etr(AM AMT) (3.10)

1 3
- o ; tr(AD; AD])+ 7~ Abl Ab,.

. In a procedure similar to methods reported in [36], we develop the following velocity error

dynamics expression
MAv =M(6 —v)

=aMAv — AMyp, — ad(v)AMov (3.11)

6
+ (Z |vi|AD,-)v—Aba.

i=1
The Lyapunov function candidate (3.10) is:

= positive definite
s radially unbounded
» equal zero if and only if Av = 0, AM = 0343, AD; = 03,3Vi, and Ab, = 0.
The time derivative of (3.10) is
. 1/ .71 T . 1 LT 1 3 T
V(t) =5 (Av MAv + Av MAU) + W—tr(AM AM™) + P Z tr(AD; AD;") (3.12)
1 2i=1
- T
+ 25 Ab, Ab,.
We first substitute in (3.11) and the parameter updates laws (3.4)-(3.6). The result is

V(t) = - ado MAv— 180T Ab, — 1AbTAD + L Ab,' Ab, (3.13)

= — abo" MAv—A0TAb, + L Ab, Ab,. (3.14)
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And finally we substitute the parameter update law (3.7) to yield

V(t) = — aAv” MAv, (3.15)

As reported in [36], this expression is negative definite in Av and negative semidefinite in the

error coordinates Av, AM, AD;, and Ab,.

We note from [36] that with v, Av, AM, AD;, and Ab, bounded and M, D;, and b, constant,
it is implied that 9, M, Di, and b, are bounded. Additionally it can be shown that M -lis
bounded using the same approach as that in [36] and thus Av is bounded. Additionally

Av € £, and bounded Av implies that lim; e Av = 0

Since the parameter update equation (3.30) is bounded and lim;_,c Av = 0 this implies that
lim;_ye0 M= 0, lim;_sc0 151‘ =0Vi, and lim;_, e l;u = 0. We conclude the estimator’s angular

and linear velocities asymptotically converge to the velocities of the actual vehicle and the

estimated parameters converge to the constant values.

3.3.2.1 AID Results in Simulation Studies of Fully Actuated 3-DOF UUVs

Studies of a simulated UUV plant were conducted, and the “true” parameters were chosen to
match those of the JHU ROV that were experimentally identified in [32]. In a similar manner as
the methods reported in [32], open loop control input was used to excite all 3 DOF in simulation.

Specifically, the control input was

f1 10 x sin(0.25 t) (N)
fal =| 50x%sin(0.35%t) (N) |. (3.16)
T 200 % sin(0.3 x t) (N —m)
Vehicle parameters were identified using both the AID method and Ordinary Least Squares
(OLS) for comparison. White Gaussian noise was added to both the body velocity and the time

derivative body velocity in an effort to mimic expected experimental sensor noise. The specific

noise characteristics are provided in Table 3.1.

Thirty minutes of plant excitation was simulated for the identification process. One could
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Table 3.1: Standard Deviation ¢ of Added Noise

Signal o Signal o

v1(t) 01(t)
o) 0012 o) 014
v (t) Vg (t)

optimize the choice of control inputs to increase excitation, thereby reducing the simulation time
required to identify parameters. However, such an effort was outside of the scope of this study.

The set of adaptation gains used in simulation studies was:

a=25 (3.17)
71 = 950 (3.18)
v, = 1200 (3.19)
v3 =85 (3.20)

After the adaptive identification process was complete, another simulation was completed to
validate the accuracy of the identified parameters. In the validation simulation the UUV plant
with the identified parameter set was subjected to the same initial condition and control signal.
The accuracy of the identified model was reported as the mean absolute error (MAE) between the
velocities of the simulated plant with the true parameters and the velocities of the simulated plant

with the identified parameters.

The results are shown in Figure 3.1. The forward simulation with the true parameter values is
noted as “v_true”, the simulation with the OLS identified parameters is noted as “v_ls” and the
simulation with the adaptively identified parameters is noted as “v_ad”. Figure 3.1 shows just over
200 seconds of a 30-minute simulation. 100 simulation runs were completed to provide statistically

significant results. The random noise added to each signal as reported in Table 3.1 was different
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Figure 3.1: Simulation of the fully actuated, JHU ROV in three degrees of freedom with measurement noise

for each simulation run, but all simulation runs used the same adaptive gains. The mean absolute

errors were then averaged over all 100 simulation runs.

The MAE of the simulated, fully actuated 3-DOF UUV plant using identified parameters from
both AID and OLS methods was summarized in Table 3.2. The MAE in velocities of the simulated

UUV with the adaptively identified parameters was lower than the MAE of the simulated UUV

with the parameters identified using OLS.
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Table 3.2: Mean Absolute Error of Simulated, Fully Actuated 3-DOF UUV Plant Using Identified Parameters

DOF ADIDPLANT LSID PLANT

v1 0.016 m/s 0.076 m/s
vy, 0.015m/s 0.066 m/s
ve 0.010rad/s 0.048 rad /s

Table 3.3: Mean Absolute Error of Simulated, Underactuated 3-DOF UUV Plant Using Identified Parameters

DOF ADIDPLANT LSID PLANT

v 0.016 m/s 0.059 m/s
v, 0.012m/s 0.062m/s
ve 0.011rad/s 0.030 rad/s

3.3.2.2 AID Results in Simulated, Underactuated, 3-DOF UUV

The 3-DOF UUYV simulation was repeated but using a simple underactuated plant model in which
surge and yaw are actuated, but the sway (lateral) degree of freedom has no direct control authority,
ie. fo = 0. As with the fully actuated UUV, the parameters of the underactuated UUV plant
were estimated using both the AID and least squares. The same adaptive gains (3.17)-(3.20) were
used, although further optimization is possible. The same validation process was performed by
simulating the identified model of the underactuated UUV subject to the same initial state and

control inputs. The results are shown in Figure 3.2.

As before 100 simulation runs of the underactuated UUV were completed to get statistically
significant results. Each simulation had different random noise which is characterized in Table
3.1. The MAE of the simulated, underactuated 3-DOF UUV plant using identified parameters
from both AID and least squares methods was summarized in Table 3.3. As reported for the fully
actuated UUV, the adaptively identified underactuated UUV plant was found to have a lower

MAE than the UUV plant identified using OLS in simulation studies.
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Figure 3.2: Simulation of the underactuated, JHU ROV in three degrees of freedom with measurement noise

Figure 3.3 provides a plot of the value of the Lyapunov function V (¢) during one simulation run
of the fully actuated UUV and one simulation run of the underactuated UUV. As seen in Figure
3.3, Viya(t) does not decrease as fast as Vg4 (t). This was expected as the simulated motion in the
v direction for this underactuated plant is not as large as the simulated motion of fully actuated
plant. As a consequence, there is less persistent excitation in the sway v, degree of freedom, and

more time is required for the parameter estimates to converge to the “true” values.
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Figure 3.3: Evaluation of the Lyapunov function in simulation of both a fully actuated (Vr4) and under
actuated (V;4) 3-DOF UUV

Additionally, although it may appear that lim; e Viya(t) # 0, or that Viz4 (t) is bounded below
by some positive non-zero number, it was confirmed that if the simulation is run to 4e5 seconds
(530 days) the value of Vi;4(t) decreases to less than 0.5 kg m? /s?. Obviously this length of time is
unreasonable and the control and adaptive gains could be better optimized, but the result of this
experiment suggests that the estimated parameters of underactuated vehicles eventually converge

to the true values in simulation.
3.3.3 Discussion

These results indicate that the AID for fully actuated 6-DOF UUVs reported in [36] can be used
for adaptive identification of underactuated 3-DOF UUV plant parameters. In both cases the UUV
plant using AID parameters performed better in simulation than the the UUV plant using the
parameters identified using OLS methods. This was likely because Gaussian noise was added to
the derivative of the body velocity, a signal that the AID estimates, but the OLS uses directly. As
with any adaptive identifier, parameter convergence requires persistent excitation in all degrees of
freedom [39], but these results demonstrate that control authority in all degrees of freedom is not
required to achieve parameter convergence. The inherent coupling of motion between degrees of

freedom can be sufficient to meet this persistent excitation criteria.
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3.4 Adaptive Identification of Plant and Actuation Parameters
for 6-DOF UUVs

3.4.1 Problem Statements

The following section presents an extension of the AID reported in [36] that simultaneously
adaptively identifies both plant and control vector parameters of fully coupled 6-DOF UUVs. This
result may be extended to underactuated UUVs as a logical consequence of the simulation study

in Section 3.3.

The control actuators or actuation available for many UUVs is often modeled as a function of
one or more unknown parameters, such as propeller coefficients and lift and drag coefficients of
control surfaces, which we will refer to as actuation parameters, and known signals such as angular
velocity of propellers, position of control surfaces, and velocity of vehicle relative to the water.
Control of a UUV is traditionally achieved using some combination of thrusters and actuated
control surfaces, but control of UUVs using bio-inspired methods is demonstrated in [44], [27],
[20], and [6]. Regardless of the specific method of actuation, the control actuation available to most
UUVs can be modeled as a function of unknown actuation parameters and known plant states and

known control signals.

Although the structures of many of these control functions are well studied and experimentally
verified in the literature [41], the actuation parameters must be determined experimentally for
each UUV. The following parameter identification method is applicable to a wide range of fully

actuated and underactuated UUVs of the form
Mv = —-C(v)v—D(v)v—G(d) + t(v,4d,¢), (3.21)

where v € R® is a vector containing the linear and angular body velocity as defined in Chapter 2,
v = [v1;V; U3; V4; Us; Ug|. For convenience we also define the body linear velocity v = [v1;v2; v3] €
R? and the body angular velocity w = [v4;05;v6] € R>. v € IR® is the derivative of body velocity,

0 = [01; 02; 03; V4; Us; V). The vector 4 is the body attitude vector as defined in Chapter 2. The mass
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matrix M, Coriolis matrix C(v), quadratic drag matrix D(v), and G (@) are defined in Chapter 2.
The control vector T(v,4d,¢&) € R® is defined as the vector of body-forces that are a result of body
velocity v, attitude of the vehicle 4, and p control inputs such as fin angle and propeller speed
denoted as ¢ € IRP. If the actuation parameters enter linearly into 7(v, 4, {) then the control vector

can be factored as
T(v,4d,8) = Ga(v,d,8)0,. (3.22)

Where G,(v,4d,¢) € R is the (usually) non-linear regressor matrix and 6, € R" is the parameter
vector that contains the actuator parameters to be identified. Examples of these terms include lift
and drag coefficients of the control surfaces and propeller coefficients. Substituting (3.22) into (3.21)
results in

Mo = —C(v)v— D(v)v — G(a@) + Gy(v,d,{)0,. (3.23)

The following AID is can accommodate any vehicle control configuration that satisfies two

conditions:

1. The parameters to be identified which make up 6, must enter linearly into 7(v, 7, &)

2. The function G,(v,4,¢) € C 1 and is bounded for bounded v, 7, and &. In the sequel we will

give conditions under which these signals can be proven to remain bounded.

This AID extension comes with an additional caveat. Since all terms on both sides of (3.23)
contain parameters to be estimated and these parameters enter linearly, the estimate of the set of
parameters is only defined up to scale. This is analogous to the limitations of the Nullspace Based

Least Squares (NBLS) parameter identification method defined in Section 4.3.5.
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3.4.2 AID of Plant and Actuation Parameters for Fully Coupled 6-DOF UUVs

This section extends the results of Section 3.3 to include control parameter identification of 6-DOF

UUVs. New extensions to the AID reported in [36] are reported in bold for clarity.

e Plant: Using the definition of the drag matrix D(v) = Y2, |v;|D;, the plant is of the form:
6 A
Mo = —Co)o ( y |vl-|Dl-> 0 — G(@) + Ga(0, 3, )04 (3.24)
i=1

e Task: Design parameter update laws for 9(t), M(t), D;(t), §(t), b(t), and 8,(t) such that

lil’l’lt*)oo Av(t) = 6, limt*)oo M(t) - 06x6r ]jmt*)oo 5i(t) = 06x6/ ]imtg)oo g(t) = 0, ]imtﬁoo B(t) =
0, and lim¢_s o éa(t) =0

e Error Coordinates:

a A0(t) = 0(t) — o)

A~

Aea(t) = éu(t) — 0,4
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® Parameter Update Laws:

z?:M—l( C(M,v)v — (Z|01|D>v )+Gg(v,ﬁ,§)éa) — xAv (3.25)
M =2 (pro" + o] + doy] + 2807 (3.26)
151‘ :72\0i|AszT (3.27)

¢ =73 AVTRT(d) e3 (3.28)

b=~ 14J(Aw)RT (@) e3 (3.29)
2 T
b0 =—15(Ga(v,,2)) Ao (3.30)

Where

» Gy(v,d,8) 6, will be shown to be bounded in consequence of the boundedness of v,
4, & andd,

» C(M, v) is the Coriolis matrix defined in Chapter 2.

w1 = ad(v)Av

" Yo =0+ alv

" &1, 72,73 Ve s € Ry

» M(to) is symmetric positive definite

= 0(to) = v(to)

The details of the much of the following stability proof are reported in [36] and are not repro-

duced here unless required for clarity on the extension for simultaneous identification of actuation
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parameters. As in [36] we develop the velocity error dynamics expression
MAv =M (% — 9) (3.31)
=aMAv — AMp, — ad(v)AMov

6
— <Z |vi|ADi>U — AG(R(@)) + G4(v,d,&) AB,.

i=1
Now consider the Lyapunov function candidate

6
V(t) :%AZJTMAU + z%tr(AM AMT) + zi Y tr(AD; AD]) (3.32)

T2 5

1

1 2
+—(Ag)* +
(A8)"+ 5

T 1 T
e AbTAb + - AOTAB,.

The Lyapunov candidate function (3.32) is:

® positive definite

¢ radially unbounded

e equal zero if and only if Av = 0, AM = Ogye, AD; = Oy Vi, Ag = 0, Ab = 0, and A8, = 0.
The time derivative of (3.32) is

6
V(1) :% (AUTMAU + AUTMAU> + %tr(AM AM") + % Y tr(AD; AD;") (3.33)
i=1

1 ~ 1 1y 1 AQT A
+ 57 ASNg + AV Ab 4 AT A6,
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This can be simplified using (3.31). Substituting (3.25)-(3.29) results in
V(t) = — aAoT MAv + %AeuT(G(v, i, g))TAv +1807G(0,3,8)A0, + LAOTAD,  (3.34)
T
= — aroTMAv + ABaT(G(v, i, g)) Av + L AOTAG,.
Finally substituting the parameter update law (3.30) results in
V(t) = — aAoT MAY (3.35)

This expression is negative definite in Av and negative semidefinite in the error coordinates Av,
AM, AD;, Ag, Ab, and A0,.

A proof that the smallest eigenvalue of M is bounded away from zero is left as future work. We
will assume this statement is true if the parameters are initialized close to the “true” values, which

is confirmed in simulation studies.

We note from [36] that with v, Av, AM, AD;, Ag, Ab, and G(v,d,¢), bounded and M, D;, g,
b, and 6, constant, it is implied that 9, M, D;, g, b, and 0, are bounded. If we assume that the
smallest eigenvalue of M is bounded away from zeros for all time then M~! is bounded and thus

Av is bounded. Additionally Av € £, and bounded Av implies that lim;_,c Av = 0

Since the parameter update equation (3.30) is bounded and lim; ., Av = 0 this implies that
limy—yo0 M = 0, limy_y00 D; = 0 Vi, limy 00 § = 0, limy_00 b = 0, and limy—_,c0 8, = 0. Therefore the
estimator’s angular and linear velocities asymptotically converge to the velocities of the actual
vehicle and all estimated parameters converge to a common scalar multiple of their constant values

[36] .
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3.4.3 Extension of AID to 6-DOF UUV Plants with Diagonal Mass and Drag
Matrices

This section reports an extension of the AID reported in Section 3.4.2 to the class of UUV plants
with diagonal mass and drag matrices. Smallwood and Whitcomb report the first AID for fully
decoupled UUV plants in [48]. Their approach was to approximate the 6-DOF UUV plant model
as six one degree of freedom (1-DOF) plant models where each degree of freedom is completely
independent of all the others and they report a common AID applicable to all six 1-DOF plants.

The AID presented here differs from [48] in that it includes coupling from Coriolis terms, but omits

all linear damping terms.

Consider the case of plant models of UUVs of the form (3.21) where the mass M and drag D

matrices in are diagonal. Specifically

M =diag([my1; moyo; M33; Maa; Ms5; Meg) ) (3.36)
=diag(m) (3.37)
and
|o1]d11 0 0 0 0 0
0 |Uz‘d22 0 0 0 0
| 0 0 |v3|d33 0 0 0
D= 0 0 0 |Z)4|d44 0 0 (338)
0 0 0 0 lvs|ldss 0
0 0 0 0 0 |06|d66
= diag(|v|) diag(d). (3.39)

The total mass vector m € IR® contains the sum of the added mass and rigid body terms and the

total drag vector d € R® contains the scalar quadratic drag parameters for each degree of freedom.

e Task: Modify parameter update laws (3.26) (3.27) to adaptively identify 7(t) and d(t) defined

in (3.37) and (3.39) such that lim;_co 1(t) = 0, limy_e0 d(t) =0,
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e Modified Error Coordinates:

w Am(t) =m(t) —m

w Ad(t) =d(t) —d
For convenience we will define AM = diag(Am) and AD = diag(Ad).

¢ Parameter Update Laws:
i =1 (07 diag(yp1) + ¢1 diag(Av))T (3.40)
d =7, (AvT diag(|v]) diag(v))T (3.41)
Where

w diag(rm(ty)) is PDS, or equivalently all entries in 171(t) are positive

¢ System and Stability Proof

Consider the following Lyapunov function candidate
V(t) L AoTMAw + L AmTAm + ——AdTAd (3.42)
2 2m 272 '

1
+—(Ag)? +
575 (88)

1

1
AbTAb + — 0T AG,.
7 b b+275 0L b,

As in Section 3.4.2 (3.42) is

= positive definite

s radially unbounded

>
0%
I
e
B
oy
I
ol
jo¥]
5
o
P
>
2
I

» equal zero if and only if Av = 0, Am =0, Ad =0
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The time derivative of (3.42) is

V(t) = (AUTMAU + AUTMAU> + %A'mTAm + %AdTAd (3.43)
1 2

N~

1 . 1 . 1 .
+ ——AgAQ+ —AbTAb + —AOT AO,.
275828 T, 5o T

Substituting in (3.31) yields

V(t) = — aAv MAv — % <UTAM1/J1 + ¢ AMAU) (3.44)

- % <AZJTAM1/J2 +yf AMU) — Avldiag(|v])ADv
T R T . 1 - T 1 . T .
— Av' AG(R(7)) + Av' Gy(v,d, &) A6, + ,Y—Am Am + TAd Ad
1 2
+ o AgAg + —AbTAb + 70T AB
25 878, o

Again we first substitute in the unmodified parameter update laws (3.28)-(3.30) for clarity.
This yields

V(t) = — aAoT MAv — % <UTAM¢1 + ¢l AMAv) (3.45)
- % (AUTAMq)z + 1/)1TAM0> — Av'diag(|v])ADv

X amTam + L Ad"Ad,
T T2
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Note that for all vectors y1,y> € R® diag(y1)y2 = diag(y2)y1 and yT diag(y2) = yidiag(y1).

Thus
V(t) = — aAoT MAD — (deiag(lpl) + ¢2Tdiag(Av)> Am (3.46)
— Avldiag(|v|) diag(v)Ad

1 . 1 .
+ —AmTAm + —AdTAd.
T T2

Finally, we substitute in the modified parameter update laws (3.40)-(3.41) to yield

V(t) = — adv” MAv. (3.47)

This result for the stability of the modified AID for diagonal UUV plants shares the same
properties as the result for the AID of fully coupled UUV plants reported in Section 3.4.2. The
implication is that as previously, the estimate of unmodified parameters converge to constant

A

values, and lim;_,c 771 = 0 and lim;_,eo d = 0.
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Chapter 4

Identification of Dynamical UUV
Plants with Random Sample
Consensus (RANSAC)

4.1 Introduction

This chapter presents an algorithm that uses the random sample consensus (RANSAC) framework
for robust identification of parameters of dynamical systems. We call this algorithm Dynamical
Plant Identification using RANSAC (DIRANSAC). The original RANSAC algorithm was de-
veloped to estimate transformation models between camera image planes using corresponding
features from a set of observed data that contain outliers. RANSAC is a fundamental tool in the
field of computer vision. At its most basic variant, RANSAC involves first randomly sampling the
data to generate a hypothesis of the parameters to be identified, and then testing this hypothesis
against the entire dataset [11]. RANSAC was designed to improve model fitting when using
observational data corrupted by both Gaussian and non-Gaussian noise (commonly referred to
as noisy data with outliers). Although the noise characteristics of dynamical plants are different
than those of image feature correspondence, the author has found the RANSAC framework to
improve the estimate of dynamical plant parameters in the presence of noisy observational data

with outliers.
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Such an approach can be advantageous in several instances. The plant parameters for com-
plex dynamical systems, such as underwater vehicles whose underlying dynamics are infinite
dimensional due to the effects of the viscous fluid in which they operate, are often identified from
observed experimental data by fitting the data to approximate finite-dimensional models. As
a result, the observational data collected in experiments will not fit the model exactly and the
associated error will be non Gaussian, limiting the effectiveness of classic least squares approaches
to parameter estimation of these plants. Additionally dynamical systems sometimes operate
intermittently in two or more different regimes; in the case of underwater robotic vehicles one
such regime dominates when the vehicle is at or near the surface and another when the vehicle is
fully submerged [12]. By design DIRANSAC will fit a model that agrees with the majority of the

observations, and the effect of data collected in other regimes will be minimized.

The remainder of this chapter is organized as follows: Section 4.2 first provides a review of
literature on the original RANSAC algorithm and the many reported improvements on RANSAC
currently used the field of computer vision. Section 4.2 then reports a review of literature in other
fields besides computer vision that report implementations of the RANSAC algorithm to solve
parameter estimation problems. Section 4.3 reports the new DIRANSAC algorithm. Section 4.4
reports the methodology for a simulation study to identify parameters of a simple one degree of
freedom (1-DOF) unmanned underwater vehicle (UUV) dynamical plant using noisy observational

data corrupted with outliers. Section 4.5 reports simulated results and a discussion of these results.

4.2 Literature Review

421 Advances in the RANSAC Algorithm

First published in 1981, the seminal RANSAC paper [11] has been cited over 19,000 times and is
widely used in many applications in the field of computer vision. Many reported improvements
on RANSAC have followed. A thorough survey of several notable improvements over the basic

RANSAC algorithm is reported by Choi et al., more than 15 years after the original paper [3].
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The authors in [3] categorize the many reported improvements by their intended objective: to be

accurate, to be fast, and to be robust. An overview of their findings is given as follows:

To Be Accurate: In an effort to be more accurate, other loss functions were proposed including
M-estimator SAC (MSAC) and Maximum Likelihood SAC (MLESAC) [51] as well as adding a local
optimization step as in Locally Optimized RANSAC (LO-RANSAC) [4]. MSAC, MLESAC, and
the original RANSAC were all found to have similar accuracies in homography estimation, and

LO-RANSAC was shown to offer improvements in accuracy at an additional computational cost.

To Be Fast: Methods have been proposed to increase speed by employing guided sampling like
Guided MLESAC [50] and Progressive SAC (PROSAC) [5], and partial evaluation methods such as
Randomized RANSAC (R-RANSAC) [34] and Sequential Probability Ratio Test (SPRT) [35]. How-
ever, in theory guided MLESAC and PROSAC can actually impair the global search. R-RANSAC
and SPRT were shown to reduce computational time by only performing the verification process

on the entire data set if the estimate passes the pretest.

To Be Robust: The robustness of the RANSAC algorithm can be improved using adaptive
evaluation to adjust the inlier threshold such as Least Median of Squares (LMedS) [47] or MLESAC
using the estimate of the error variance (u-MLESAC) [2], although these approaches experience
problems if the expected inlier ratios are less than 0.5. Adaptive termination is also used in
Maximum A Posterior Estimation SAC (MAPSAC) [10] to recompute the number of iterations

required based on the observed inlier ratios.
4.2.2 Reported Implementations of the RANSAC Algorithm

Implementations of RANSAC-based algorithms are reported in fields other than computer vision.

Farahmand et al. proposes a novel “doubly robust” Kalman smoother to handle both state and
measurement outliers in dynamical systems [8]. It is shown to perform comparably to RANSAC-
Huber smoothers in dynamical trajectory tracking with measurement outliers ratios less than 50%,

but shown to perform considerably better than RANSAC when subject to state outliers. In [8] the
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authors propose a version that allows for on-line estimation. There are no reported improvements
to the basic RANSAC algorithm used for comparison, and experiments with only a fixed number

of hypothesis for are reported.

Schnabel in [45] reports an implementation of a RANSAC based algorithm to detect geometric
shapes in point clouds. The authors fit models of different shapes and optimize the sampling
process by increasing sampling of nearby data (in Cartesian space). The results demonstrates

robust object detection using RANSAC in noisy point cloud data corrupted by outliers.

Some implementations of RANSAC in the field of biomedical research are reported. Uhercik et
al. in [52] reports a RANSAC based algorithm for estimating parameters used in localization of
surgical tools in 3-D ultrasound images. The results indicate improvements in computational time
and accuracy over other existing methods when applied to both simulated and real ultrasound
images. Kang et al. in [25] reports a RANSAC based algorithm to model the nonlinear phagocyte

transmigration process and compares performance with least squares.

To the best of the author’s knowledge this thesis is the first reported application of RANSAC to

dynamical plant parameter estimation.
4.3 Methodology

The basic RANSAC algorithm was adapted to better estimate plant parameters in dynamical
systems. Several improvements found in the literature were directly implemented in addition to
improvements that follow from key observations by the author about the parameters of dynamical
systems. The DIRANSAC algorithm was generalized for dynamical systems with g degrees of

freedom and k control inputs where 7" observations are available.

The inputs to DIRANSAC are observational data, known plant parameters, and DIRANSAC
hyperparameters, or parameters that control the process of the algorithm and can be tuned for

RkXT

performance. The observational data consists of T,, € , a vector of observed plant control

inputs and 7,, € R7*7, a vector of observed plant velocities. All observational data must be
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sampled at the same time, i.e. for every T,,(t;) there is a corresponding v, (t;). All known plant
parameters such as length and volume are denoted as I'y,. The inlier threshold e € R7 is a
hyperparameter that defines the distance threshold used to classify a data point as an inlier or
outlier of the hypothesized estimate. The probability of success # is a hyperparameter that provides
the acceptable lower limit of the likelihood that the solution that is returned is computed using only
inliers. The initial guess of the inlier ratio is passed as I, which is best initialized to a low estimate.
Lastly the hyperparameter m provides an estimate for the number of random observations that

must be drawn to compute a well defined solution. A higher estimate of m is more conservative.

There are two outputs from DIRANSAC, the estimate of the parameter set with the lowest error

6, and the ratio of inliers for that parameter set I,. An overview is presented in Algorithm 1.
4.3.1 Check if the Solution is Well Defined

Naturally the question arises as to how many samples should be randomly drawn to compute
the estimate @p. There are analytical solutions for the number of samples required to estimate the
fundamental matrix in computer vision applications, and the commonly used algorithm nominally
uses eight independent feature correspondences to compute a well defined solution [17]. However,
there are no analytical solutions for the number of samples required to estimate parameters of
an arbitrary dynamical system. Furthermore, many samples may be degenerate due to repetitive
excitation. As a solution, we propose to continue to randomly sample the observations until a well
defined solution can be computed. The criteria that specifies whether a well defined solution is
possible is dependent on the estimation method and three definitions are reviewed in Section 4.3.5.
It is advantageous to limit the number of samples used in the estimate as the likelihood of randomly
sampling only inlier observations decreases exponentially as noted in Section 4.3.4. In practice,
we find that this number can be on the order of 30-50 samples for the 1-DOF simulation study
reported in Section 4.4, but the number of samples depends greatly on the plant to be identified

and the excitation involved.
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Algorithm 1 DIRANSAC

Input:
Z,  Vector of plant control inputs [Ty, (to), Top(£1), - . -, Top (tn)] € RF*T
Ty,  Vector of observed plant states [0g, (to), Oop (t1), . - -, Vop (tn)] € RT¥T
€ Vector of inlier thresholds for each DOFE.
n Probability of success
I Initial estimate of fraction of inliers.
m Estimated number of samples required to fit model
Ten Known plant parameters.
Output
0y Parameter estimate with the lowest error
I, Fraction of inliers found with estimate
1: function DI_RANSAC(Tp, Top, €, 17, I, m, T'gy,)
2 LowestError = inf
3 kmin < ComputelterationsRequired(y, I, m)
4: while k < k,,;,, do
5: S = Empty subset of observations
6 while Solution is not well defined do
7 S = S + Randomly sampled observation from T, ¥,
8 W (,B) «+ ComputeDesignMatrix(S, T,
9: Check if solution is well defined
10: end while
11: ép — ComputeParaAmeterHypothesis(W (,B))
12: if PreliminaryTest(6),) then
13: try
14: z_)'ép — ForwardSimulation(ép, Top(t0), Vob(t0), Tin)
15: €, < ComputeModelFitError(z_f@p, Top )
16: if €, < LowestError then
17: LowestError = €,
18: 0, =0,
19: I, + ComputeFractionOfInlers(z_)’ép, Tpp, €)
20: kmin < ComputelterationsRequired(y, I, m)
21: end if
22: catch Numerical Integration Failure
23: continue
24: end try
25: end if
26: end while
27: return 0,, I,

28: end function

// Section 4.3.4

// Section 4.3.5
// Section 4.3.1

// Section 4.3.5
// Section 4.3.2

// Section 4.3.3
// Section 4.3.3

// Section 4.3.4
// Section 4.3.4
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4.3.2 Preliminary Test

A preliminary test is used in an effort to save time by not attempting the verify hypothesized
parameter estimates that are clearly wrong [34]. In dynamical plant applications some parameters
such as mass terms are known to be positive while others like drag are known to be dissipative or
negative. We can apply this knowledge by using a preliminary test to check if all the parameters of
the hypothesized estimate ép are the correct sign. If they are not, then the verification process is

skipped and the hypothesized estimate is discarded.
4.3.3 Forward Simulation and Model Fit Error

Verification of the hypothesized estimate is performed by first attempting to complete a simulation
of the dynamical plant using the hypothesized parameter estimate ép subject to the same control
inputs 7,,(t), and initial condition v, (tp). This simulation is commonly performed using a numer-
ical integration package, and if the error in the parameter estimate is significant, the simulation
might fail to meet integration tolerances or otherwise not complete. For this reason the algorithm
makes use of a try/catch framework. If the simulation fails then hypothesized estimate is assumed

to not be correct and discarded.

In the event that the forward simulation does complete, the forward simulation will return the

vector of plant velocities 6, computed using the hypothesized estimate as

%, = [ng(fo)/vgp(tl), . .,U@p(tn)} e R7*7. The model fit error is computed as

e, = 32 (1 (1)~ ) . wn

j=1
where w; is the weight for the j" degree of freedom.

Although it is more common to report the mean absolute error as a measure of parameter iden-

tification accuracy, this proposed error metric was found to better verify hypothesized estimates.
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4.3.4 Inlier Classification and Early Exit Criteria

The inlier classification is computed from the simulated plant velocities z_)'ép. The number of inliers
is defined as the number of observations in 7, that are within some inlier threshold distance
specified by € of the corresponding computed plant velocities in Z"J’ép. The fraction of inliers I, for a
given hypothetical parameter estimate is simply the number of inliers divided by the total number
of observations 7. If the plant has more than one degree of freedom, an individual inlier threshold
for each degree of freedom can be used and thus € € RY. In this case I, is defined as some weighted

average of all the fraction of inliers for each degree of freedom.

The number of iterations k,,;,, required is computed as a function of the probability of success #
and the estimated fraction of inliers I. This is adapted from the original RANSAC algorithm [11]

as

_ log(1—1)
min = W 4.2)

Where 7 is the probability of selecting a subset of observations S with only inliers and m is the
number of randomly selected samples required to compute a parameter estimate. As described in
Section 4.3.1 the number of samples m required to estimate a solution is not constant and increases
as needed to ensure that the solution is well defined. As a result we propose to compute k,;, as
defined in (4.2) using a high estimate for m and use the following criteria to exit early [1]. The
minimum number of iterations k,,;, is recalculated each time a new best estimate is found using
the inlier ratio of the new best estimate L. If the number of iterations performed is greater than the

newly computed k,,;, then the algorithm exits.

We found that in practice for the 1-DOF system described in Section 4.4 that at least m > 30
samples are often drawn, and with “reasonable” inlier ratios of w = 0.8 the number of required

iterations to achieve a good result with 0.95 probability was ~ 2.5e3.
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4.3.5 Parameter Identification Methods

The DIRANSAC algorithm uses one of several types of least squares methods to compute the
hypothesis. We will refer to the particular method used in DIRANSAC as the kernel of the

algorithm. This section provide a brief overview of three least squares methods.
Ordinary Least Squares (OLS)

Overdetermined OLS problems have the form Ax ~ b where the A is the input data, b is the
output data, and x is a vector of parameters to be identified [21], [53]. OLS problems account for
noise in b but assume no noise in A. Let A; € R™7 and b; € R™! be individual observations of

the systems. We can define the design matrix W as

Ay

A

W=| ] eR"™P i=12,...n, 4.3)
Aj
where 1 is the number of observations. Likewise the observational vector is defined as
by

by
B=| | eR"™1 i=1,2,.. .n (4.4)

b;
Assuming WTW is full rank, and thus invertible, solutions to the OLS problem that minimize

||Ax — bl are
T lvw -1 gl x1
x=(WW) W BeRL (4.5)

Solutions to the OLS problem are ill defined when WTW is not full rank, and thus not invertible.

Total Least Squares (TLS)

One class of overdetermined TLS problems has the form Ax = b where the A is the input data,
b is the output data, and x is a vector of parameters to be identified [21], [53]. TLS solutions assume

noise in A and in b. Let A; € R™7 and b; € R™! be individual observations of the systems.
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We can define the design matrix W and the observational vector to be the same as in the OLS
formulation. Solutions to the TLS problem can be found by using singular value decomposition.

Let
[W,B] = USVT e R™*P+! (4.6)
be a singular value decomposition where the diagonal matrix of ordered singular values is

S = diag(sy,s2,..-5p, SPH), “4.7)
where s; > s;11, i =1,2,...p. If we define the blocks of V' to be

V= [“21 gz] , VpeRPY v, eR (4.8)

unique solutions for x can be computed as
x = —Vip/Vip € RPXL (4.9)

Solutions to the TLS problem are ill defined when s, ~ s, 11

Nullspace Based Least Squares (NBLS)

We define NBLS problems to have the form Ax = 0 where the A is the input data, and x is
a vector of parameters to be identified. Experimental results to be published by this author and
others indicate that solutions to the NBLS are sensitive to noise in A. Let A; € IR"*" be individual

observations of the systems. We can define the design matrix W as

Aq
Ay

W=|.| erm?i=12,.. .n (4.10)
A

Given an mnxp matrix W where mn > p, the unit vector x that minimizes

min ([Wxllz, x]l2 = 1 @)
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is the unit eigenvector corresponding to the smallest eigenvalue of W' W. Solutions to the
NBLS are only defined up to scale. In practice the solutions are scaled such that they match one
known parameter. If more than one eigenvalue of W Wis approximately zero, or equivalently if

dimension of the nullspace of W' W is greater than one, then solutions are not well defined.
4.4 Simulated 1-DOF Experimental Setup

The performance of the new DIRANSAC algorithm was tested using observational data of a
simulated 1-DOF UUV plant. The equations of motion (EOM) for a fully uncoupled 1-DOF UUV

can be expressed as [12]

T(t) = mo(t) +dlo(t)|o(t) — b (4.12)

mo(t) = —d|o(t)|o(t) + b+ T(t). (4.13)

We consider the case where available actuation consists of both a thruster and an actuated hydro-

dynamic control surface. A simple model for thruster force is

Tprop(£) = Preo(t)?, (4.14)

where B is the quadratic propeller coefficient with units (N x s?)/rad? and w(t) is commanded
angular speed of propeller in rad/s. A simple approximate model of the actuated hydrodynamic

control surface is
Tes(t) = —Palo(t)[v(t)alt), (4.15)

where B, is the hydrodynamic drag coefficient with units of (N * s?) /rad and a is the commanded

deflection with units of radians.
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Thus the EOM of a 1-DOF underwater vehicle with a thruster and control surface becomes

mo(t) = —dlo(t)[v(t) + b+ prew(t) — Bafo(t) [o(t)a(t)

0= —mo(t) —do(t)[o(t) + b+ prw(t) — Balv(t)[o(£)a(t).

(4.16)

(4.17)

All the unknown plant and actuator parameters enter linearly in (4.17). For this simulation we

use NBLS as the kernel of DIRANSAC algorithm and we define a vector of unknown plant and

actuator parameters as
T
Op=|m d b B B

Since all the unknown parameters enter linearly (4.17) can be written as
0= 22 [— mo(t) — dlo(t)[o(t) + b+ preo(t) — Balo(®) o(Da(1)] 6,
0=[=0(t) —[o®)o(t) 1 w(t) —[o(t)o(t)a(t)]6,
0=W6,.
The following control signals were used to excite the system in simulation
w(t) = sin(t x0.25)rad /s
a(t) = sin(t+0.028)rad
The following noise models were used:

* 0(t) = vpye(t) + N(0,0.04) + sp(0.05,0.5, p) (m/s)
o 0(t) = Oprue(t) +N(0,0.01) + sp(—0.01,0.04, p) (m/s?)
o w(t) = wirye(t) + N(0,0.25) +sp(1.25,6.25,p) (rad/s)

o a(t) = apue(t) + N(0,0.25) + sp(1.25,6.25,p) (m)
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(4.19)

(4.20)

@.21)

4.22)

(4.23)



Where N (i, 0) is white Gaussian noise with mean y and standard deviation ¢ and sp(us, a9, p)
is random “salt and pepper” noise with mean y,, amplitude a9 and outlier probability of p such

that:
P(0) =(1-p)
sp(ps, a0, p) = { Pps +ag) =p/2 (4.24)
P(us —ag) =p/2

1-DOF parameter identification was performed in a sequence of simulations with increasing
measurement error outlier ratios “p”. The true plant parameters were chosen to match those exper-
imentally identified in [32]. The plant parameters were estimated using the standard NBLS method
and the new DIRANSAC algorithm using the NBLS kernel. The simulation and identification

for each outlier ratio was repeated 10 times, each iteration with the same noise model, but with

different random noise values. No filtering was performed on any signal.

Parameter validation was performed by completing a simulation of the UUV plant dynamics
using the same control input and initial condition, but using the estimated plant parameters. The
error in parameter estimation is reported as mean absolute error (MAE) between the simulated
plant velocities using the estimated parameters and the simulated plant velocities using the “true”

parameters.

4.5 Results

4.5.1 Simulated 1-DOF Data

Figure 4.1 provides a plot of the MAE of plant parameters identified from observational datasets
corrupted by an increasing ratio of outliers. Results from both NBLS and the DIRANSAC algorithm

with the NBLS kernel are shown for comparison.
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Figure 4.1: Mean absolute error of plant velocities when using parameters identified from data with an
increasing ratio of measurement outliers

Figure 4.2 illustrates the improvement in parameter identification when using the DIRANSAC
method. Figure 4.2 provides a plot of the plant velocity in simulation with parameters estimated
from both the NBLS and DIRANSAC with the NBLS kernel methods. The outlier ratio of this
particular simulation was 0.13 and the plot in Fig 4.2 includes the simulated noisy data with outliers

for scale.

4.5.2 Discussion

These results suggest that the new DIRANSAC algorithm offers improvements over traditional
least squares methods when estimating parameters from observational data corrupted by outliers.
To confirm the performance of DIRANSAC the parameters of a simulated 1-DOF UUV were
estimated using NBLS and DIRANSAC with a NBLS kernel. Results of parameter estimation
using other least squares methods such as OLS and TLS were not reported, and is the subject of
future work. However, the author believes that DIRANSAC with OLS and TLS kernels would
offer similar improvements over traditional implementations of OLS and TLS respectively if the

observational data is corrupted by non-Gaussian noise.
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Figure 4.2: One degree of freedom plant velocity in forward simulation using parameters identified by each
method. Fraction of outliers = 0.13

The estimation error of both NBLS and DIRANSAC with a NBLS kernel increases as the outlier
ratio increases. However, these results indicate the estimation error using the DIRANSAC method
is consistently lower than that of the NBLS method and the performance improvement over the

traditional NBLS methods increases as the outlier ratio increases.
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Chapter 5

Conclusion

Accurate identification of dynamical models for underwater robotic vehicles is useful for predictive
simulation studies, model-based control algorithms, and model-based approaches to fault detection.
The process of model identification or model estimation can be separated into two steps. First, the
structure of the dynamical model can be developed using first principles. Chapter 2 accomplished
this by reporting a derivation of the equations of motion (EOM) of underwater vehicles using
Newtonian dynamics. The second step of model identification involves experimentally identifying
the unknown parameters that enter into the dynamical model. Chapter 3 and Chapter 4 each

reported new methods to accomplish this task.

Chapter 3 reported a simulation study with results that indicate the adaptive identifier (AID)
reported in [36] can be extended to underactuated three degree of freedom (3-DOF) unmanned un-
derwater vehicles (UUVs). Chapter 3 also reported an extension of the same AID to simultaneously
identify plant and control parameters for six degree of freedom (6-DOF) UUVs. An additional

extension of the AID to UUV plants of diagonal mass and drag matrices was reported.

Chapter 4 reported a new method for parameter identification of dynamical systems using
the random sample consensus (RANSAC) framework. Simulation studies suggest that the new
Dynamical Plant Identification using RANSAC (DIRANSAC) algorithm offers improvements over
traditional least squares methods when estimating parameters of plants using observational data

corrupted by non-Gaussian noise.
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5.1 Future Work

* Model-based fault detection: Underwater vehicles may experience faults during deploy-
ment which could include thruster failure, chassis damage, and changes in buoyancy. These
faults would result in large changes to model parameters such as thruster coefficients, drag,
and mass. The AID reported in Chapter 3 can be implemented on board a UUV to run in
real time. As a result, the AID may be able to detect significant changes in the adaptively
identified parameter set during a mission. If the changes indicate a possible fault condition,

the UUV could execute recovery behaviors.

* Parameter Identification of Non-Traditional Underwater Locomotion: The methods re-
ported in Chapter 3 and Chapter 4 might be used to identify the control parameters of
some non-traditional locomotion methods such as bio-inspired jet propulsion or fin undula-
tion. The DIRANSAC algorithm was shown to be robust to non-Gaussian noise which may
prove useful for fitting models that are finite approximations of perhaps infinite dimensional

locomotion dynamics.
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Appendix A

On the Relationship Between
“Derivative” and “Integral” Methods
used in Least Squares Parameter
Estimation of Dynamical Plant

Models
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This appendix reports a relationship between the “Integral Method” and the “Derivative
Method” in Nullspace Based Least Squares (NBLS) parameter estimation. This result may have
broader applicability to the relationships between “Integral Methods” and “Derivative Methods” in

other least squares solutions such as Ordinary Least Squares (OLS) and Total Least Squares (TLS).

Section A.1 reports a definition of the “Derivative Method”. Section A.2 reports a definition
of two different formulations of the “Integral Method”. Section A.3 reports a proof showing the

relationship between the two methods when applied to NBLS parameter estimation.
A.1 Regressor Matrix Formulation using “Derivative Method”

Using the convention defined in [12] we consider six degree of freedom (6-DOF) underwater

robotic dynamical plants of the form

(v, w,1,7) = M | w\ L (D,w) + Clv,w) \ Z,\ L) (A1)

where the mass matrix M is diagonal. T(v, w, 7, ) is the control vector function where v are the

control inputs. In NBLS parameter estimation we define the vector 6, € R" to be a vector of n

unknown parameters to be estimated. Let the structure of 8, be defined as
0, = [m,” ..]" eR", (A2)
where
my = |my mp maz My mss m66|T ER® (A3)

is a vector of unknown mass parameters. This appendix only considers dynamical plants with
diagonal mass matrices for clarity, but this analysis can be extended to plants with mass matrices

that are symmetric such as those found in [36].
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Since all the unknown parameters in 6, enter linearly into (A.1), the EOM can be rearranged
and written in the form

0

v

v
w w

(D, w) +c<v,w>>\ ]+g<m> (w76,
(A.4)

0=W,w,v,w,1,7)60p,
where W (v, w, v, w, 1, ) is the regressor matrix. Let W, be the regressor matrix computed with

observations made at time t;. Each W; matrix can be appended to the end of the matrix W as

W= t; € [to, tn]. (A.5)

If the parameter vector 8, # 0 € NULL(W},) Vithen6, € N ULL(WTW). The basis for the proof

of this statement is found in [19].

It follows directly in [19] that

NULL(W' W) = ()| NULL(W[W,). (A.6)

ti€lto,tn]

Each regressor Wy, is at most rank 6 (for this 6-DOF system) and thus the product WtTl W}, must
have a null space of at least dimension n-6. Although the structure of the regressor matrix W is
constant and specific to the derivation above, the entries in (and thus the null space of) W, will
change as the plant (or vehicle) is subject to different excitation modes (maneuvers). Thus the plant
should be excited in as many modes as possible. This will reduce the dimension of the intersection
given in (A.6), or equivalently reduce the dimension N ULL(WTW). In theory over time more
regressors with orthogonal null spaces are appended to W and the dimension N LILL(WTW) will
be one. When this occurs, 6, will be in the image of a one dimensional subspace and thus defined

up to scale.
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A.2 Regressor Matrix Formulation using “Integral Method”

To avoid derivatives of signals v, w both sides of (A.4) can be integrated from t; to some time step

t; as
t ti
0 dt :/ W, w,v,w,1n,7v)0, dt (A7)
fo fo
ti
0= [W(l’/, @,0,0,0,0) (A.8)
fo
+W(0,0,v,w,1, 'y)} dt 0, (A9)
ti
0= [/ W (v, @,0,0,0,0)dt (A.10)
fo
ti
+ W(0,0,v, w, n,y)dt} 0. (A.11)
fo

If the mass matrix is assumed to be diagonal, then W can be defined to be

—~ 't
w)t :/ W(,@,0,0,0,0)dt

i Jip

wy O 0 0 0 0 0 0
0 wy 0 0 0 0 0 0 (A.12)

W’ 10 0 wsz O 0 0 0 0

Ll 0 0 0 ww 0O 0 0 0|
0 0 0 0 wss 0 O 0
0 0 0 0 0 wg O 0
where

wyy = u(t;) —u(to) wa =a(t;) —a(to) (A.13)
wy = v(t;) —ov(ty)  wss = b(t;) — b(to) (A.14)
w3z = w(t;) —w(ty) wes = c(t;) —c(to). (A.15)
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We substitute (A.12) into (A.11) and use Simpson’s rule to numerically integrate the second term to

obtain
- :
0| W], +/ W(0,0,v,w,tj,'y)dt} 0, (A.16)
L i to
i
0=|W| + 2/ W(0,0,v,w,q,'y)dt] 0, (A.17)
L i k=17t
[ i TA n/2-1
0o=|w| +} {{W 2 Y W (A.18)
i 14 3n v,w=0, x=x(tr_1) =1 v,w=0, x=x;
n/2
4 w 0 A19
+ ];1 17,(0:0, X:szj,l + V,dl:O, X_X(tk):|:| 4 ( )
0 :Wlt 0,. (A.20)

) 1 . . o
where x; = x(ty_1) +jh, h = - [x(tx) — x(tx_1)], and n is the number of intervals used in Simpson’s
method. The formulation above assumes that x(t) is a linear function between t;_; and ¢; i.e.
x(t) =

The result is the following alternate formulation

— Xt . . L .
tlitll xt,t € [tji_1,t;]. We can use trapezoidal integration instead of Simpson’s rule.
it

—~ £
0= [w‘t + [ 'W(0,0,v,w, q,'y)dt} 0, (A.21)
i to
=y At
0=|W 14 w e A22
[ ‘ti +]; [ V,@0=0, t=t; 7,0=0, t:t]} 2 ] P (A-22)
0 :W‘t Op- (A.23)

Similar to the “Derivative Method” we can observe plant states during excitation and use the data

to compute the regressor matrix W. Let W| be the regressor matrix computed at time ¢;. Each

1
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W| matrix can be appended to the end of the matrix WnT as
ti

fy

Wint = | 2| t € [ty ta]. (A.24)

L
If the parameter vector 8, # 0 € NULL (WL ) Vithen 8, € NULL(WITNTWINT). The proof,

again in found in [19], is the same as before.

A.3 Relationship Between the Nullspaces of the
“Derivative Method” and “Integral Method”

Claim: The nullspaces defined in the two Sections A.1 and A.2 are related by

NULL( [WintWint]) = NULL(W' W). (A.25)

lim !
At—0 At
Proof: The proof is divided into three parts: first we show that the “Integral Method” can be
expressed using discrete summations, secondly we show that each of these intermediate steps

is basically differentiation with a larger At and, finally, we show that the null spaces of the two

methods are related by (A.25).
For simplicity we chose the trapezoidal integration method described in (A.23).

At
— A.26
v,60=0, t:t]} 2 ( )

i

w‘ :w’ +) [w W
t: t: .
ij=1

U,w=0, t=tj_;

1

We can express the first term on the right hand side which is defined in (A.12) as a sum of

intermediate time steps defined as

i
W’ - YW A27
X, (A27)
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where

%, 0 0 0 0 0 0
0 w@wn O 0 0 0 0

Wl — 0 0 w33 VO 0 0 0 ,
£ 0 0 0 W44 0 0 0
0 0 0 0 ws O 0
0 0 0 0 0 e 0

and

W3z = w(t;) —w(tji—1) Wee = c(tj) —c(tj1).
This is true by inspection. For example the entry in the first row and column is

Wi . =[u(t;) —u(ti—)] + [ultio1) —u(ti2)] +...+ [u(t2) —u(tr)] + [u(ty) — u(to)]

=u(t;) —u(to)-

For convenience we define W;jas

~ - At
Wi=W| +[w +W |5
i U,0=0, t=tj_4 1,0=0, t=t;1 2
tj
:/ W, w,v,w,y,y) dt.
ti—1
Substituting in (A.34) and (A.27) into (A.23) yields
—~ i \W/ : W At
Wl =L W] 1| L
t; ]; tj+]; ,00=0, t=t]»,1+ V=0, t=t;1 2
Ll = At
=3 w‘ +|w w 15
= t U,0=0, t=tj_1 0,60=0, t=t;] 2
i =
:ZW]
j=1
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(A.28)

(A.29)

(A.30)

(A.31)

(A.32)

(A.33)

(A.34)

(A.35)

(A.36)

(A.37)

(A.38)



We note that
W =W;+W| . (A.39)

Since each regressor matrix is now expressed as finite sum, we will see that when divided by
an arbitrarily small At each summand is actually equivalent to the regressor matrix defined in
(A.4). This is possible because the left hand side is 0 in the NBLS problem. Substitute (A.38)
into (A.23) and note that t; = t; 1 + At. The choice of At is arbitrarily small and thus we can
take the limit of both sides and use the Fundamental Theorem of Calculus which states that

lima0 A [ftij_l X(t)dt] = %(t;). These steps result in

i =
o:{ w]} 0, (A.40)
j=1
lim 0 = lim — iW ) (A.41)
A0 At AE—0 At = b '
[T [ At
0= lim [[w] n [w }” 0, (A.42)
A0 | = At i U,0=0, t=t;_; v,w=0, t=tj1 2
0= lim ZZ; in‘ +[W tW ]1 0 (A.43)
a0 | S LA Ty V,0=0, t=tj 4 =0, t=t;1 2] | 7
| im L[/ d A4
_ L W 44
0 ]; AigoAt[/tjl (V'w'v'w’”’w‘tj t} O (A4d)
o
0=y W(ﬁ,d;,v,w,q,'y)‘t]ﬂp. (A.45)
= j
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We use (A.39) and note that W| =0to express WnT as

to

W || W _
1 = —~
ty —~ Ntl Nwziwl,\_,
Winr = |W| | = |WstW| 1= W3+W,+W, i=1,23,...n
ta t2
W Wi+wt,1 W;+W;_1+... Wy
ti -

We can use the structure in (A.46) to rewrite Wyt as

Ils 0 0 07 |W1
I Ig 0 0| W,
Wit = |16 I6 I 0] |W;
R 0| :
I(, 16 I ... I Wi
=AW,

where I, is the n x n identity matrix. From [19] we note that

_ __ —T 1
NULL(W iy Wiyt) = NULL(W ATAW) = NULL(AW),

and similarly
:T: —
NULL(W W) =NULL(W).

Finally we need to show the following:

FACT: NULL(AW) = NULL(W)

(A.46)

(A.47)

(A.48)

(A.49)

(A.50)

PROOF: A is triangular with non zero entries on the diagonal thus all eigenvalues of A are

non zero and thus A is invertible. Let x € N ULL(AW) and therefore AWx = 0. Since A

is invertible A"TAWx = A~10 — Wx = 0and x € NULL(W). Therefore NULL(AW) C

NULL(W). Now let x € NULL(W) and thus AWx = A0 = 0 and therefore x € NULL(AW) and

NULL(AW) D NULL(W). Since NULL(AW) € NULL(W) and NULL(AW) > NULL(W)

then NULL(AW) = NULL(W)
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As a consequence we can say that

PR R — zT?
NULL(WyyWinT) = NULL(AW) = NULL(W) = NULL(W W). (A.51)

Therefore we use the argument regarding arbitrarily small time steps as described in (A.45) to
show that

NULL( Jim Ait [W]) = NULL(W). (A.52)

This completes the proof. The implication is that with arbitrary é,
— J— :T: R
NULL(W yWinT) = NULL(W W) ~ NULL(W' W), (A.53)

or the subspaces are equivalent.

88



Bibliography

(1]

(2]

(3]

(4]

[5]

(6]

[7]

(8]

[9]

(10]

(11]

(12]
(13]

(14]

D. P. Capel, “An effective bail-out test for ransac consensus scoring,” in British Machine Vision
Conference, Sep. 2005, pp. 629-638.

S. Choi and ].-H. Kim, “Robust regression to varying data distribution and its application
to landmark-based localization,” in Systems, Man and Cybernetics, 2008. IEEE International
Conference on, IEEE, 2008, pp. 3465-3470.

S. Choi, T. Kim, and W. Yu, “Performance evaluation of ransac family,” Journal of Computer
Vision, vol. 24, no. 3, pp. 271-300, 1997.

O Chum, ]. Matas, and S Obdrzalek, “Enhancing ransac by generalized model optimization,”
Asian Conference on Computer Vision, vol. 2, pp. 812-817, Jan. 2004.

O. Chum and J. Matas, “Matching with prosac-progressive sample consensus,” in Computer
Vision and Pattern Recognition, IEEE Computer Society Conference on, IEEE, vol. 1, 2005, pp. 220-
226.

O. M. Curet, N. A. Patankar, G. V. Lauder, and M. A. Maclver, “Mechanical properties of a
bio-inspired robotic knifefish with an undulatory propulsor,” Bioinspiration and Biomimetics,
vol. 6, no. 2, p. 026 004, 2011.

O. Faltinsen, Sea Loads on Ships and Offshore Structures, ser. Cambridge Ocean Technology
Series. Cambridge University Press, 1993.

S. Farahmand, G. B. Giannakis, and D. Angelosante, “Doubly robust smoothing of dynamical
processes via outlier sparsity constraints,” IEEE Transactions on Signal Processing, vol. 59, no.
10, pp. 4529-4543, 2011.

J Feldman, “Standard equations of motion for submarine simulation,” US Department of
Defense, Tech. Rep., 1979.

C. Feng and Y. Hung, “A robust method for estimating the fundamental matrix.,” Digital
Image Computing: Techniques and Applications, pp. 633-642, Dec. 2003.

M. A. Fischler and R. C. Bolles, “Random sample consensus: A paradigm for model fitting
with applications to image analysis and automated cartography,” Communications of the
Association for Computing Machinery, vol. 24, no. 6, pp. 381-395, Jun. 1981.

T. I. Fossen, Guidance and Control of Ocean Vehicles. John Wiley and Sons, 1994.

M. Gertler and G. R. Hagen, “Standard equations of motion for submarine simulation,”
David W Taylor Naval Ship Research and Development Center Bethesda MD, Tech. Rep.,
1967.

A. Goodman, “Experimental techniques and methods of analysis used in submerged body
reseach,” in Proc. of the Third Symposium on Naval Hydromechanics, 1960.

89



(15]

[16]

(17]

(18]

(19]
(20]

(21]

(22]

(23]

(24]
[25]

[26]

(27]

(28]

[29]

(30]

(31]

J. G. Graver, R. Bachmayer, N. E. Leonard, and D. M. Fratantoni, “Underwater glider model
parameter identification,” in Proc. 13th Int. Symp. on Unmanned Untethered Submersible Tech-
nology (UUST), vol. 1, 2003, pp. 12-13.

E. Gray, The Devil’s Device: Robert Whitehead and the History of the Torpedo. Naval Institute
Press, 1991.

R. I. Hartley, “In defense of the eight-point algorithm,” IEEE Transactions on Pattern Analysis
and Machine Intelligence, vol. 19, no. 6, pp. 580-593, Jun. 1997.

O. Hegrenaes, O. Hallingstad, and B. Jalving, “Comparison of mathematical models for the
hugin 4500 auv based on experimental data,” in 2007 Symposium on Underwater Technology and
Workshop on Scientific Use of Submarine Cables and Related Technologies, Apr. 2007, pp. 558-567.

R. Horn and C. Johnson, Matrix Analysis. Cambridge University Press, 2012.

J.J. Hubbard, M. Fleming, V. Palmre, D. Pugal, K. J. Kim, and K. K. Leang, “Monolithic ipmc
fins for propulsion and maneuvering in bioinspired underwater robotics,” IEEE Journal of
Oceanic Engineering, vol. 39, no. 3, pp. 540-551, Jul. 2014.

S. V. Huffel and ]. Vandewalle, “On the accuracy of total least squares and least squares
techniques in the presence of errors on all data,” Automatica, vol. 25, no. 5, pp. 765 769, 1989.

D. Humphreys and K. Watkinson, “Prediction of acceleration hydrodynamic coefficients for
underwater vehicles from geometric parameters,” Naval Coastal Systems Lab Panama City
FL, Tech. Rep., 1978.

E. H. Imlay, “The complete expressions for added mass of a rigid body moving in an ideal
fluid,” David Taylor Model Basin Washington DC, Tech. Rep., 1961.

T. R. Kane and D. A. Levinson, Dynamics, Theory and Applications. McGraw Hill, 1985.

M. Kang, L. Tang, and J. Gao, “Computational modeling of phagocyte transmigration for
foreign body responses to subcutaneous biomaterial implants in mice,” BioMed Central:
Bioinformatics, vol. 17, no. 1, p. 111, 2016.

G. C. Karras, C. P. Bechlioulis, M. Leonetti, N. Palomeras, P. Kormushev, K. J. Kyriakopoulos,
and D. G. Caldwell, “On-line identification of autonomous underwater vehicles through
global derivative-free optimization,” in 2013 IEEE/RS] International Conference on Intelligent
Robots and Systems, Nov. 2013, pp. 3859-3864.

M. Krieg and K. Mohseni, “Thrust characterization of a bioinspired vortex ring thruster
for locomotion of underwater robots,” IEEE Journal of Oceanic Engineering, vol. 33, no. 2,
pp. 123-132, May 2008.

S. Martin and L. Whitcomb, “Preliminary Results in Experimental Identification of 3-DOF
Coupled Dynamical Plant for Underwater Vehicles,” in Proceedings of MTS/IEEE Oceans,
Quebec City, Quebec, Canada, 2008, pp. 1-9.

S. C. Martin and L. Whitcomb, “Experimental identification of six-degree-of-freedom coupled
dynamic plant models for underwater robot vehicles,” IEEE Journal of Oceanic Engineering,
vol. 39, no. 4, pp. 662-671, Oct. 2014.

S. C. Martin and L. L. Whitcomb, “Preliminary experiments in underactuated nonlinear
model-based tracking control of underwater vehicles with three degree-of-freedom fully-
coupled dynamical plant models: Theory and experimental evaluation,” Proceedings of
MTS/IEEE Oceans, pp. 1-7, 2012.

S. C. Martin, “Advances in six-degree-of-freedom dynamics and control of underwater
vehicles,” PhD dissertation, The Johns Hopkins University, 2008.

90



(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]
[40]

[41]

[42]

(43]

(44]

[45]

[46]

[47]

S. C. Martin and L. L. Whitcomb, “Experimental identification of three degree-of-freedom
coupled dynamic plant models for underwater vehicles,” in Sensing and Control for Au-
tonomous Vehicles: Applications to Land, Water and Air Vehicles, T. 1. Fossen, K. Y. Pettersen, and
H. Nijmeijer, Eds. Cham: Springer International Publishing, 2017, pp. 319-341.

S. C. Martin and L. L. Whitcomb, “Nonlinear model-based tracking control of underwater
vehicles with three degree-of-freedom fully coupled dynamical plant models: Theory and
experimental evaluation,” IEEE Transactions on Control Systems Technology, vol. 26, no. 2,
pp. 404414, 2018.

J Matas and O Chum, “Randomized ransac with td,d test,” Image and Vision Computing, vol.
22, no. 10, pp. 837 —-842, 2004.

J. Matas and O. Chum, “Randomized ransac with sequential probability ratio test,” in
Computer Vision, 2005. ICCV 2005. Tenth IEEE International Conference on, IEEE, vol. 2, 2005,
pp. 1727-1732.

C.J. McFarland and L. Whitcomb, “Comparative experimental evaluation of a new adaptive
identifier for underwater vehicles,” in 2013 IEEE International Conference on Robotics and
Automation, May 2013, pp. 4614-4620.

C.]. McFarland, “Adaptive indentification and control for underwater vehicles: Theory and
comparative experimental evaluations,” PhD dissertation, The Johns Hopkins University,
2013.

R. M. Murray, Z. Li, and S. S. Sastry, A Mathematical Introduction to Robotic Manipulation. CRC
Press, 1994.

K. S. Narendra and A. M. Annaswamy, Stable Adaptive Systems. Dover, 1989.

S. Natarajan, C. Gaudig, and M. Hildebrandt, “Offline experimental parameter identification
using on-board sensors for an autonomous underwater vehicle,” in Proceedings of MTS/IEEE
Oceans, Oct. 2012, pp. 1-8.

S. of Naval Architects, M. E. U. Technical, and R. C. H. Subcommittee, Nomenclature for
Treating the Motion of a Submerged Body Through a Fluid: Report of the American Towing Tank
Conference, ser. Technical and research bulletin. Society of Naval Architects and Marine
Engineers, 1950.

P. Ridao, A. Tiano, A. El-Fakdi, M. Carreras, and A. Zirilli, “On the identification of non-
linear models of unmanned underwater vehicles,” Control Engineering Practice, vol. 12, no. 12,
pp. 1483 —1499, 2004, Guidance and control of underwater vehicles.

M. T. Sabet, H. M. Daniali, A. Fathi, and E. Alizadeh, “Identification of an autonomous
underwater vehicle hydrodynamic model using the extended, cubature, and transformed
unscented kalman filter,” IEEE Journal of Oceanic Engineering, vol. 43, no. 2, pp. 457-467, Apr.
2018.

T. Salumée and M. Kruusmaa, “Flow-relative control of an underwater robot,” Proceedings of
the Royal Society of London A: Mathematical, Physical and Engineering Sciences, vol. 469, no. 2153,
2013.

R. Schnabel, R. Wahl, and R. Klein, “Efficient ransac for point-cloud shape detection,” Com-
puter Graphics Forum, vol. 26, no. 2, pp. 214-226, Jun. 2007.

S.-G. Seo, “Safer and more efficient ship handling with the pivot point concept,” TransNav, the
International Journal on Marine Navigation and Safety of Sea Transportation, vol. 10, pp. 605-612,
Jan. 2016.

D. Simpson, “Introduction to rousseeuw (1984) least median of squares regression,” in
Breakthroughs in Statistics, Springer, 1997, pp. 433—461.

91



(48]

[49]

[50]

[51]

(52]

(53]

[54]

[55]

[56]

D. A. Smallwood and L. Whitcomb, “Adaptive identification of dynamically positioned
underwater robotic vehicles,” IEEE Transactions on Control Systems Technology, vol. 11, no. 4,
pp- 505-515, 2003.

A Tiano, R Sutton, A Lozowicki, and W. Naeem, “Observer kalman filter identification of an
autonomous underwater vehicle,” Control Engineering Practice, vol. 15, pp. 727-739, Jun. 2007.

B. J. Tordoff and D. W. Murray, “Guided-mlesac: Faster image transform estimation by using
matching priors,” IEEE Transactions on Pattern Analysis and Machine Intelligence, vol. 27, no.
10, pp. 1523-1535, 2005.

P. H. Torr and A. Zisserman, “Mlesac: A new robust estimator with application to estimating
image geometry,” Computer Vision and Image Understanding, vol. 78, no. 1, pp. 138-156, 2000.

M. Uhercik, J. Kybic, H. Liebgott, and C. Cachard, “Model fitting using ransac for surgical
tool localization in 3-d ultrasound images,” IEEE Transactions on Biomedical Engineering, vol.
57, no. 8, pp. 1907-1916, Aug. 2010.

S. Van Huffel and ]. Vandewalle, The Total Least Squares Problem: Computational Aspects and
Analysis, ser. Frontiers in Applied Mathematics. Society for Industrial and Applied Mathe-
matics, 1991.

P. W. van de Ven, T. A. Johansen, A.]J. SAYrensen, C. Flanagan, and D. Toal, “Neural network
augmented identification of underwater vehicle models,” Control Engineering Practice, vol. 15,
no. 6, pp. 715 -725, 2007, Special Section on Control Applications in Marine Systems.

B. Wehbe, M. Hildebrandt, and F. Kirchner, “Experimental evaluation of various machine
learning regression methods for model identification of autonomous underwater vehicles,”
in 2017 IEEE International Conference on Robotics and Automation (ICRA), May 2017, pp. 4885-
4890.

N.-L. Wu, X.-Y. Wang, T. Ge, C. Wu, and R. Yang, “Parametric identification and structure
searching for underwater vehicle model using symbolic regression,” Journal of Marine Science
and Technology, vol. 22, no. 1, pp. 51-60, 2017.

92



Vita

Tyler Paine was born in Seattle, Washington in 1989, and spent most of his youth in Montana. He
graduated from Montana State University in 2011 with a degree in Mechanical Engineering. Tyler
works as an design and manufacturing engineer at the Naval Undersea Warfare Center Division
Keyport. In 2016 he received the Science, Mathematics and Research for Transformation (SMART)
scholarship from the Department of Defense to pursue a Masters of Science in Engineering at the

Johns Hopkins University.

93



	Table of Contents
	List of Tables
	List of Figures
	Introduction
	Dynamics of Underwater Vehicles
	Rigid Body Kinematics in the Body Fixed COM Frame
	Rigid Body Kinematics in the Body Fixed ``L'' Frame
	Hydrodynamic EOM in the Body Fixed COM Frame
	Hydrodynamic EOM in the Body Fixed ``L'' Frame
	Rigid Body EOM
	Complete 6-DOF EOM in the Body Fixed ``L'' Frame
	Structural Observations of 6-DOF EOM

	Complete 3-DOF EOM in the Body Fixed ``L'' Frame

	Adaptive Identification of Plant and Actuation Parameters of Underactuated UUVs 
	Introduction
	Literature Review
	Adaptive Identification of 3-DOF UUV Plant Parameters
	Problem Statements
	AID Extension to 3-DOF UUV Plants
	AID Results in Simulation Studies of Fully Actuated 3-DOF UUVs
	AID Results in Simulated, Underactuated, 3-DOF UUV

	Discussion

	Adaptive Identification of Plant and Actuation Parameters for 6-DOF UUVs
	Problem Statements
	AID of Plant and Actuation Parameters for Fully Coupled 6-DOF UUVs
	Extension of AID to 6-DOF UUV Plants with Diagonal Mass and Drag Matrices


	Identification of Dynamical UUV Plants with Random Sample Consensus (RANSAC)
	Introduction
	Literature Review
	Advances in the RANSAC Algorithm
	Reported Implementations of the RANSAC Algorithm

	Methodology
	Check if the Solution is Well Defined
	Preliminary Test
	Forward Simulation and Model Fit Error
	Inlier Classification and Early Exit Criteria
	Parameter Identification Methods

	Simulated 1-DOF Experimental Setup
	Results
	Simulated 1-DOF Data
	Discussion


	Conclusion
	Future Work

	Appendices
	On the Relationship Between ``Derivative'' and ``Integral'' Methods used in Least Squares Parameter Estimation of Dynamical Plant Models
	Regressor Matrix Formulation using ``Derivative Method''
	Regressor Matrix Formulation using ``Integral Method''
	Relationship Between the Nullspaces of the ``Derivative Method'' and ``Integral Method''

	Bibliography
	CV

