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The design and maneuvering analysis of Autonomous Underwater Vehicles (AUVs) typically require multiple
independent tools, resulting in time-consuming and inefficient workflows. To address this limitation, this research
introduces SUT-AUVSIM, a novel graphical user interface that integrates hydrodynamic body design, derivative
estimation, and maneuvering simulation within a single framework, significantly reducing the overall analysis time
from several months to a few minutes. The software enables users to design C-type AUV hulls based on DARPA
classes, Series 58, Myring, and DRDC configurations, which are not simultaneously supported in existing tools. Once
the body is designed, SUT-AUVSIM estimates the hydrodynamic derivatives of the main body and appendages using
strip theory. The algorithm includes a database of control surface profiles, such as NACA 0009, 0012, 0015, and elliptic
sections, to facilitate design flexibility. After computing the derivatives, the software simulates traditional marine
maneuvers, including turning, descending, and helical motions. The simulation results are exported as a .t file,
containing data such as position, velocities, Euler angles, and effective angles of attack for the appendages. The
maneuver parameters are generated quickly, allowing users to evaluate the impact of hydrodynamic parameters on the
maneuverability of AUVs. This capability makes SUT-AUVSIM a valuable tool for optimizing AUV designs and
improving their performance in real-world scenarios.
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ary Developing a graphical user interface background named SUT-AUVSIM for the AUV maneuverability analysis

1- Introduction

Numerous studies in engineering, biology, commerce, and military
fields related to open water have consistently captured the interest of
researchers. Therefore, the expansion of maritime industries and
marine sciences has become crucial for addressing a wide range of
applications, including the exploration and extraction of underwater
resources, environmental monitoring, and data collection, as well as
the installation, repair, and maintenance of coastal and offshore
structures. Such activities demand specialized technologies to cover
the ever-growing demands [1]. Autonomous Underwater Vehicles are
among the advanced technologies utilized worldwide for research and
operational purposes, such as ocean exploration, performing various
industrial operations, or military missions [2].

The design, manufacturing, and dynamics are substantial aspects of
any AUV. The forces and moments exerted on the hull by the
surrounding fluid are significantly influenced by its shape and
curvature. Additionally, the pressure distribution on the hull and the
velocity field are other critical aspects affected by the hull shape.
Myring et al. introduced a specific hull form to obtain an optimal
balance between enclosed volume and drag, while also evaluating the
impact of nose and tail curvatures on drag coefficients. Because of the
direct effect on drag, the hull shape is a crucial character, as it
significantly influences energy consumption and restricts the
endurance range.

The body and appendages of an AUV play the main role in
determining the pattern of the flow field characteristics, pressure
distribution, and boundary layer around the vehicle. In contrast, an
AUV's control system is implemented based on dynamic behaviors
and stability analyses, which are essential components for developing
an effective control system [3]. Extensive research has been conducted
on the dynamic modeling and behavior analysis of AUVs. Mackay
experimentally investigated the forces and moments acting on the
DRDC series body using a wind tunnel. The strip theory method has
been applied to estimate added mass derivatives and damping
coefficients for AUVs [4, 5]. Eng et al. utilized the WAMIT™
software to estimate added mass coefficients and damping ratios for
an ROV [6]. Furthermore, Fossen developed a six-degree-of-freedom
dynamic model that incorporates restoring forces, damping, and
environmental disturbances, providing a robust framework for the
dynamic modeling of underwater marine vehicles with hydrodynamic
coefficients [7].

Strip theory is a traditional and effective method for estimating
hydrodynamic coefficients and dynamic modeling of AUVs. This
approach, based on potential flow theory, provides satisfactory results
for simple shapes with insignificant curvature and moderate vehicle
velocities. However, this method does not account for the surge
velocity ofthe vehicle in the calculation of hydrodynamic coefficients.
For AUVs with simple body shapes and relatively low surge
velocities, strip theory remains a practical and suitable approach [8].
Gutnik et al. employed strip theory to estimate the added mass and
damping coefficients of the ALICE AUV, enabling the development
of an appropriate model for designing a path-following control system
under various conditions [9]. Strip theory, by aiding in the dynamic
modeling of underwater robots, can be applied to parametric studies
of underwater vehicles such as underwater gliders and performance
evaluations. Specifically, the evaluation of the diving motion and
kinematics of underwater gliders are critical aspects where strip theory
has proven to be a practical tool [10]. Beyond strip theory, advanced
methods have also been employed for trajectory estimation and
dynamic modeling of AUVs. These methods often rely on
experimental free-run test results to estimate hydrodynamic
coefficients [11].

System identification methods based on experimental tests have been
widely used to calculate hydrodynamic derivatives. For instance,
recursive least squares and prediction error methods for offline and
online identification of AUV dynamics was applied [12], and system
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identification with optimal input design to estimate hydrodynamic
coefficients of an AUV model have been employed in [13].
Additionally, computational fluid dynamics (CFD) methods have
emerged as a novel approach for studying the flow regime around the
body and fins of AUVs [14]. CFD method can be applied to the flow
study around quadrotors [15].

Recent developments in the hydrodynamic analysis of AUVs have
increasingly leveraged CFD-based techniques to improve the
accuracy of flow predictions around complex hull geometries,
addressing limitations of traditional lower-order methods in capturing
detailed pressure and wake characteristics [16]. A comprehensive
survey on CFD-based hydrodynamic performance investigation
highlights not only advanced numerical methods such as RANS and
hybrid turbulence models, but also their practical applications in hull
shape optimization [17]. Furthermore, reviews of subsea AUV
technologies emphasize the role of modern computational methods—
including CFD and semi-analytical approaches—in addressing
complex flow regimes and the trade-offs between accuracy and
computational cost [18].

The design and maneuvering analysis of Autonomous Underwater
Vehicles (AUVs) typically require multiple independent tools,
resulting in time-consuming and inefficient workflows. To address
this limitation, this research introduces SUT-AUVSIM, a novel
graphical user interface that integrates hydrodynamic body design,
derivative estimation, and maneuvering simulation within a single
framework. The developed GUI incorporates nonlinear six-degree-of-
freedom modeling, significantly reducing calculation time and
addressing this gap identified in previous research. The application
provides a user-friendly workspace that allows users to design an
AUV body within four classes of practical geometry based on user-
defined inputs. Furthermore, the GUI can compute hydrodynamic
coefficients and simulate various maneuvers, including turning,
descending, and helical maneuvers, under open water currents. By
developing this algorithm, the software significantly reduces the
computational burden on users, making it an efficient tool for AUV
design and analysis.

2- Mathematical modeling

Mathematical dynamic modeling is utilized to predict the behavior of
underwater robots. These models are not only used for behavior
prediction but also for designing control and path-following systems.
Having an efficient six-degree-of-freedom dynamic model enhances
control system efficiency, reduces costs, and ultimately extends
endurance range. Some approaches have been applied to AUV
modeling, among which the use of hydrodynamic derivatives to
estimate the forces and moments acting on the vehicle is one of the
most conventional and precise methods. To estimate forces through
hydrodynamic derivatives, it is necessary to define a coordinate
system on the body that fixed to the body. However, certain states,
such as the vehicle's position, cannot be meaningfully defined in a
movable coordinate system. Dynamic modeling typically involves
two coordinate systems: one fixed to the Earth as an inertial reference
frame and the other fixed to the vehicle’s body. The body-fixed
coordinate system is often assumed to be located at the center of
buoyancy. Figure 1 illustrates the relative configuration of the
coordinate systems considered for the modeling process.

The notations used in modeling and simulations for six-degree-of-
freedom motions follow the standard marine vehicle notation, as
shown in Table 1.
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Fig. 1 Coordinate systems defined for dynamic modeling [3]
Table 1 Notations used for motion modeling [3]
Li
. Position and inear and Forces and
Number Description angular
Euler angles . moments
velocities
1 Move along x axis M u x
(surge)
5 Move along y axis v Y
(sway) Y
Move along z axis
z
g (heave) z v
Move around x axis
& (roll) 4 ® LS
Move around y axis
6 M
= (pitch) q
Move around z axis
6 P r N
(yaw)

2-1- Kinematic of rigid body

The position must be defined in the Earth-fixed coordinate system and
the user’s perspective. Therefore, for this purpose, linear velocities are
converted from the body-fixed coordinate system to the Earth-fixed
coordinate system using kinematic equations. Subsequently, by
integrating the converted velocities, the vehicle’s position can be
calculated. All motions in space can be described by the vectors
presented in Equation (1).

m=lxy z ], n=0¢ 6 v 1
v=lu v w]j v,=[p q r [ )
n=[XY z ] ,=[K M N "

Here, 5 describes the position and orientation relative to the Earth-
fixed frame, v represents the translational and rotational velocities in
the body-fixed frame, and = denotes the total forces and moments
acting on the body. To transform the translational velocities between
the body-fixed frame and the Earth-fixed frame, the transformation
matrix provided in Equation (2) is used.

N1 =J12dvy, 12 = (M), (2)

Here, Ji(n2) and J>(y2) are the transformation matrix, which is a
function based on the Euler angles, as indicated in Equation (3).

cpcd —sPpcp+cpsfsp  sPsp+cypslced
Ji(nz) = [51/1 cd cpcp+syPsfsp —cpsep+syPsco
—s6 s¢ cO cpch 3)
1 tOs¢p tOco
J2(n2) = [0 cp —s¢ ]
0 s¢p/cd cp/cod

In Equation (3), for simplicity, sin(.) = s(.) and cos(.) = c(.) are used.
After calculating the translational velocities in the Earth-fixed frame,
the position is determined by integrating, as indicated in Equation (4).

¢
n' = f (ﬁit +77it_m)/2 dt +n;° “)
0

Modares Mechanical Engineering

In Equation (4), ¢ represents the simulation time, and At is the
simulation time step.

2-2- Dynamic of AUV

The six-degree-of-freedom dynamic model of the AUV is presented
in this section. A dynamic model is a mathematical model framework
that estimates the trajectory and states by determining the forces and
moments acting on the body, allowing the evaluation of the vehicle’s
response and stability based on the actuator inputs. The nonlinear
mathematical model in Equation (5) has been used for modeling
AUVs and UGs in several studies, which be derived from the Newton-
Euler equation of motion, as indicated in Equation (5) [3, 7, 8].

MgV + Crg(W)v + My + C,(v)v+ D(v)v + G() )
=1, +1p

Here, M represents the mass and inertia term, where “RB” and “A” are
related to the rigid body and the hydrodynamic added mass,
respectively, C(v) denotes the Coriolis and centrifugal acceleration
term, D(v) is the hydrodynamic damping term, G() is the
gravitational and buoyancy acceleration term of the AUV.
Additionally, 7, accounts the propeller effect, 7,, is about the fins, and
v is the velocity vector.

An AUV with a torpedo-shaped body, four fins arranged in the C-type
configuration, and a marine propeller is typically symmetry in the xz
and xy planes. By assuming a symmetric body, the rigid body
equations for an AUV can be derived, as in Equation (6).

(m+myu= erxt

(M + myp)V + myet = Z Yext
(m + mga)W + mgsq = Z Zext
(Lx + Myg)p = Z Kexe

(Iyy + Mss)q + mszw = Z Mgy,

(I + Mge)T + Mgy ¥ = Z Noxe

(©)

Here, m represents the mass, / denotes the inertia tensor, and m;; refers
to the hydrodynamic added mass terms. The effect of added mass can
be modeled as a linear term, as indicated in Equation (6). However,
the added mass terms are highly dependent on the body shape. When
the AUV is fully submerged, the added mass coefficients can be
assumed to be constant and linear behavior, exhibiting linear behavior.

2-3- Coriolis and centripetal terms

C(v) consists of two terms: Crp(v) and Cy(v). Crp(v) is the Coriolis and
centrifugal acceleration term related to the Mgp term, while Cy(v) is
associated with the M, term. In Equation (7), the general form of the
Cra(v) is indicated, and in Equation (8), the Cy(v) is presented.

0 0 0 0 —mw mv
0 0 0 mw 0 —mu
o o o “mv om0
CRB(V) = 0 -mw  mv 0 I,,r —Iyyq (7)
mw 0 mu Iz 0 LD
—-mv -—mu 0 lyyq —lxxP 0
0 0 0 0 —az a;
0 g 0 az (9 —(‘)11
G=| 0 ey o o -bs b ®

a0 -a by 0 _p
—a; aq 0 -b, b 0
The parameters in Equation (8) are explained in Table 2 via the added
mass coefficients for the cross-flow body. For the case when the body-
fixed coordinate system, as shown in Figure 1, is located at the center
of buoyancy, the values of y, and x, are insignificant, then the rigid
body equations for symmetrical bodies are derived as Equation (9-10).
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Table 2 Parameters of the C(v) for symmetrical body AUVs

Parameter  Description Parameter Description
e} il by myp
a; MV + MaeT b, mgsw + mssq
as mg3w + m3sq by Mg + MyeV

m[u —vr+wq + z5(pr + q)] = ZXEH

m[v—wp +ur + z4(qr — p] = z Yext ©)
mW —uq +vp = 74 (p* + ¢*)] = Zlm

L + (I = Iy )ar = mzg(0 = wp + ur)] = ) Kege

lyyd + (e = L drp + mlzg G = o7+ wa)] = ) Mgy (10)

1,7+ (lyy - Ixx)pq = Z Nexe

2-4- Damping terms

The hydrodynamic damping represents the drag and lift forces acting
on an AUV moving underwater. However, for a low-level speed
AUV, lift forces are insignificant compared to the drag force. Drag
forces can be classified into two different forms: a linear term and a
quadratic term, based on Equation (11) [19].

D=D,+D, (11)

Here, D, and Dy represent the linear and quadratic damping terms,
respectively.

2-5- Restoring term

The weight and buoyancy values, along with their positions,
determine the static forces on the AUV. The hydrostatic forces and
moments in six degrees of freedom based on Euler angles and AB =
W — B for these robots are indicated in Equation (12) [20].

G(n)=[-ABsO ABsgcd ABcgcd Wz,sped Wes6 0] (12)

2-6- Propeller effects

Marine propellers are traditionally the propulsion system for AUVs.
These rotating appendages, operating in the submerged condition,
create a pressure differential, and the resulting thrust force is
generated from this pressure difference. The performance of a marine
propeller depends on its hydrodynamic coefficients, the most
important of which is its thrust coefficient. A semi-empirical relation
for the thrust force of the propeller is given by Equation (13).

Tp = Kppn?D* (13)

Where # is the rotational velocity of the propeller, D is the maximum
diameter of the propeller, and K7 is the thrust coefficient, which can
be estimated using the polynomial versus advance coefficient in
Equation (14).

Ky = ko + k] + kyJ? (14)

Where J is the advance coefficient of the propeller. Finally, the
general form of the motion equations is derived [20].

3- Environmental disturbances

To model the forces and moments induced by ocean currents on the
AUV, the motion equation can be rewritten as Equation (15). To
consider the effects of ocean currents, the relative velocity between
the AUV and the current is incorporated into the equations of motion.
This relative velocity is used in the added mass and hydrodynamic
damping terms to model environmental disturbances [7].

Modares Mechanical Engineering

{MppV + Cpg(V)v + G} + {MpVr + C4(v)vr + D(v)vr}
=17,+7Tp

1s)

The left side of the equation corresponds to the rigid body and
hydrostatic forces, while the right side represents the hydrodynamic
forces. The relative velocity vector is defined as v, = v - v,, where v,
is the induced current velocity. The relative velocities affect only the
linear velocities of the AUV and have an insignificant impact on the
angular velocities. To compute the relative velocity, the ocean current
velocities must be defined in the body-fixed frame by Equation (16).

Ve

= [V.c¢cO® V.(s{cop + c{sOs¢p) V.(c{s@+sisp) 0 0 0]T (16)

V. represents the current velocity, and { denotes the direction of the
current relative to the AUV's heading, as indicated in Equation (17).

(=B~ 17)

p. is the current direction relative to the North, with a range of [-x, 7].
The relative angle between the heading and the current direction is
defined in Figure 2.

A North

-

Fig. 2 Relative angle between the AUV's heading and the direction of
ocean currents

4- Hydrodynamic derivations

4-1- Added mass

In this study, the strip theory method has been used to calculate the
hydrodynamic derivations for the body and fins. This theory computes
the unknown terms and hydrodynamic derivatives over two-
dimensional sections. The hydrodynamic derivatives are derived
using strip theory, which assumes negligible surge velocity effects.
While this assumption is generally valid for low-speed maneuvers, it
may become less accurate for high-speed scenarios or complex
geometries, where non-linear flow effects become more pronounced.
A validation of the results against CFD benchmarks for the selected
hull classes would provide further insight into the accuracy of the
assumption and help assess potential discrepancies in maneuvering at
higher velocities or in curved paths. Due to the low-level velocities of
AUVs in six-DOF and the uncomplicated shape of the two-
dimensional sections of the body, the strip theory provides appropriate
results of the coefficients. The added mass, damping derivatives, and
fin forces are determined using this method. However, the drag and
added mass along the surge direction cannot be computed using strip
theory alone. Figure 3 indicates the two-dimensional body sections
used in the strip theory.
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Fig. 3 Cross-sections and two-dimensional sections in strip theory

The two-dimensional sections of the body are generally circular,
making the determination of added mass and damping on these
sections straightforward. Consequently, the added mass along the
axial direction of the two-dimensional sections is obtained using
Equation (18).

mg(x) = mpR(x)? (18)

Here, R(x) is the circular radius of the two-dimensional sections, and
p is the fluid density. Subsequently, based on the linear theory of the
potential flow, the superposition approach is applied to incorporate the
added mass and damping of the fins into the body coefficients (Figure
4).

M —

Fig. 4 Superposition of the effect of fins and body sections in strip theory

As shown in Equations (19), by summing the coefficients of all the
sections along the length of the body, the three-dimensional
translational and rotational coefficients of the body are obtained.

/2

m; = f a; dx 19)
-1/2

In this case, x represents the longitudinal distance of each section from

the center of buoyancy. For other coupling coefficients, the process

follows the approach outlined in Equation (20).

1/2
m;; = J‘ XQa;; dx (20)

~1/2
To calculate the added mass of fins, semi-empirical equations from
previous studies can be used (Equations 21).

233
mpc*h
m22f=ktrT y Magp = Mgay @n

Here, c and b are the chord and span lengths, and xyand y, represent
the longitudinal and lateral distances of the appendage from the center
of buoyancy. k, represents the three-dimensional effect of the
appendage on the added mass coefficient, which is expressed in
Equation (22).

1

, 1 (22)
1+ AR

Where AR is the fin aspect ratio. The notation used in this research for
naming hydrodynamic derivatives follows the SNAME (1950)
convention. For instance, the hydrodynamic added mass along the Y-

ke =
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axis due to 1 is expressed in Equation (23). Additionally, Table 3
provides further details on the hydrodynamic derivatives.

ay
Y, = 3% Y, =my, (23)

Table 3 Notations of hydrodynamic coefficients for AUVs

Parameter Definition

X Xy Derivation along x axis
Vi Yo, Yoy Y Derivation along y axis
Zypy Zywr Zg) Zqq Derivation along z axis

Kpp, Ky Derivation around x axis
My, My, Mg, Mgq Derivation around y axis

Ny, Ny, Ny, Ny Derivation around z axis

4-2- Axial and cross-flow damping

The motion of the AUV's body surrounded by fluid leads to the
formation of the boundary layer and vortices around the body. The
generated forces as cross-flow drag resist the body's motion in the
fluid. The cross-flow drag includes contributions from both the body
and fin. Like the calculation of added mass coefficients, the total drag
is computed by summing the drag contributions from the two-
dimensional body sections. The nonlinear cross-flow drag coefficients
are obtained through Equations (24).

1 /2
——pcdf 2R (x)dx
2 —1/2

Yoo = Zyw =

1 /2
My = —Npp = Epcdf 2xR(x)dx
-1/2
1 V2 24)
Voo =—Zgq = —Epcdf 2x|x|R (x)dx
~1/2
1 /2
Mgq = Ny = ——pcdf 2x3R(x)dx
2 ~1/2

Linear damping coefficients are used for better accuracy at low
velocities. The linear damping coefficients are roughly determined
using an approximation derived from the nonlinear coefficients
(Equation (25)).

Y,=2,=01Y,
M, =N, =0.2M,, (25
Ky =5 Kypp

4-3- Fin forces and moments
Most AUVs are equipped with two horizontal surface controls for
depth control and two vertical surface controls (rudders) for plane
control. The rotation of these fin pairs is usually coordinated. For the
control surfaces, the empirical lift coefficient relationship is as shown
in Equation (26).
1 2
Lp = EchSF5u 26)
Mg = x¢Lp
Where C;, Sr, and 0 are the lift coefficient, area, and effective angle
of attack of the control surface, respectively. In Equation (27), the
effects of the fin's thickness, aspect ratio, and sweep angle on the lift
coefficient are considered. Also, Equation (28) is utilized to obtain the
effective angle of attack of the control surface.

i)

C, = 5+2.18° @7
AR?
2.6+c0sQ,[2+——
cos” Q
61’ = fr - ﬁr
(28)
8s =&+ Bs
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Where &, and & are the rudder angle and fin angle relative to the body.
p- and B represent the induced angles for the fin and rudder,
respectively. The induced angles for the rudder and fin are presented
in Equation (29).

By = tan~?! w
29

w—x
Bs =tan™? il

5- Graphical user interface background

To facilitate the maneuvering and dynamic modeling of underwater
robots, a MATLAB GUI-based environment has been created,
enabling users to quickly obtain desired outputs. This GUI accelerates
the design process and enhances the presentation of results. The
program, named SUT-AUVSIM, was developed at Sharif University

of Technology for modeling descending, turning, and spiral
maneuvers under environmental disturbances. SUT-AUVSIM utilizes
a six-DOF nonlinear dynamic model, specifically designed for AUVs
with a torpedo-shaped body, four fins arranged in a C-type
configuration, and an axial thruster.

All algorithms were implemented within the MATLAB GUI
environment, and inputs are provided by the user. Figures 5-6
illustrate the perspective view of the initial inputs interface. The GUI
models maneuvers based on weight, velocity, depth, maximum fin
angle, and propeller diameter, and it supports four different body
classes: DARPA, DRDC, Seri 58, and Myring for the designing body.
The geometric shape and mathematical equations for these body
classes are presented in Table 4. The calculated coefficients,
trajectory, and other parameters such as trajectory, velocities, and
Euler angles are exported as a .zxt file.

Table 4 Shape and mathematical equations for the body geometry used in the SUT-AUVSIM database

Body Seri name Myring
1 i
D x U
Nose eq Rx=—1—< >
( ) 2 Lfore
Tail R() D [ 3D  tan at] 5 [ D  tan at] 5
ail e X)==—|z75—- x o
4 2 ZLift Laft L?r’zft Lzaft
Body Seri name DARPA
e -
D
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Fig. 5 Snapshot from the SUT-AUVSIM’s input sector
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Fig. 6 Snapshot from the SUT-AUVSIM’s output sector

5-1- Validation

The results generated by the developed software are evaluated in this
section through a comparison with experimental tests and earlier
research results to ensure their validity. The SUT-AUVSIM takes user
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inputs, such as length, diameter, and weight to compute the moment
of inertia through the suggested ITTC as indicated in Equations (30).

Ixx = k}%x m
_ 12
Ly = kyym

(30)
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— 2
IZZ - kZZm

k, kyy, and k.. are the gyration radius of the AUV which are calculated
using Equations (31).

Ky, = 03D
kyy =0.251L (€2
k,, =025L

In the validation procedure, the turning maneuver trajectory of an
AUV named ARMs1.0 is compared with experimental results [21].
The specifications for modeling are provided in Table 5. The target
AUV starts with an initial speed of 1 m/s, moving under its propulsion.
When the AUV reaches a steady self-propulsion condition, its rudders
are defeated by 10 degrees to initiate the turning maneuver. The forces
and moments generated by the rudders induce the yaw rate, resulting
in the turning maneuver. If the derivatives are accurately calculated,
the simulated maneuver closely matches the experimental results.
Figure 7 compares the two approaches for the turning maneuver.
Additionally, a depth-change maneuver test was conducted on the
AUV ARMsl.0. The robot initially advances at a speed of 1 m/s at a
depth of 0.5 meters. The control system then commands the robot to
dive to a depth of 2 meters, where it maintains its course for 60
seconds before returning to 0.5 meters by deflecting its fins at 80
seconds. The diving maneuver to a depth of 2 meters was tested
experimentally in the referenced study [21], and the maneuver was re-
simulated using the SUT-AUVSIM, indicated in Figure 8.

Table 5 Characteristic of AUV ARMs1.0 [21]

Number Parameters Value
1 Length (m) 1.07
2 Diameter (m) 0.14
3 LtoD 7.64
4 Mass (kg) 7.7
5 Speed (m/s) 1
6 Ruder angle (deg) 10

12
Present value
107----Exp(Yangeta}l._)__h |
8 & |
—_ 8 [ ]
£
>
4 I
2
0- 1
2 . L . .

X (m)

Fig. 7 Comparison of the trajectory of AUV ARMs1.0 turning maneuver
in experimental and simulation approach with 10 degrees rudder angle
deflection [21]

The results of the turning and depth-change maneuvers indicate that
the SUT-AUVSIM adequately simulates the motion and behavior of
the AUV ARMsl1.0. The error of 11 cm in predicting the turning
tactical diameter and the insignificant difference in the diving path
highlight the validity and efficiency of the developed software.
Furthermore, the algorithm appropriately simulates the dynamics and
forces acting on the body, as evidenced by the oscillations around the
desired depth in both approaches.
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——Present value
N ---Exp(Yangetal.) |

t(s)
Fig. 8 Comparison of the trajectory of AUV ARMsl1.0 descending
maneuver in experimental and simulation approach [21]

The coefficients calculated by the SUT-AUVSIM have been
compared with the results from previous studies. The hydrodynamic
derivatives for the AUV Pirajuba were calculated by software. The
geometric specifications of the AUV, including its length, diameter,
and mass (1.88 meters, 0.234 meters, and 72.8 kg, respectively), were
provided as inputs to the algorithm. For comparison, the
hydrodynamic coefficients obtained by Cardenas et al. were derived
from real-world tests and system identification methods [22].

Table 6 presents a comparison of the results from the SUT-AUVSIM
with the system identification method. As shown in Table 6, the
software has adequately estimated several of the coefficients, with
computational errors falling within an acceptable range. However, for
some derivatives, the error exceeds 100%. This discrepancy arises
because the GUI determines the body profile based on the length,
diameter, mass, and standard profiles, which may not fully capture the
identical body geometry of the AUV Pirajuba. Additionally, in the
system identification method, the coefficients are optimized to
minimize error, which may exclude the effects of external
disturbances that are inherently included in the derivatives.

6- Results and discussion

In this section, the outputs and practical results of the SUT-AUVSIM
are reviewed. This section includes the simulation results for three
traditional maneuvers for AUVs: turning, descending, and helical
maneuvers. Two well-known body profiles, Myring and DARPA,
were used for modeling. The inputs were defined in the input section
of the SUT-AUVSIM (Figure 5), and outputs such as the trajectory,
velocities, and body drift angle were exported in .zx¢ format.

6-1- Turning Maneuver

In this maneuver, the AUV moves at the target velocity under self-
propulsion conditions and begins turning by deflecting the control
surfaces (e.g., rudders) to a specified angle.

For the simulation, the mass was set to 37 kg, the cruise velocity to 1
m/s, and the maximum rudder angle to 15 degrees. Both the Myring
and DARPA body geometries were used for the simulations in the
SUT-AUVSIM, and the results are shown in Figure 9. The total
simulation time is less than 10 seconds, significantly aiding in the
rapid assessment of various states to reach an optimal concept design.
The maneuver characteristics, including quantitative metrics such as
settling times, overshoot percentages, and maximum yaw rates, are
presented in Table 7, providing a clear basis for comparing the
performance of different AUV body configurations. These metrics
also help in evaluating practical implications for control effort and
energy consumption during various maneuvers.

Volume 26, Issue 12, December 2026



944  A.Hasanvand and M. S. Seif

Table 6 Calculated coefficients by GUI and [22]

Parameters Cardenas et al. Present value  Error % Parameters Cardenas etal. Present value Error %
m-—X; 75.42 74.45 1.28 ) -130 -113.43 12.74
Xou -5.165 -5.33 -3.19 Yr 51.78 65.35 -26.20
m+ X, 74.2 72.92 1.72 N, -11.25 -6.67 40.71
X 16.7 15.47 7.36 Ny -41.9 -56.64 -35.17
m-—Y, 145.5 145.72 -0.15 N, 6.548 5.47 16.46
Y. 5.775 5.47 52 I,, — N; 31.51 39.48 -25.29
Yo -135 -90.45 88) Ng -32.94 -41.17 -24.98
7 - \ - 0 T T T :
—Myring
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6 2
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5h i
-6
4t 1 i)
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=10 v #
2r il 12 1
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Fig. 9 Trajectory (a), yaw rate (b), axial velocities (c), body drift angle, and effective rudder angle (d) in the turning maneuver

6-2- Descending maneuver

In this section, the focus is on simulating depth changes for the AUV
using the SUT-AUVSIM. During an endurance mission, the AUV
must be able to change its operating depth as needed. Scenarios such
as data acquisition, seabed profiling, and obstacle avoidance are
conditions where the AUV initiates a depth change.

The descending maneuver for the AUV, with the specifications
provided in Section 6.1, is simulated. The AUV starts at an initial
depth of -1 meter and descends to a depth of -3 meters between
seconds 5 and 80. After 80 seconds, the desired depth is returned to -
1 meter. To maintain the AUV's depth position, a PD controller is used
to adjust the rudder angle. The controller coefficients are selected to
operate within an optimal range for each case. Throughout this
maneuver, the propeller’s rotational speed remains constant.

The results, demonstrated in Figure 10, indicate that the AUV changes
its depth from -1 meter to -3 meters in 5.2 seconds. The axial velocities
and body drift angle values during the maneuver are within normal
range, and no instability in the behavior or velocities is observed. This
simulation confirm that under the specified conditions and with a dive
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angle of 22 degrees, the AUV does not experience instability. The
effective fin angle plot further validates that a maximum angle of 15
degrees for a 22-degree dive provides sufficient performance,
ensuring that the AUV encounters no issues during the maneuver.

6-3- Helical maneuver

Due to the high endurance depth requirements in some AUVs, the
descending maneuver may differ from the method presented in
Section 6.2. In the previous section, for a depth change of 2 meters,
the AUV displaces approximately 6.8 meters, which can become a
significant distance for higher depths. Therefore, the helical maneuver
is introduced to address this issue. Factors such as fin and rudder
angles, mass, dive angle, body profile, and fluid properties can all be
evaluated into the simulation. In this maneuver, the fins and rudders
are deflected to their maximum angles, creating a three-dimensional
helical path. Both the Myring and DARPA body profiles are used for
this simulation. Initially, the AUV moves with 1 m/s, and in the self-
propulsion conditions. The rudder is then turned to 15 degrees, and
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the fins are deflected to 10 degrees, and both simulations run for 75
seconds.

The results in Figure 11 show the output from the SUT-AUVSIM for
simulating the helical maneuver for the Myring and DARPA profiles.
The body drift angle significantly influences the effective attack angle
of the rudder. However, the drift angle is not the only contributing
factor; the yaw rate also plays a pivotal role. As the yaw rate increases,
the induced drag in the surge motion also increases, leading to a
greater reduction in forward velocity. Although the Myring body has
a smaller turning radius, it experiences a greater velocity reduction

-0.5 T '
——Myring
1 == -DRDC |

-1.5

ZIL

2t

251 1

-3.5
0 20 40 60 80 100

X/L
(2)

—— Myring
6|| ---DRDC

40 60 80 100
t(s)

(©)

compared to the DARPA body, despite both profiles having identical
input conditions.

During the helical maneuver, the yaw rate plots indicate a noticeable
drop in rotational velocity, suggesting that the vehicle requires
additional control input to maintain the desired trajectory. This
increase in control effort implies higher energy consumption,
highlighting a trade-off between maneuverability and operational
endurance. Considering these factors provides a more practical
assessment of AUV performance, particularly when evaluating the
efficiency of different hull configurations under complex maneuvers.

1.2

08- J

06
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0.2
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00—\, [ Ay -
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Fig. 10 Trajectory (a), axial velocities (b), body drift angle (c), and effective fin angle (d) in the descending maneuver

Table 7 Calculated coefficients by GUI and [22]

Maneuver Tactical diameter (/L) Depth change rate (/L) per Steady time (s)
10 seconds
Myring DRDC Myring DRDC Myring DRDC
Turning 491 6.23 - 15.78 18.6
Descending - - 2.03 2.09 - -
Helical 4.63 5.15 2.1 2.78 18.44 28.81
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Fig. 11 Trajectory (a), axial velocities (b), body drift angle and effective fin angle (c), and yaw rate (d) in the helical maneuver

7- Conclusion

A practical GUI-based environment for maneuverability and dynamic
analysis of marine vehicles can significantly reduce computational
time. AUVs with torpedo-shaped bodies, due to their simple
geometry, are particularly well-suited for such methods. Most AUV
have a torpedo-shaped body with four fins arranged in a C-type
configuration, enabling the development of specialized programs
tailored to these vehicles. The SUT-AUVSIM is a MATLAB GUI-
based environment capable of calculating hydrodynamic derivatives
using strip theory and performing 6-DOF maneuver modeling. The
study demonstrated that the time required for dynamic modeling is
significantly reduced for users. Additionally, since the calculations are
based on user-defined inputs, it becomes easier to compare various
concept designs, evaluate the impacts of specific parameters, and
explore different geometric shapes in a short time. In turn, users can
quickly assess how these factors influence the AUV's dynamics.
Simulations of turning, descending, and helical maneuvers provide
valuable insights into the AUV's performance and maneuverability.
These simulations revealed that standard bodies with high block
coefficients, such as DRDC, results in narrower maneuverability
during turning maneuvers compared to the Myring body. This finding
is crucial for control system design and obstacle avoidance. However,
in the descending maneuver, the DRDC body exhibited better
stability, attributed to its higher damping coefficient. It should be
noted, however, that the method relies on potential flow assumptions,
which may not fully capture nonlinear effects at higher speeds or
complex flow regimes. This limitation may impact the accuracy of the
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results in some scenarios where more sophisticated CFD-based
approaches would be necessary.
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