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Many tools have been developed to simulate unmanned underwater vehicle (UUV)
motion and autonomous behaviors to evaluate UUV capabilities. However, there is no
simulator that performs real-time modeling of the complex hydrodynamic interaction
forces that a UUV experiences when operating near a moving submarine. These hydro-
dynamic interactions must be determined in real time to simulate the launch and recov-
ery of UUVs from submarines. Potential flow models may be fast enough to solve the
hydrodynamic interactions in real time, but by oversimplifying the physics and neglect-
ing viscosity, they introduce inaccuracies into the simulations. Computational fluid
dynamics (CFD) is capable of accurately modeling these hydrodynamic interactions,
but simulations take hours or days to solve. To overcome this obstacle, a machine
learning method known as Gaussian process (GP) regression is used to create a surro-
gate reduced-order-model that predicts the hydrodynamic interactions in real time.
The GP regression model is trained by actively sampling CFD simulations in order to
accurately model complex hydrodynamic interactions. This new approach allows the
GP regression model to be incorporated into a UUV motion simulator and evaluate
how the UUV is affected by the hydrodynamic interactions. Operating envelopes are
developed that outline regions where the UUV safely overcomes the hydrodynamic
interactions and where the UUV is overpowered and collides with the submarine. By
incorporating this surrogate model into the autonomy architecture, new autonomous
behaviors are created that compensate for the hydrodynamic interactions by adjusting
the desired UUV heading and speed which allows it to better stay on course.

Keywords: unmanned marine vehicle; maneuvering simulation; hydrodynamic
interaction; Gaussian process regression; active sampling machine learning;
reduced order modeling; launch and recovery

1. Introduction

Several efforts have been made to model the hydrodynamic
interaction forces acting on an unmanned underwater vehicle
(UUV) when it operates near a moving submarine (Fedor 2009;
Leong 2014; Du et al. 2018). These unwanted hydrodynamic
interactions push and rotate the UUV and may cause it to become
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uncontrollable or collide with the submarine (Leong 2014). Real-
time modeling of these hydrodynamic interactions is essential to
simulate the motion required to launch and recover UUVs from
submarines because the UUV control surfaces and propeller
respond to real-time changes in the state of the UUV (Prestero
2001; Fossen 2011). There is no existing method that enables the
real-time accurate modeling of these complex hydrodynamic
interaction forces that a UUV experiences when operating near a
moving submarine. Recently, a surrogate reduced-order model
(ROM) of the hydrodynamic interactions between a UUV and
submarine was developed that is capable of predicting these
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forces and moments in real time (Hammond & Sapsis 2023). This
study explores incorporating this surrogate model into a UUV
motion simulator in order to explore how the hydrodynamic inter-
actions impact the ability of the UUV to maneuver around the
submarine.

Potential flow is a series of hydrodynamic equations and
assumptions that model a fluid as irrotational, inviscid, and incom-
pressible (Fossen 2011; Newman 2017). Potential flow models are
often simple enough to be solved in real time, but the oversimpli-
fied underlying physics result in inaccuracies when predicting the
hydrodynamic interactions between two vehicles. These assump-
tions also result in the d’Alembert paradox, which predicts no
hydrodynamic forces acting on a nonlifting body moving with con-
stant translational velocity (Newman 2017). This is especially
problematic when the UUV heading is not parallel to the flow
(Jayarathne et al. 2014). Computational fluid dynamics (CFD)
does not make these oversimplified assumptions and has been vali-
dated to accurately predict real-world hydrodynamic interactions
between submarines and UUVs (Fedor 2009; Leong 2014).
However, CFD often takes hours or days to determine the hydro-
dynamic interaction forces and moments for one single simulation
of a UUV at a specific position, heading, and speed. For this rea-
son, the hydrodynamic interactions modeled with the accuracy of
CFD have not been able to be integrated into a UUV simulator.

In a recent study, a nonmyopic active sampling approach com-
bined with Gaussian process (GP) regression is used to efficiently
develop a ROM capable of predicting the UUV and submarine
hydrodynamic interactions (Hammond & Sapsis 2023). This sur-
rogate model is able to predict, with minimal computational cost,
the hydrodynamic interaction forces and moments in real-time
based on the UUV size, position, speed, and heading. The result-
ing GP surrogate model is trained using a minimal set of CFD
simulations of a UUV operating near a submarine. The developed
approach enables the surrogate model to predict these complex
hydrodynamic interactions based on the accurate physics of the
CFD simulations but without the typical computational expense
of CFD modeling. To this end, this surrogate bridges the gap
between accurate physics and real-time computational capacity,
paving the way for real-time control methods.

Integrating this surrogate model into UUV motion simulators
enables a better understanding of the current UUV autonomy and
control capabilities. This is accomplished by using the forces and
moments of the surrogate model in the equations of motion in
order to determine how they impact the UUV. As the UUV posi-
tion, speed, and heading change, the surrogate is capable of pre-
dicting the hydrodynamic interactions in real-time to see how the
autonomous system responds to these forces and moments. This
allows for the rapid exploration of which UUV maneuvers can be
successfully performed around a submarine. Additionally, this
allows for the rapid testing of new autonomous behaviors designed
to overcome unwanted hydrodynamic interactions and improve
launch and recovery maneuvering.

This paper begins by describing the method to incorporate the
active sampled GP regression model into the UUV motion simu-
lator. This starts with an overview of the UUV autonomy archi-
tecture and how each component is used to simulate UUV
motion. Next, we provide a detailed description of how the GP
regression is performed, as well as how the results are incorpo-
rated into the equations of motion and UUV autonomy architec-
ture. We then discuss new autonomous behaviors for the UUV
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which use the surrogate model to impact the desired heading of
the vehicle to better overcome the hydrodynamic interaction.
Lastly, we discuss the results of the UUV simulations which
incorporate the surrogate model into the UUV simulator. This
includes the development of safe operating envelopes for the
UUV under various conditions as it maneuvers around the
submarine.

2. Methods
2.1. Approach

To simulate the motion of the UUV, a body-fixed coordinate
system is located at the center of buoyancy of the UUV. The
surge, sway, heave, roll, pitch, and yaw velocities and forces/
moments are defined as u,v,w,p,q,r and X,Y,Z,K,M,N, respec-
tively. The position of the UUV is expressed in the inertial reference
frame using x, y, and z. Likewise, the roll, pitch, and yaw angles are
denoted as ¢, 0, and . The forces and moments can also be nondi-
mensionalized by the fluid density p, UUV speed u, and UUV length
Luuy, €8, X' =X/(0.5pu?LEy) or N'=N/(0.5pu”Li ). The
distances between the center of buoyancy and the center of gravity
of the UUV in the three principle directions are defined as x,, y,, and
z,. This coordinate system is illustrated in Fig. 1.

Because experimentally attempting to study the hydrodynamic
interactions between a submarine and UUV is both costly and has
the risk of collision between the vehicles, a simulator is used to
model the behavior and motion of a UUV. This simulator is
designed using the framework outlined in the open-source UUV
autonomy simulator known as MOOS-IvP (Benjamin et al. 2021).
This framework uses three different vectors to relay information
between apps within the simulator. These three different vectors
are the state vector x, input vector u, and desired state vector xq
and are listed in equation (1). The propeller thrust and torque are
denoted as Xpyop, and Kpp, respectively, while the rudder and
stern plane angles are denoted as d, and 9d,, respectively.

x=[uv,w.p.q.r.xyz 6.0

u= [XPropaKPmp» 6}”» 65]T (1)
Xqa = [uded,\l’d]T

The MOOS-IVP architecture uses three basic apps to model the
UUV control system and its impact on UUV motion. The pHel-
mlvP app takes in the state vector of the vehicle position and
motion and uses an autonomous behavior to compute a desired
state vector containing the new desired speed and heading. This

Body-Fixed . Inertial Coordinate System
Coordinate | T
~ - System

w, 2

Fig. 1 Orientation of UUV body-fixed and inertial coordinate systems

with their corresponding velocities, forces, and moments
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desired state vector is passed to the pMarinePID app which simu-
lates a proportional integral derivative (PID) controller to deter-
mine the input vector of the propeller thrust and torque, as well as
the angle of the stern planes and rudder. This input vector, as well
as the state vector, is then passed to the uSimMarine app which
solves the equations of motion to determine the new state vector
of the UUV, and the process is iterated. Figure 2 shows an over-
view of the simulation architecture.

While UUV simulators have been used extensively to model
UUV missions, there are no known simulators that are able to
model the hydrodynamic interactions between a UUV and a mov-
ing submarine with the accuracy of CFD (Leong 2014). This is
because the forces and moments felt by the UUV need to be deter-
mined in real time in order to determine how the UUV and subma-
rine hydrodynamic interactions impact the UUV motion. Real-time
determinations of these hydrodynamic interactions are beyond cur-
rent CFD capability. However, a GP regression machine learning
surrogate model trained on CFD simulations can be used to predict
the hydrodynamic interaction forces and moments on the UUV
based on the state vector of the UUV (Hammond & Sapsis 2023).
In this study, this new surrogate model is used to simulate how
these hydrodynamic interactions impact the motion of a UUV as it
maneuvers near a moving submarine.

2.2. Equations of motion away from boundaries

The total forces and moments exerted on the vehicle is the sum
of the hydrostatic, damping, added mass, and control forces and
moments. These forces and moments are expressed using hydro-
dynamic coefficients as specified in the standard SNAME notation
(SNAME 1950). For example, N, represents a nonlinear hydro-
dynamic coefficient that when multiplied by the surge and sway
velocities u and v returns the yaw moment that the vehicle experi-
ences due to moving at those two velocities. There are a large
number of terms that can be added together to determine each
force and moment, but many of them are zero or negligible.
Determining hydrodynamic coefficients can be performed using
potential flow, slender body strip theory, CFD, or physical experi-
ments on models (Prestero 2001; Fossen 2011; Newman 2017).
Many simplifications are made to the overall equations of motion
to reduce the effort needed to determine all of the hydrodynamic
coefficients (Warner 1991; Prestero 2001; Fossen 2011).

e Three degrees of freedom — For simplicity, the full six
degree of freedom equations are reduced to three by
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Fig. 2 Overlay of standard UUV control system block diagram with the
MOOS-IVP architecture. This outlines the role of each app to fulfill its
purpose of the control system
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assuming that roll, pitch, and heave are zero. Because
many UUVs have similar geometry in the xy and xz plane,
the heave and pitch results are the same as the sway and
yaw results (Prestero 2001). Roll is also assumed to have
negligible impact on UUV motion due to vehicle symme-
try (Warner 1991; Prestero 2001). This simplification dras-
tically reduces the effort to model submarine and UUV
hydrodynamic interactions while still capturing the funda-
mental behaviors and capabilities.
Hydrostatics — UUVs are usually designed to be neutrally
buoyant so the vehicle weight and buoyancy offset. Addi-
tionally, the center of gravity is located in approximately
the same location in the xy plane as the center of buoyancy
so all hydrostatic terms cancel out (Warner 1991; Prestero
2001).
Body damping forces — The sway and yaw hydrodynamic
coefficients for the coupled linear cross flow and angular
velocity terms are found to be negligible (Prestero 2001).
This includes Y\, and N,,. Also, assuming xy plane sym-
metry allows for the neglecting of drag-induced forces and
moments like Yy, and Ny,
e Added mass — By assuming xy and xz plane symmetry, the
added mass tensor simplifies to zero except on the diago-
nal terms and for the Y; = N, and Z; = Ms3 terms.

Applying these assumptions to the state, input, and desired input
vectors results in the simplified vectors found in equation (2).

X = [uv.rxy ]’

u= [XProp> Br}T (2)
Xa = [ua. V)"

These same assumptions are used to simplify the equations of
motion of the UUV. These simplified equations of motion have
been used in literature to simulate UUV maneuvering (Warner
1991; Prestero 2001; Fossen 2011). Some of these simulations
have also been validated using real-world UUVs in sea trials
(Warner 1991; Prestero 2001). These simplified equations of
motion for the UUV are listed in equation (3).

m— X, 0 0 u
0 m—Y; -Y; v
0 -N;, L.—N; I3
Xy [ u | +(Xo +m)vr
+X 17 + Xprop 3)

Vv [ v | +Yr | 7 | +Yiuv
+(Yur — mur + Yyu5,u*5,
Ny | v | +Nyyr | 7 | =Nty
+N,yttr + Noys, u*d,

The accelerations #, v, and 7 are computed by inverting the iner-
tial matrix and multiplying it by the force vector. These accelera-
tions are then numerically integrated using Euler’s method along
a small time interval Az to determine the UUV linear and angular
velocities, and then integrated again to find the UUV position and
heading.

Equation (3) is ultimately used to determine the new state of
the UUV based on the forces and moments acting on the vehicle.
This is performed by the uSimMarine app which takes, as an
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input, the previous state vector x and the input vector u of the pro-
peller thrust Xp,,, and rudder angle 6, and returns the new posi-
tion, speed, and heading of the UUV as a new state vector.

When a UUV operates in close proximity to a moving subma-
rine, the submarine creates a wake and flow field around the sub-
marine that affects the motion of the UUV. These equations
of motion in equation (3) that use standard hydrodynamic coeffi-
cients do not account for these hydrodynamic interactions be-
tween a UUV and a submarine. To simulate the UUV motion
near a submarine, the equations of motion need to be modified by
replacing the UUV body forces and moments with the GP regres-
sion surrogate model forces and moments.

2.3. GP surrogate near the submarine

To simulate UUV motion near a moving submarine, the hydro-
dynamic interaction forces and moments acting on the UUV need
to be determined each time it changes position, heading, or speed.
This means that these hydrodynamic interactions need to be pre-
dicted in real time as the UUV maneuvers around the submarine.
Because CFD usually takes hours or days to solve a simulation
for one specific UUV in one particular position, heading, or
speed, a ROM is used to predict these hydrodynamic interactions
in real time. GP regression is used to create a surrogate ROM that
predicts the surge, sway, and yaw hydrodynamic interaction
forces and moments based on the state of the UUV. GP regression
also provides estimates for the epistemic uncertainty or errors due
to a lack of data. The GP regression model can be expressed as a
random function,

y=J(x)+e “4)

where x € RY, e ~ NV(0,5?) represents the noise of the model.
The function f follows a Gaussian distribution with prescribed
mean and covariance function (Rasmussen & Williams 2006):

f(x) ~ GP(u(x), k(x,x')) ©)

where p(x) is the mean and k(x,x") the covariance:
k(x) =E[f(x)] (6)
e, x) = E[(f (x) = n()) (f (') = p(x'))] @)

GP regression can use one of many different covariance functions,
which are also known as kernels. This study uses the popular radial
basis function kernel with automatic relevance determination:

(x— x’)Tk_1 (x— x/)>

: ®)

k(x,x') = exp(
where L is the diagonal matrix containing the length scales of each
input dimension. This kernel is selected because it mimics a Bayes-
ian linear regression model with an infinite number of basic functions
(Rasmussen & Williams 2006), which can take the form of any suffi-
ciently smooth output function. Because the output function of the
hydrodynamic interaction is unknown and complex, this kernel is
opportune to map the output. Automatic relevance determination
allows each input dimension to have a different length scale. This
was necessary to implement in this GP regression model given the
nature of the inputs of the UUV location, speed, size, and heading.

The objective of GP regression is to determine the predicted mean
»(X.) and covariance K, (X.,X',) for a given set of input-output
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data. The data set D ={x;, y;}/_, is used to train the GP regres-
sion model where # is the number of samples in the data set. The
input and output pairs are notated as X =[xy, ...,x,] € R and
y=1[D1,...,yn) ER" where d is the dimension of the input
domain. Likewise, X, = [X.1, ..., Xum] € R is a set of m loca-
tions for which a prediction is desired. The predicted mean and
covariance at a set of points X, are listed below as equations (9)
and (10) (Rasmussen & Williams 2006):

y(X.) =KX, X)[K(X.X) + 070y ©)
Kvy(X*a Xl*) = K(X*’ X,*)

1 (10)
—K(X.,X)[K(X.X) + o2I] 'K(X,X',)

The term o2 represents the aleatoric uncertainty in the training
samples. This is a hyperparameter optimized by gradient descent
methods to improve the performance of the GP regression
(Rasmussen & Williams 2006). Additionally, it helps ensure the
matrix in brackets in equations (9) and (10) is well-conditioned.
As the UUV changes position, heading, and speed, it experi-
ences different forces and moments due to the hydrodynamic
interactions between the vehicles. For this study, terms from the
simplified state vector in equation (2) are used as inputs to the GP
regression model. This allows the surrogate model to predict the
hydrodynamic interactions based on changes to the UUV state
vector. The x and y terms are nondimensionalized by the length
of the submarine Lg,, These nondimensional parameters are
referred to as the Longitudinal Separation Ratio Riong = X/Lsub
and Lateral Separation Ratio Ry = y/Lsub. In this study, the iner-
tial coordinate system is fixed to the center of buoyancy of the
submarine which is moving at a constant speed through the water.
This fluid flow through the inertial frame caused by the submarine
moving forward can be thought of as a current in a traditional
earth-fixed inertial frame. Because of this flow, the sway velocity
v and the heading angle \y are not independent. This flow means
that a nonzero heading angle in the inertial frame results in a non-
zero sway velocity in the UUV body-fixed reference frame. This
relationship is valid for small heading angles because the sway
velocity is so much smaller than the UUV surge velocity or sub-
marine velocity. As such, the GP surrogate only needed to
account for the heading angle and not the redundant sway velocity
to model the hydrodynamic interactions. Recognizing this depen-
dence allows the input dimension of the surrogate model to be
reduced which decreases the number of CFD simulations that
need to be run in order to train the model. For the same reason,
the yaw rate » is not used as an input to the surrogate model.
Because a UUV is near parallel to the submarine during launch
and recovery operations with no rapid heading changes, the yaw
rate is very small compared to other terms and has negligible
impact on hydrodynamic interactions. Not including this input in
the surrogate allows the CFD simulations to be steady rather than
unsteady. This drastically simplifies the CFD simulation complex-
ity, decreases the simulation computational time, and reduces the
number of simulations needed to explore the domain. This type of
setup is referred to as quasi-static and has been found to be accu-
rate because these small transients have little impact on the hydro-
dynamic interactions (Leong 2014; Perez et al. 2018).
Additionally, rather than creating a surrogate model for one
specific UUV, this surrogate model is designed to account for dif-
ferent lengths and diameters of the UUV. This allows the
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hydrodynamic interactions between different-size UUVs to be
explored, rather than limiting the study to one UUV size. This
enables better exploration of launch and recovery options and
capabilities for different-size UUVs. The diameter of the UUV is
nondimensionalized with the submarine diameter. This is called
the submarine-to-UUV diameter ratio Dgy,/Dyuy. The length of
the UUV is nondimensionalized by the diameter of the UUV and
is known as the UUV length-to-diameter ratio L/Dyyy. All in
all, the six inputs to the GP regression model are the longitudinal
separation ratio, lateral separation ratio, UUV speed, UUV heading
angle, submarine-to-UUV diameter ratio, and the UUV length-to-
diameter ratio. The range of the parameters is chosen to reflect a
realistic set of conditions (Table 1).

The surrogate ROM is trained on 100 CFD simulations at dif-
ferent locations within the domain. This data set comprises the X
and y listed in equation (9). The locations of these specific CFD
simulations are selected using active sampling. Active sampling is
when each new data point is selected sequentially and at the loca-
tion within the domain which provides the most improvement to
the surrogate model (Sacks et al. 1989; Chaloner & Verdinelli
1995). The active sampling method for this study is the NonMyo-
pic MultiFidelity (NMMF) sampling method (Hammond & Sapsis
2023). This approach utilizes the low cost of low-fidelity potential
flow simulations to explore the domain and then provides the next
optimally selected location for the high-fidelity CFD simulation.
This NMMF sampling method is used because it allows for a
more accurate surrogate model with a fewer number of CFD
simulations (Hammond & Sapsis 2023). The surge, sway, and
yaw force and moments are collected from each of the 100 CFD
simulations. Each force or moment is used as its own distinct and
separate y output, which is used to train three separate outputs for
the surrogate model.

Overall, this surrogate takes the state vector, as well as the
length and diameter of the UUV, and predicts the UUV surge,
sway, and yaw body forces and moments due to the hydrodynam-
ics interactions, which are denoted as X, Y, and N, respectively.
This is performed by nondimensionalizing the state vector and
UUV length to match the input variables in Table 1. These are
then placed into X, from equation (9), representing the location
for which a prediction of the hydrodynamic interactions is
desired. The 100 CFD simulation locations are organized into the
data set X with three distinct labels y, one for each of the surge,
sway, and yaw forces and moments. Equation (9) is then used to
solve for the predicted surge, sway, and yaw body forces and
moments due to the hydrodynamics interactions Xj, Y, and N,.
These ROM outputs are incorporated into the equations of motion
by replacing the body forces with those predicted by the surro-
gate. Equation (11) shows the modified version of the simplified

equations of motion that account for the hydrodynamic
Table 1 Input variable for hydrodynamic reduced order model
Symbol Units Bounds
Riong None [—0.7, 0.7]
Riw None [0.059, 0.105]
u Knots 2, 5]
v Degrees [-2, 2]
DSub/DUUV None [5, 50]
L/Duyuy None [4.3, 13]
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interactions.
m—X; 0 0 i
0 m — Y", — Y,; %
0 -N;, L.—N; r
(1)
Xs + XProp

- YA + Yuu5ru28r
Ns + Nuuﬁ,-uzar

Now that the hydrodynamic interactions surrogate model has been
incorporated into the equations of motion, the UUV control system
and autonomous behaviors can be analyzed to evaluate their
robustness against these unwanted hydrodynamic interactions.

2.4. Control method

The pMarinePID app simulates the UUV PID controller. This
app takes in the desired speed and heading from the pHelmIvP
app and returns the input vector, which contains the propeller
thrust Xp,,, and rudder angle 6, necessary to achieve the desired
speed and heading. The thrust and rudder angle also depend on
the current state of the vehicle. The difference between the
desired and current state is known as the error, denoted as e,(¢)
and ey (¢). The standard PID controller calculates the sum of some
proportion of the error, its derivative, and integral as shown in
equation (12) (Fossen 2011). The resulting Ty, and 15 represent
the necessary change in thrust or rudder angle from the current
state. These changes are added to the current thrust and rudder
angle to determine new thrust Xpyp, 1 and rudder angle 8, .11 as
outlined in equation (12).

e (t) =ug—u
ey(t) =V, — V¥

Txprop — KP,XPmp @u(t) + KdaXPmp ey’ (t)
t
+Ki»XPropJ e,(t)dt
0

5, = Kp.5,ey(t) + Ka s, €y (1)
!

+Ki,5rj ew(r)d‘r
0

Xprop,r+1 = Xprop,1 + Wiorop,
8r,t-%—l = 8r,r + TS,

(12)

Each of the K),, K, and K; constants are often referred to as gains
and represent how much the proportional, derivative, and integral
terms impact the change to the thrust or rudder angle. The thrust
and rudder angles each have their own set of gains. These gains
are determined for each vehicle in the study using the Ziegler
Nichols method (Ellis 2012). Ultimately, the pMarinePID app has
the input of the desired speed and heading from the desired state
vector X4 along with the UUV state vector x. The app returns the
input vector u containing the new propeller thrust Xpp ;+1 and
rudder angle &, /4.

2.5. Autonomous behaviors

2.5.1. Waypoints behavior The autonomous behavior of the
UUV is modeled after the MOOS pHelm-IvP waypoint behavior
(Benjamin et al. 2021). This waypoint behavior takes the current
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state of the UUV and determines the desired speed and desired
heading. In this study, the desired speed specified for a simulation
is held constant. However, the desired heading is determined by
establishing a series of waypoints, or locations, that the UUV will
pass through. Once the UUV passes through a waypoint, it man-
euvers toward the next waypoint. An imaginary track-line is
established between the previous waypoint and the next waypoint.
A perpendicular line between the UUV and the track-line is estab-
lished. Once this perpendicular intersection point on the track-line
is known, a lead point is determined by finding the point at a pre-
determined distance from the perpendicular intersection point on
the track-line in the direction of the next waypoint. This distance
is known as the lead distance dje,q. The desired heading is then
computed by determining the heading of the lead point with
respect to the UUV so that the UUV always desires to head
toward the lead point. If the lead point extends beyond the next
waypoint, the next waypoint becomes the lead point. Figure 3
illustrates the waypoints behavior.

The waypoints behavior is simulated in the pHelmIvP app. In
summary, the pHelmIvP app, which uses the waypoints behavior,
takes the state vector of the UUV at a given point X¢ as an input
and returns the desired state vector Xq ¢ containing the desired
speed and desired heading. This desired state vector is fed into
the pMarinePID app which uses control theory to determine the
input vector u¢ containing the appropriate propeller thrust and
rudder angle. This input vector is then fed to the uSimMarine app
which uses the equations of motion to determine a new UUV state
vector X¢q. This loop is iterated along a small time step Af to
simulate the UUV motion. This process is summarized in Fig. 2.

By incorporating the GP surrogate model into the equations of
motion as shown in equation (11), a simulation can be performed
that accounts for the submarine and UUV hydrodynamic interac-
tions. Figure 4 provides an example simulation of a large UUV
performing a simple overtaking maneuver near the stern of the
submarine with an overtaking velocity of U, = 0.25m/sec and a
submarine velocity of Uy, = 1.5 m/sec (~3 knots).

As the UUV approaches the stern of the submarine, the sway
and yaw hydrodynamic interactions cause the UUV to be pulled
and rotated toward the submarine which ultimately results in a
collision. As the UUV starts to be pulled off course, it responds
by positioning the rudder to maneuver the UUV away from the
submarine. However, the standard behavior is not responsive
enough to overcome these hydrodynamic interactions which ulti-
mately results in a collision.

2.5.2. N,, compensation The GP regression surrogate model is
capable of determining the hydrodynamic interaction forces and
moments in real time. This real-time modeling enables the hydro-
dynamic interactions to be incorporated into the equations of

Perpendicular | g
Intersection pictance  Lead
Point road Point
Previous _ Track-line v 4 o Next
Waypoint - Waypoint

Fig. 3 Waypoints behavior: the purpose of this behavior is to traverse a
set of waypoints along a track-line. The vehicle steers toward the lead
point on the track-line rather than toward the next waypoint
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Fig. 4 The large UUV is unable to overcome the hydrodynamic interac-
tions near the stern of the submarine which results in a collision

motion to determine how a UUV responds to these unwanted
forces and moments. Additionally, this real-time modeling capa-
bility can be incorporated into the autonomous behaviors of the
UUVs. If the UUV can anticipate the unwanted hydrodynamic
forces and moments, new autonomous behaviors may be devel-
oped that determine a new desired heading and speed capable of
better overcoming the hydrodynamic interactions and staying
on course.

Figure 4 shows how the UUV is not responsive enough to
overcome the hydrodynamic interactions between the submarine
and UUV, which results in a collision. The UUV is inherently
reactive because it only begins to course correct after it is pulled
away from the track-line. By the time the UUV begins to stray
significantly from the track-line, the standard waypoints behavior
and UUV control system do not produce a strong enough
response to prevent a collision. Rather than being reactive to the
hydrodynamic interactions, the autonomous behavior can be
altered to be proactive. Because the surrogate model is capable of
predicting the hydrodynamic interaction forces and moments
based on the current state of the UUV, the forces and moments
can be anticipated before waiting for the UUV to stray off course
and then try to recover.

In order to allow the UUV to anticipate hydrodynamic interac-
tions, the GP surrogate model is integrated into the pHelmIvP
app. This app simulates the autonomous behavior and is responsi-
ble for computing the desired speed and heading of the UUV. The
GP surrogate model computes the predicted hydrodynamic inter-
action surge, sway, and yaw forces and moments on the vehicle
based on its current state. If the UUV knows what hydrodynamic
interaction forces and moments it will experience, it can adjust its
desired speed and/or heading appropriately to stay on course. This
enables the desired heading or desired speed to take into account
the predicted impact of these forces and moments and keep the
UUYV on course.

Because there are multiple hydrodynamic interaction forces
and moments acting on the UUV, there is no single UUV state
that can offset all of these surges, sway, and yaw forces and
moments at the same time. Additionally, there are multiple ways
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in which the GP model could be incorporated into the autono-
mous behavior of the UUV. After exploring which of these forces
or moments has the largest impact on the ability of the UUV to
stay a course, the surge force is consistently the least influential
force while the yaw moment has the largest influence. The best
case found for which the UUV could overcome the hydrodynamic
interactions and stay on course is by adjusting the desired heading
to offset the hydrodynamic interaction yaw moment. The scheme
by which this offset is determined will be referred to as N, com-
pensation. This scheme is founded on the concept of the munk
moment. The munk moment is a destabilizing moment experi-
enced by a UUV in steady translation. When the flow is at a slight
angle from the forward direction of the vehicle and this results in
a munk moment (Fossen 2011; Newman 2017). This moment is
destabilizing because the resulting munk moment will cause the
UUV to want to rotate away from being parallel with the flow.
This destabilizing moment usually means that a long slender
object, like a UUV, is only stable when moving with its broadside
to the flow. As such, the control surfaces are necessary to keep a
UUV directionally stable.

The idea behind N, compensation is to place the UUV in such
a desired state that the yaw moment of the UUV in this state off-
sets the hydrodynamic interaction yaw moment predicted by the
GP model N; at this location near the submarine. This means that
a new compensated desired heading needs to be determined. This
is found by using the N, coefficient of the UUV to solve for a
compensated desired heading angle ; comp- This is achieved by
first solving for a theoretical compensated sway velocity Veomp
and then determining the theoretical heading angle that would
produce this sway velocity. The derivation of this compensated
desired heading angle is as follows

YNy = Ny UgVeomp
YNy
Nyyug

(13)
N,
A\I/:tan*1< ta ) :tan"( ! 2>
vCOmp Nllvud

\de,comp = \pd + A\ll

where v is a factor that can be tuned as necessary and u, and \,
are the outputs from the waypoints behavior of the pHelmIvP
app. Figure 5 is the same simulation setup as Fig. 4, except that
the UUV is now using N, compensation with y = 1.

By using N, compensation, the UUV adjusts the desired head-
ing to be rotated farther away from the submarine. This overcomes
the hydrodynamic interaction that wants to rotate the bow of the
UUV toward the submarine. Because N, compensation anticipates
this hydrodynamic interaction, the UUV is able to overcome it and
avoid the impending collision illustrated in Fig. 4.

“Veomp =

2.5.3. Modified waypoints behavior The standard waypoints
behavior establishes the inertial reference frame as an earth-fixed
coordinate system. However, in order to study the hydrodynamic
interactions between a submarine and UUV, the inertial reference
frame is fixed to the center of buoyancy of the submarine.
Because the submarine is constantly moving to maintain flow
across the control surfaces in order to stay in control, the way-
points are not fixed to the earth and have a significant flow
through them. This submarine velocity Ug,, has a significant
impact on the UUV as it tries to navigate to a waypoint. This is
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Fig.5 Due to the N,,, compensation, the large UUV is now able to antic-
ipate and overcome the hydrodynamic interactions near the stern of the
submarine and avoid the impending collision seen in Fig. 4

analogous to having an earth-fixed waypoint with a strong current
passing through it. The standard waypoint behavior is not designed
to handle a significant current passing through a waypoint. In the
event that the track-line is parallel to Uy, like in an overtaking
maneuver, the standard waypoint behavior performs well. How-
ever, when there is flow that crosses the track-line, the UUV is
taken way off course. Figure 6 illustrates how a UUV behaves
near a submarine moving forward. The blue line is the track-line
between waypoints while the red line tracks the position of the
UUV over time. Initially, the UUV is traveling parallel to the sub-
marine. As the UUV desires to head down along the vertical track-
line, it changes its heading to a maximum of about 60 degrees
toward the submarine to advance toward the next waypoint. When
the UUV is at this heading, the large cross flow causes the UUV
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Fig. 6 Demonstration of the standard waypoints behavior with a mov-

ing submarine. The large cross flow pushes the UUV off course when not
moving parallel to the submarine

JOURNAL OF SHIP RESEARCH 241



to get pushed significantly off of the track-line. When the track-
line is parallel to Uy, the UUV is able to stay on the track-line.

This problem is addressed by creating a modified waypoint
behavior. The modified waypoint behavior adjusts the position of
the lead point based on the submarine speed. This can also be
thought of in an earth-fixed coordinate system as adjusting the
lead point based on a known constant current through the way-
points. Rather than place the lead point on the track-line at djeaq
from the perpendicular intersection point, a new position is calcu-
lated for the lead point. This location is calculated by moving the
lead point by dje.q from the perpendicular intersection point in
the direction of Uy, Additionally, the lead point is moved in the
direction perpendicular to Uy, towards the next waypoint by a
distance known as the lead offset d,¢. Figure 7 shows how the
lead point is determined. The angle between Uy, and the track-
line is denoted as f3.

This lead offset d,¢ is determined using equation (14)

dogr = %ﬁin(ﬁ) (14)
sub

where o is a parameter between zero and one that specifies how

quickly the UUV transverses the track-line in the direction perpen-

dicular to the cross flow. Also, recall that the relative speed between

the UUV and submarine is denoted as Uy, = Uyyv — Ugup-

While modifying the position of the lead point appropriately
adjusts the desired heading, it does not account for the desired
speed of the UUV and fails to allow the UUV to accelerate or
decelerate to follow the track-line. This ability was added by
developing a speed policy behavior for the UUV where the speed
policy correction factor is denoted as € in equation (15).

Uuuv = Usup + Ugcos(B) + € (15)

If the UUV lags behind the track-line in the direction of Ugyy,
then the Uyyv increases. If the UUV leads the track-line, Uyyy
decreases. The amount by which the Uyyy is adjusted is the speed
policy correction factor €, which is outlined in equation (15). The
e is established according to the U, the length of the UUV Ly,
and the distance between the UUV and the perpendicular intersec-
tion point d,e,. The policy is analogous to a saturated propor-
tional gain and is set such that the maximum ¢ is achieved when
the UUV lags the track-line in the direction of Uy, by a distance

>

ﬂ Usub
dlead
dopr
Track-li
rack-1ne Lead
\4 Point

Fig. 7 Modified waypoints behavior: the position of the lead point is

changed from the standard waypoint behavior. This enables the UUV to

stay on the track-line despite having a large cross flow that overwhelms
the standard waypoint behavior
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Fig. 8 Speed policy: This policy shown in nondimensional terms allows
the UUV to accelerate or decelerate when the cross flow causes the
UUV to fall behind or overshoot the track-line

of Lyyy. Figure 8 shows this nondimensionalized speed policy
correction factor.

In order to compare the standard and the modified waypoints
behavior, a test simulation is conducted for a small UUV, which is
the REMUS 100 in this case. The course is to maneuver around a
series of octagonally arranged waypoints with a Uy, of 1.5 m/sec
(~3 knots), Uy of 0.25 m/sec, and o of 1. Figure 9 shows a com-
parison of the standard and modified waypoints behavior.

The standard waypoints behavior is significantly affected by
the cross-flow. The simulation using the standard waypoints
behavior even resulted in the UUV missing one of the waypoints
and having to circle back and get it. However, the modified way-
points behavior shows how the UUV is able to account for the
cross flow and stay on its track-line. The UUV only needs to ori-
ent between =10 degrees in order to utilize the cross flow to
move laterally. This approach prevents the UUV from experienc-
ing the large strays seen by the standard waypoints behavior.

2.5.4. Robustness The main reason for implementing a UUV
control system is to allow it to make course corrections from per-
turbations that take the UUV off course. In addition to the hydro-
dynamic interactions, there are other sources of perturbation that
exist when a UUV is maneuvering. Determining the robustness of
the UUV against these perturbations is vital to assess the feasibil-
ity of launch and recovery operations. Large-scale perturbations
due to ocean eddies and currents occur at large enough time scales
and length scales that they do not have a large impact on UUV
launch and recovery operations (Adcroft et al. 2019). If a subma-
rine and UUV are operating in an ocean cross current, over time
they will drift with the current. Any changes to the current are
slow enough and over large length scales that they will not have a
large impact on UUV maneuverability. Likewise, small-scale tur-
bulence caused by the vehicles moving through the water will
have small enough time and length scales that they will not
impact UUV motion (Osbormn & Lueck 1985). However, the per-
turbations caused by surface waves are in the time and length
scales that may have large impacts on UUV maneuverability.
Ocean waves are often described as being stochastic, meaning
that they are random or unpredictable. These waves can be con-
sidered stochastic in terms of their amplitude or wave height. The
height of ocean waves can vary widely, depending on wind speed,
the distance over which the wind blows on the wave, and the sea
state of the ocean surface. Ocean waves can also be considered
stochastic in terms of their period, or time between waves. Due to
this stochastic nature, waves are often described using probability
distribution functions or wave spectra. As such, ocean waves are
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Fig. 9 Comparison of standard and modified waypoints behavior.
Unlike the standard waypoints behavior, the modified waypoint behavior
enables the UUV to stay on course across all course trajectories despite
the large cross flow. (A) Standard waypoints behavior: this behavior is
not resistant to the cross flow. This causes the UUV to be pushed off
course and even get turned around. (B) Modified waypoints behavior:
this behavior is resistant to the cross flow, even at all of the different
course trajectories

often categorized into different sea states as shown in Table 2
(McCreight 1998).

The solution space of the impact of waves on different combi-
nations of UUV size, location, speed, heading, and depth is very
large. In order to fully explore this solution space and develop
operating envelopes, a large number of UUV simulations needs to
be performed. If the waves are modeled as a probability distribu-
tion function or spectra, then the impact of the waves on the
motion of the UUV is also probabilistic. Implementing the waves
in this matter is complex and computationally expensive. Ulti-
mately, the results need to be simplified to a nonprobabilistic rep-
resentation when developing operating envelopes. As such, the
waves are implemented in a deterministic manner and modeled as
a plane progressive wave using linear wave potential theory.
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Fig. 10 A small UUV in sea state 5 at 50m deep is pushed by the
waves and oscillates around the track-line

Modeling the waves in this way is common and is also often con-
sidered as having the greatest practical significance (Newman
2017). This is cheaper and easier to implement and allows for the
creation of simpler operating envelopes.

The 2D fluid velocity components due to the waves are defined
as u,, and v,, (Newman 2017). These fluid velocities are in the
inertial coordinate system where u, is in the direction in which
the wave is progressing and v,, is in the direction pointed down
toward deeper depths. The significant wave height is defined as
the average of the highest 1/3 of the wave heights over a time his-
tory. The amplitude 4 of a wave is 1/2 of the wave height. As
such, A4 is set for each sea state as 1/2 of the largest value in the
range of significant wave heights listed in Table 2 in order to be
conservative. The angular frequency o = 2n/T is also found for
each sea state using the most probable period. The wave number
k =2m/\ is found using the wave length A.

The wave length A depends on the angular frequency ® of the
wave, as well as the dispersion relationship, which depends on the
depth to the ocean floor. In this case, the deep water assumption
is made meaning that the ocean floor is deeper than A/2. This is a
safe assumption given the range of possible wavelengths and the
requirements for the minimum charted depth of water (NATO
2002). This means the dispersion relationship is k£ = /g and the
wave length is found using A = gw?/(2n) where g is the accelera-
tion due to gravity. Lastly, x and y represent the location in the
flow field where y is the depth.

u,, = mAe?cos (kx — wr)

(16)

Table 2 Sea state table for the general North Atlantic

Significant wave Period Most probable

Sea state height (m) range (s) period (s)
0-1 0-0.1 - -

2 0.1-0.5 3.3-12.8 7.5

3 0.5-1.25 5.0-14.8 7.5

4 1.25-2.5 6.1-15.2 8.8

5 2.5-4.0 8.3-15.5 9.7

6 4.0-6.0 9.8-16.2 12.4
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vy = @A sin(kx — o) 17)

This flow field is ultimately incorporated into the UUV simulator
by converting the flow field into the UUV body-fixed coordinate
system and then combining the UUV velocities with these veloci-
ties due to the waves from equations (16) and (17). Figure 10 is
an example illustration of a small UUV traversing a 10 m track-
line operating 50 m deep in sea state 5 conditions. The UUV is
operating at 1.75 m/sec (~3.5 knots) with the inertial frame mov-
ing 3 knots, meaning U, = 0.25 m/sec.

In this high sea state, the UUV is pushed off course by the
wave flow field even at 50 m deep. The autonomous behavior and
control system allows for the UUV to course correct, but the
waves repeatedly push the UUV off course.

The UUV simulator only uses three degrees of freedom. In
order to be conservative, the perturbations caused by the waves
are assumed to be in the same plane as the UUV velocities. This
causes the UUV to be pushed toward or away from the subma-
rine. This is a conservative approach because it models the worst-
case scenario of the direction of fluid velocities due to the wave.
This would be analogous to having a UUV operate above a sub-
marine. The waves would push it up or down toward the subma-
rine. If the UUV were to the side of the submarine, these
perturbations would cause the UUV to move in a direction
orthogonal to the plane between the vehicle axes. Additionally,
the submarine is assumed to have no impact on damping the fluid
velocity due to the waves. This assumption is made for ease of
implementation, but it is a conservative approach representing a
worst-case scenario.

2.6. UUV simulation setup

This study examined three different UUV sizes: small, medium,
and large. The small UUV uses the inertial properties and hydro-
dynamic coefficients of the Remus 100 (Prestero 2001). The
medium and large UUVs use the corresponding inertial properties
and hydrodynamic coefficients of the Naval Postgraduate School
(NPS) Autonomous Underwater Vehicle (AUV) II and the

Swimmer Delivery Vehicle, respectively (Warner 1991; Healey &
Lienard 1993; Fossen 2011). The submarine in this simulation is
the Defense Advanced Research Projects Agency SUBOFF hull
that has been scaled up to have a diameter of 34 feet (10.363 m)
(Groves et al. 1989). The submarine was simulated at speeds
between two and five knots. This is based on the minimum speed
for controllability of a submarine and the maximum speed of sev-
eral UUVs (Fedor 2009).

2.7. UUV simulation validation

The UUV simulator is validated against UUV experimental
runs to ensure that it is accurately reflecting the real-world physics
(Warner 1991; Prestero 2001). An experiment of a Remus 100
UUV performing a step change in rudder angle of four degrees
found that the resulting yaw rate was about —10 degrees per sec-
ond (Prestero 2001). The UUV simulator predicted a yaw rate
of —10.04 degrees per second. Similarly, an experiment on the
NPS AUV II was performed using rudder commands that alter-
nated by *15 degrees every 45seconds (Warner 1991). These
rudder commands resulted in a yaw rate of about =7.5 degrees
per second. The UUV simulator predicted a yaw rate of about
*7.24 degrees per second. This demonstrates that the UUV
simulator is able to replicate the results experienced by real-
world UUVs.

3. Results
3.1. Force and moment maps

The GP regression surrogate model shows that the regions with
the largest hydrodynamic interactions are near the bow and stern
of the submarine (Hammond & Sapsis 2023). When a UUV oper-
ates in these regions, there is a high risk of collision. Figure 11
shows the nondimensional hydrodynamic interaction sway and
yaw coefficients Y] and N! experienced by the UUV in various
locations around the submarine. A negative sway and yaw cause the

(A)

-2.0E-03 -1.0E-03

(B

0.0E+00

1.0E-03

2.0E-03

3.0E-03

Fig. 11 Colormaps of the hydrodynamic interaction sway and yaw coefficients Y, and N at different lateral and longitudinal positions with respect

to the submarine. The dots represent the locations of a CFD simulation (Hammond & Sapsis 2023). (A) Colormap of sway coefficient Y, at various

locations around the submarine at a fixed U = 3.5 knots, ¢ = 0’, Dsus /Duuv =10, and L /Dyyy = 8. Regions around the bow of the submarine push

the UUV away from the submarine while regions around the stern of the submarine pull the UUV toward the submarine. (B) Colormap of yaw coeffi-

cient Ny at a fixed U = 3.5 knots, ¢ = 0, Dgup/Duuy = 10, and L /Dyyy = 8. Regions around the bow of the submarine rotate the bow of the UUV
away from the submarine while regions around the stern of the submarine rotate the UUV bow toward the submarine
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UUV to be sucked toward and the UUV bow to be rotated toward
the submarine respectively. This figure is for a large UUV which
is one meter in diameter and 8m long traveling at 1.75m/sec
(~3.5 knots) parallel to the submarine. The surrogate model is capa-
ble of altering these additional parameters and generating new maps,
but the added dimensionality is not shown in order to be concise and
simply illustrate regions with large hydrodynamic interactions.

3.2. Results for standard UUV

Due to the low cost of running the GP surrogate model, many
simulations may be performed in various regions around the sub-
marine and under various conditions. This allows for the creation
of a safe operating envelope, a region under specified conditions
in which the UUV is capable of overcoming the hydrodynamic
interactions. Likewise, a region can be identified in which a colli-
sion is predicted. A close call is defined as a case in which the
UUYV comes within one UUV diameter of the submarine without
a collision, or when the UUV is directly in front of or behind
the submarine. A large stray is defined as the case when the
hydrodynamic interactions cause the UUV to stray away from its
track-line by more than 1 m. Figure 12 illustrates the operating
envelope for the small, medium, and large UUV that are traveling
at the same speed as the submarine at Uy, = 1.5m/sec
(~3 knots) with djeaq = 3Lyyy and no waves. Figure 12 shows
that all three of the UUVs have issues overcoming the hydrody-
namic interactions illustrated in Fig. 11. All three different size
UUVs have large operating regions near the stern of the submarine
that result in collisions. Additionally, the large hydrodynamic
interactions near the bow of the submarine because all three size

UUVs to stray large distances from the track-line, even though
they do not result in a collision with the submarine. This means
that UUVs operating with the standard waypoint behavior will
struggle to perform overtaking maneuvers without experiencing
large strays or collisions. As such, launch and recovery architec-
tures and schemes may be more successful if implementing a lat-
eral approach to the parallel midbody section of the submarine.

There are several parameters, such as Uy, Ugyp, and dje.q, Which
have an influence on how the hydrodynamic interactions impact the
UUV. As such, many more operating envelopes could be created
for a range of different scenarios. However, after sampling several
different scenarios, varying the U, and Uy, had a very small
impact on the operating envelope compared to de,q. This is likely
because U, and Uy, have narrow ranges for launch and recovery
operations and the vehicle maneuverability is relatively constant
over this range. However, dj.,q influences the vehicle behavior,
rather than making small adjustments to the underlying physical
simulation setup. Figure 13 shows how different values of dje.q
influence the operating envelope for the small UUV. These operat-
ing envelopes are for UUVs at the same speed as the submarine at
Uswy = 1.5m/sec (~3 knots) and no waves, just like Fig. 12.

As the dje,q decreases, the unsafe regions around the submarine
decrease in size. Placing the lead point closer to the UUV allows
the UUV to more aggressively pursue the track-line, perform bet-
ter against the hydrodynamic interactions, and expand the safe
operating region. This trend also exists for medium and large
UUVs. However, the unsafe regions are still large enough to pre-
sent problems with launch and recovery operations especially if
overtaking maneuvers are involved. Adjusting d.,q alone is not
enough to overcome the hydrodynamic interactions.

Safe ~ mmm Large Stray Close Call mmm Collision
(A) Small UUV operating envelope

Safe ~ mmm Large Stray Close Call mmm Collision
(B) Medium UUV operating envelope

Safe = Large Stray Close Call mmm Collision
© Large UUV operating envelope

Fig. 12 Operating envelope for the small, medium, and large UUVs that are traveling at the same speed as the submarine at U, = 1.5 m/sec (~3 knots)
With dieaqg = 3Lyuv and no waves. (A) Small UUV operating envelope. (B) Medium UUV operating envelope. (C) Large UUV operating envelope
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Safe = Large Stray

Close Call mmm Collision

(A) Small UUV operating envelope with dj.,q = Luuyv

Safe ~ mmm Large Stray

mmm Collision

Close Call
(8 Small UUV Operating Envelope with dj.,q = 3Lyuv

Safe
© Small UUV Operating Envelope with dj.q = 5Lyuy

Emm Large Stray

Fig. 13

Close Call mmm Collision

Impact of dieaq On the operating envelopes for the small UUV traveling at the same speed as the submarine at Ug, = 1.5 m/sec (~3 knots)

with no waves. A smaller d|e.q results in larger safe operating envelopes. (A) Small UUV operating envelope with dieag = Lyuv (B) Small UUV operating
envelope with dieaqg = 3Lyuv- (C) Small UUV operating envelope with dieag = 5Luuy

3.3. Results for /V,, compensated UUV

As discussed previously, N,, compensation is a method by
which the GP surrogate model of the hydrodynamic interactions is
used to influence the UUV autonomous behavior by determining a
new heading angle \; .om, that compensates for the hydrodynamic
interactions. Figure 5 provides an example of how this »,, com-
pensation is able to allow the UUV to account for and overcome
the hydrodynamic interactions. This results in the UUV staying on
track and avoiding the impending collision with the submarine.

This approach also enables the V,, compensation to be simu-
lated very rapidly for UUVs at various locations around the sub-
marine, which allows for the development of new operating
envelopes. Figure 14 represents the new N,,, compensated operat-
ing envelopes. These are for UUVs at the same speed as the sub-
marine at Uy, = 1.5 m/sec (~3 knots) with dje,g = 3Lyyv and no
waves, just like Fig. 12.

The use of N,, compensation drastically reduces the collision
and large stray regions for the UUVs compared to Fig. 12. This
N,,, compensation also provides a significant increase to the size
of the safe operating regions compared to changing the dj..q. This
demonstrates the effectiveness of the N, compensation to antici-
pate the hydrodynamic interactions and to appropriately adjust the
desired heading angle. The N,, compensation outlined in equation
(13) is especially beneficial for the medium and large UUVs. This
is largely because of the common square-cube law. This law
states that the forces and moments experienced by the UUVs
increase in proportion to the surface area, or square of the charac-
teristic length. However, the mass and inertial properties of the
UUV increase in proportion to the volume, or the cube of the
characteristic length. As such, as a UUV becomes larger, its iner-
tial properties increase faster than the forces and moments it
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experiences, so the vehicle is more resistant to accelerations.
Also, there is no single UUV heading and speed that can balance
all of the different hydrodynamic interactions acting on the vehi-
cle. As such, the small UUV experiences larger deviations from
its course due to the other uncompensated hydrodynamic interac-
tions when compared to the larger UUVs. Larger UUVs have
enough inertia to be resistant to these uncompensated forces.

In equation (13), the y parameter is present to allow for the tuning
of the N,,, compensation. If the moment from the N, exactly offsets
the moment predicted by the GP surrogate N, then y = 1. For the
medium and large UUVs, v = 1 works very well. However, for the
small UUV with smaller inertial properties, this value is too low.
The new compensated heading angle is not aggressive enough to
overcome the hydrodynamic interactions. However, by selecting a vy
that is too large, the UUV is too aggressive and overcorrects from the
hydrodynamic interactions. The following figure illustrates the impact
of v on the compensated operating envelope of the small UUV.

Figure 15 shows how the N,, compensated small UUV with
v = 1 has a smaller safe operating region than when y = 5. How-
ever, when the parameter is increased to y = 10, the vehicle over-
corrects which reduces the safe operating envelope of the vehicle.
As such, there is a y for each vehicle which maximizes the size of
the safe operating envelope.

Due to the square-cube law, the medium and large UUVs per-
form much better when the yaw moment from the hydrodynamic
interaction surrogate N, equals the yaw moment from the N,
coefficient. This means that the y values for these vehicles are
much closer to one. The final values identified for y for the small,
medium, and large UUVs respectively are 5.22, 1.30, and 1.03.
An empirical equation is developed to predict the y parameter
based on the combined mass and added mass M;; of the UUV
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Safe ~ mEE Large Stray

Close Call mmm Collision

(A) Small UUV operating envelope with N, compensation

Safe ~ mmm Large Stray

Close Call B Collision

(B) Medium UUV operating envelope with N, compensation

Safe

B Large Stray

Close Call mmm Collision

©) Large UUV operating envelope with N,,,, compensation

Fig. 14

N,, compensated operating envelopes for the small, medium, and large UUVs that are traveling at the same speed as the submarine at

Usup = 1.5m/sec (~3 knots) with dieag = 3Lyuv and no waves. The N, compensation increases the safe operating region around the submarine.
(A) Small UUV operating envelope with N, compensation. (B) Medium UUV operating envelope with N, compensation. (C) Large UUV operating
envelope with N, compensation

moving in the forward direction. This is the term in the first row
and column of the inertial matrix M in equations (3) and (11).
The values of M;; for the small, medium, and large UUVs are
33.6, 212.9, and 6020kg, respectively. Equation (18) provides a
means of determining v based on the M;; term of the UUV.

—4364
4.5381 1 M
o) — 167 (o) (18)

Because these values of y provided the largest safe regions in the
operating envelopes, they are used as the default values through-
out this study. This includes the operating envelopes in Fig. 14.

3.4. Effects of waves

Determining the robustness of the UUV against perturbations
is important to the investigation of the UUV maneuvering capa-
bility during launch and recovery. Ocean waves provide the most
applicable means of large perturbations experienced by the UUV.
These perturbations caused by ocean waves are incorporated into
the UUV motion simulator. In order to be conservative, these per-
turbations are assumed to be in the worse case direction that
pushes the UUV toward or away from the submarine, rather than
in an orthogonal direction. These perturbations also vary in mag-
nitude based on the sea state and operating depth of the UUV.
The following figure shows how the operating envelopes of the
different size UUVs without N, compensation are affected by the
ocean waves. The waves are sea state 6 and the UUV operating
depth is 50 m. The lead distance is dje,¢ = 3Lyyy just like Fig. 12.

When compared to the no-wave condition in Fig. 12, the safe
operating envelope at sea state 6 at 50 m is drastically reduced. For
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the small UUYV, the operating region that results in a collision with
the submarine is very large and entirely encompasses the subma-
rine. This drastically reduces the chance of a successful launch or
recovery operation. The medium UUV also has an increase in the
size of the collision regions around the submarine, but the remain-
der of the area results in large strays. This means that the medium
UUV may not collide with the submarine but will stray by more
than one meter from the track-line due to the waves. The large
UUV has a reduction of the safe operating region compared to
Fig. 12, but is much more robust to the wave perturbations than
the smaller UUVs. This is a good demonstration of the square-
cube law. Fortunately, sea states of 6 or above occur less than
27% of the time, and vessels try to avoid such rough seas so this
case represents a relatively strong perturbation (Doerry 2008).
Additionally, 50m in depth is likely near the minimum depth at
which launch and recovery operations will take place in order to
maintain vertical separation from surface vessels (NATO 2002).
However, UUV launch and recovery can be performed at deeper
depths based on the maximum depth of the UUV in order to
reduce the impact of the waves. The Remus 100 has a maximum
rated depth of 100 m so operating below this is unfeasible. The fol-
lowing figure illustrates the same sea state 6 and other parameters
as Fig. 16, but the UUV is now operating at a depth of 90 m.

Figure 17 shows a large increase in the safe operating regions
for the small and medium size UUV compared to Fig. 16. By
operating 40 m deeper, the waves have much less of an impact on
the UUV motion and make the chances of successful launch or
recovery much more likely.

Another way in which the safe operating envelope may be
expanded is by providing N,,, compensation. By compensating the
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Emm Large Stray Close Call mmm Collision
A) Ny compensation for small UUV withy =1

—_

Emm Large Stray Close Call mmm Collision

—_

B) Ny compensation for small UUV withy = 5

Safe = Large Stray Close Call mmm Collision
© Ny compensation for small UUV with vy = 10

Fig. 15 Impact of y on the N,,, compensated operating envelopes for a small UUV that is traveling at the same speed as the submarine at Ugy, =

1.5m/sec (~3 knots) with dieaq = 3Lyuv and no waves. The y parameter can cause the UUV to undercorrect and overcorrect for the hydrodynamic

interactions. (A) N,, compensation for small UUV with y = 1. (B) N,, compensation for small UUV with y = 5. (C) N,, compensation for small
UUV with y =10

Safe ~ mmm Large Stray Close Call mmm Collision

(A) Small UUV operating envelope without N,,,, compensation in sea state 6 at 50
meters deep.

Safe ~ mmm Large Stray Close Call mmm Collision

(B) Medium UUYV operating envelope without N,,,, compensation in sea state 6 at
50 meters deep.

Safe = Large Stray Close Call mmm Collision

(C) Large UUV operating envelope without IV,,,, compensation in sea state 6 at 50
meters deep.

Fig. 16 Operating envelopes for different size UUVs without N,,, compensation in sea state 6 at a depth of 50 m. (A) Small UUV operating envelope
without N, compensation in sea state 6 at 50 m deep. (B) Medium UUV operating envelope without N, compensation in sea state 6 at 50 m deep.
(C) Large UUV operating envelope without N, compensation in sea state 6 at 50 m deep
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Safe  mmm Large Stray Close Call mmm Collision

(A) Small UUV operating envelope without /V,,, compensation in sea state 6 at 90
meters deep.

Safe == Large Stray Close Call mmm Collision

(B) Medium UUYV operating envelope without N, compensation in sea state 6 at
90 meters deep.

Safe = Large Stray Close Call mmm Collision

(©) Large UUV operating envelope without N,,,, compensation in sea state 6 at 90
meters deep.

Fig. 17 Operating envelopes for different size UUVs without N, compensation in sea state 6 at a depth of 90 m. (A) Small UUV operating envelope
without N, compensation in sea state 6 at 90 m deep. (B) Medium UUV operating envelope without N, compensation in sea state 6 at 90 m deep.
(C) Large UUV operating envelope without N, compensation in sea state 6 at 90 m deep

Safe ~ mmm Large Stray Close Call mmm Collision

(A) Small UUV operating envelope with N,, compensation in sea state 6 at 90
meters deep.

Safe = Large Stray Close Call mmm Collision

(B) Medium UUYV operating envelope with N,,,, compensation in sea state 6 at 90
meters deep.

Safe = Large Stray Close Call mmm Collision

(©) Large UUV operating envelope with N, compensation in sea state 6 at 90
meters deep.

Fig. 18 Operating envelopes for different size UUVs with N,,, compensation in sea state 6 at a depth of 90 m. (A) Small UUV operating envelope with
N,, compensation in sea state 6 at 90 m deep. (B) Medium UUV operating envelope with N, compensation in sea state 6 at 90 m deep. (C) Large
UUV operating envelope with N,,, compensation in sea state 6 at 90 m deep
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Safe ~ mEE Large Stray

Close Call mmm Collision

(A) Small UUV operating envelope without V., compensation in sea state 5 at 50

meters deep.

Safe

mmm Large Stray

() Medium UUV operating envelope without /N, compensation in sea state 5 at
50 meters deep.

Close Call mmm Collision

Safe ~ mEE Large Stray

Close Call

mmm Collision

() Large UUV operating envelope without V,,,, compensation in sea state 5 at 50

meters deep.

Fig. 19 Operating envelopes for different size UUVs without N,,, compensation in sea state 5 at a depth of 50 m. (A) Small UUV operating envelope
without N, compensation in sea state 5 at 50 m deep. (B) Medium UUV operating envelope without N, compensation in sea state 5 at 50 m deep.
(C) Large UUV operating envelope without N, compensation in sea state 5 at 50 m deep

desired heading for the anticipated hydrodynamic interactions, the
UUV is better equipped to operate near the submarine. Figure 18
illustrates how providing N,,, compensation for the previous setup
impacts the operating envelopes of Fig. 17.

By providing N,,, compensation, the safe operating envelopes are
able to drastically increase in size for the medium and large UUV.
The N,, compensation provides an improvement in the operating
envelope of the small UUV, but it still has regions near the bow and
stern of the submarine which result in a collision, similar to Figs. 14
and 15. Again, this is due to the square-cube law.

At lower sea states, the UUVs are more capable of overcoming
wave perturbations. Even at sea state 5 and 50 m deep, the operat-
ing envelopes of UUVs without »,, are much better than those at
sea state 6. Figure 19 shows the operating envelopes for the dif-
ferent size UUVs at sea state 5 and 50 m deep.

These operating envelopes look much more like the case with
no waves in Fig. 12 than the case in sea state 6 at 50m deep,
especially for the small and medium UUVs. The UUVs are much
more capable of overcoming these perturbations than those of sea
state 6 at 50 m. The ocean waves are at sea state 5 or lower more
than 73% of the time. Additionally, these operating envelopes can
be improved by incorporating N,, compensation, as seen when
comparing Figs. 12 and 14 and also Figs. 17 and 18.

Overall, the UUV autonomous behaviors and control system are
relatively robust to ocean waves. At the minimum likely operating
depth for launch and recovery operations in sea state 5, the UUVs
have similar operating envelopes as those with no waves. Once sea
state 6 is reached, the small and medium UUV experience large
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strays or collisions, but this can be drastically mitigated by operating
at lower depths where the impacts of the waves decay away. The N,
compensation also provides improvements to the operating envelopes
and demonstrates the same robustness against the ocean waves.

4. Conclusion

Determining the hydrodynamic interaction forces and moments
between a UUV and submarine in real time is essential to simulate
UUV motion during launch and recovery operations. Simplified
potential flow simulators can be solved very quickly, but fail to cap-
ture the accurate physics of CFD simulations, which are too compu-
tationally expensive to be solved in real-time. A GP regression
surrogate model is developed that is capable of predicting the UUV
and submarine hydrodynamic interactions in real time. We develop
a method to incorporate this GP surrogate model of the hydrody-
namic interactions into a UUV motion simulator. This enables the
use and evaluation of the UUV autonomous behavior and control
system against the hydrodynamic interactions. Because this can be
simulated rapidly, this allows for the creation of safe operating
envelopes in which the UUV is capable of overcoming the hydro-
dynamic interactions. This simulation approach also enables the
development of new UUV autonomous behaviors that incorporate
the predicted hydrodynamic interactions. This provides modified
desired headings and speed which improves the capability of the
UUV to overcome the hydrodynamic interactions.

The simulations of how the hydrodynamic interactions impact
the UUV motion show that there are regions near the bow and
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stern of the submarine just beyond the parallel midbody section
that result in large straying from the track-line or collisions
between the two vehicles. These unsafe operating regions extend
laterally from the bow and stern of the submarine so certain over-
taking maneuvers may not be feasible with standard UUV autono-
mous behaviors. Also, lateral approaches prove problematic to
standard UUV autonomous behaviors because they do not account
for the moving inertial frame of the submarine so the UUV has
large strays from the track-line. However, by modifying the UUV
autonomous behavior, improvements are made to both problems
of the moving inertial frame and the unsafe regions. The modified
waypoints behavior provides a means of modifying the UUV
desired heading and speed to account for the moving inertial
frame and enable the UUV to stay on the track-line during a lateral
approach. Also, the N,, compensation allows the UUV to proac-
tively account for the hydrodynamic interactions that it will experi-
ence. This improves the size of the safe operating region for the
UUVs and better enables overtaking maneuvers. While waves pro-
vided perturbations that have the potential to be problematic, it is
not until sea state 6 at the minimum likely depth of 50 m deep that
these perturbations have a significant impact on the safe operating
envelopes of the vehicles. Sea states of 5 or lower has little impact
on the operating envelope at this depth. Also, at sea state 6, operat-
ing deeper around 90m causes the UUV to experience signifi-
cantly less impact from the waves so the safe operating envelope
is comparable to that of lower sea states.

Increasing the complexity of the UUV simulator is left for future
work. This may include modeling transient UUV behavior to
account for a higher simulation degree of freedom or simulating the
hydrodynamic interactions near a submarine appendage, like the sail
or a dry deck shelter. Increasing the UUV simulation complexity or
the number of degrees of freedom increases the input dimensions of
the surrogate model that accounts for the hydrodynamic interactions.
In order to fully account for all of the parameters in the UUV state
vector, a quasi-static surrogate cannot be used. This means that the
CFD simulations need to be unsteady rather than steady. This drasti-
cally increases the CFD simulation complexity, increases the simu-
lation computational time, and increases the number of simulations
needed to explore the domain. This may ultimately require more
effective surrogate models such as those based on neural networks
or operators (Pickering et al. 2022).
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