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Highlights

What are the main findings?

• The reduced-order 3DOF model reproduced the pivot turning trajectory with low
prediction error.

• Experimental thrust characterization improved maneuvering prediction accuracy.

What are the implications of the main findings?

• The model provides a practical framework for low-speed AUV maneuvering analysis.
• The proposed approach supports future development of control-oriented AUV simulations.

Abstract

This study presents an experimentally evaluated reduced-order maneuvering framework
for a trimaran Autonomous Underwater Vehicle (AUV) by integrating CFD-derived hy-
drodynamic coefficients with experimentally characterized thruster forces for low-speed
pivot turn prediction. Unlike previous studies that primarily focused on hydrodynamic
coefficient identification or computational fluid dynamics (CFD)-based hydrodynamic
analyses, the proposed approach evaluates the capability of independently derived hydro-
dynamic parameters to reproduce experimentally observed maneuvering behavior within
a computationally efficient three-degrees-of-freedom (3DOF) dynamic model. The ma-
neuvering formulation incorporates nonlinear hydrodynamic derivatives adopted from a
previously published virtual Planar Motion Mechanism (PMM) investigation together with
experimentally measured thrust characteristics. Numerical simulations were performed
in MATLAB using a planar 3DOF maneuvering model, while an experimental evaluation
was conducted through a representative pivot turn maneuver in a controlled pool environ-
ment using video-based trajectory tracking. The simulated and experimental trajectories
exhibited consistent turning behavior, yielding Root Mean Square Error (RMSE) and Mean
Absolute Error (MAE) values of 0.0992 m and 0.0905 m, respectively. Although discrepan-
cies were observed in the heading response during the later stages of the maneuver owing
to simplified hydrodynamic assumptions and unmodeled nonlinear effects, the proposed
framework successfully reproduced the dominant trajectory and yaw characteristics of the
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investigated maneuver. These results indicate that the proposed reduced-order framework
was able to reproduce the investigated low-speed pivot turn maneuver under the validated
operating conditions, while broader experimental validation remains necessary to establish
its general applicability.

Keywords: Autonomous Underwater Vehicle (AUV); pivot turning; trajectory comparison;
maneuvering simulation; thrust force measurement

1. Introduction
Autonomous Underwater Vehicles (AUVs) are essential for tasks such as seabed

mapping, inspection, and exploration. As missions grow more complex, the need for
precise control and maneuverability increases [1]. Operating without real-time human
input, AUVs rely on onboard systems to maintain stability and trajectory in dynamic
environments. This has led to a strong research focus on hydrodynamic modeling and
motion control, particularly in yaw-dominant maneuvers such as turning circles, zigzag
tests, and pivot turning, which are widely used to evaluate maneuvering performance and
validate control models [2].

In recent years, significant advances have been made in both experimental and
simulation-based approaches for analyzing AUV maneuverability. Hydrodynamic co-
efficients obtained from towing tank experiments, CFD, or PMM tests play a central role
in predicting vehicle dynamics with high fidelity [3]. In particular, PMM-based experi-
mental methods have been widely adopted for estimating maneuvering hydrodynamic
coefficients of underwater vehicles due to their capability to capture coupled sway and
yaw dynamics with high accuracy [3]. CFD-based hydrodynamic investigations have
become increasingly important for predicting maneuvering characteristics and evaluating
underwater vehicle performance under various operating conditions [4]. Virtual PMM
simulations are also widely used to support maneuvering analysis and hydrodynamic
evaluation [5]. The presence of appendages may substantially alter the resistance and
flow structure around underwater vehicles due to viscous interaction effects and wake
formation [6]. Hydrodynamic coefficients are commonly obtained from PMM tests [3].
These hydrodynamic coefficients are commonly implemented in low-order maneuvering
models for evaluating the horizontal plane maneuvering performance of underwater ve-
hicles [7]. Similar low-order maneuvering formulations are also widely implemented in
MMG-based maneuvering prediction methods [8]. Such models are widely adopted due
to their balance between computational efficiency and physical accuracy, particularly for
trajectory prediction and control design.

Several studies have explored different AUV configurations to enhance maneuver-
ability. Multi-hull AUV configurations have been investigated to evaluate hydrodynamic
characteristics and directional stability under maneuvering conditions [9]. Recent CFD stud-
ies have shown that appendages significantly influence the hydrodynamic characteristics of
underwater vehicles, particularly in terms of resistance, lift generation, and maneuvering
stability. Ahmad et al. [10] demonstrated that appended configurations produce higher
resistance and lift compared to bare hull configurations due to flow interaction effects
around the control surfaces and sail structures. However, while multi-hull systems offer
structural and stability advantages, they introduce complex hydrodynamic interactions
between hulls, particularly affecting lateral forces and yaw moments. Recent CFD investi-
gations on multi-hull underwater vehicles demonstrated that hull interaction significantly
influences drag distribution and hydrodynamic force characteristics [11]. These interac-
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tions significantly influence maneuvering behavior, especially in low-speed conditions
and during pivot-type motions, where asymmetric flow separation and cross-flow effects
become dominant [5].

Despite these developments, there remains a clear research gap in the maneuvering
analysis of three-hull AUVs. Most existing studies focus on either resistance characteristics
or straight-line stability, while limited attention has been given to nonlinear maneuvering
behavior such as pivot turning. Available hydrodynamic datasets, including those derived
from CFD studies [9], primarily provide sway and yaw coefficients without a complete
framework for trajectory-level simulation. The absence of surge dynamics and integrated
propulsion modeling further limits the applicability of these coefficients in predicting
realistic maneuvering paths.

The interaction between thruster configuration and multi-hull geometry has not been
thoroughly investigated in the context of maneuvering performance. In practical systems,
thrust forces are nonlinear and depend on actuator inputs such as Pulse Width Modula-
tion (PWM), requiring experimental characterization to accurately represent propulsion
effects [12]. Without incorporating these effects, simulation models may fail to capture the
true dynamic response of the vehicle.

The simulation results are evaluated against experimental data obtained from pool
testing. A comparative analysis is conducted using trajectory-based error metrics such
as Root Mean Square Error (RMSE), Mean Absolute Error (MAE), and Maximum Error.
The objective is to evaluate the capability of the proposed model in reproducing real AUV
maneuvering behavior and to identify limitations associated with partial hydrodynamic
data and simplified modeling assumptions.

Although previous studies have successfully estimated hydrodynamic coefficients
using physical PMM tests or CFD-based virtual PMM simulations, most investigations
have focused on conventional single-hull AUVs. The maneuvering characteristics of
trimaran AUVs remain insufficiently explored due to their more complex hydrodynamic
interactions arising from the multi-hull configuration. Furthermore, previous studies have
primarily concentrated on hydrodynamic coefficient identification, with relatively limited
attention devoted to experimental validation of reduced-order maneuvering models using
actual vehicle trajectories. Consequently, the applicability of CFD-derived hydrodynamic
coefficients for predicting the maneuvering performance of trimaran AUVs under realistic
operating conditions has not yet been comprehensively demonstrated.

To address these research gaps, this study develops and experimentally evaluates a
reduced-order three-degrees-of-freedom maneuvering framework for a trimaran AUV by
integrating CFD-derived hydrodynamic coefficients obtained from a virtual PMM inves-
tigation with experimentally characterized thruster forces. Unlike previous studies that
primarily focused on hydrodynamic coefficient identification or CFD-based hydrodynamic
analyses, the present work evaluates the capability of independently derived hydrody-
namic parameters to reproduce the experimentally observed pivot turn trajectory under
representative low-speed operating conditions. This approach provides initial experimen-
tal evidence supporting the applicability of CFD-derived hydrodynamic coefficients for
maneuver prediction while maintaining the computational efficiency required for future
guidance, navigation, and control applications.

The primary contribution of the present study is not the development of new hydro-
dynamic coefficients or a comprehensive maneuvering database, but the experimental
evaluation of whether independently derived CFD-based hydrodynamic coefficients, when
combined with experimentally characterized thruster forces, are sufficient to reproduce
a representative pivot turn maneuver using a computationally efficient reduced-order
dynamic model. This work therefore provides an initial validation framework that can
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serve as a basis for broader experimental verification and future guidance, navigation, and
control applications.

1.1. AUV Specification

The Autonomous Underwater Vehicle (AUV) used in this research is a compact exper-
imental platform specifically designed for maneuverability studies. The vehicle has a total
length of 71.12 cm, with a beam width of 51.36 cm, and a depth measurement of 34.39 cm.
These proportions place the AUV in the category of small-scale prototypes, making it suit-
able for controlled pool testing and laboratory-based hydrodynamic investigations. Despite
its relatively modest size, the craft possesses a displacement of 33.64 kg, which provides
sufficient stability during operation while still maintaining ease of handling in experimental
environments. The dimensioned engineering drawing of the proposed three-hull AUV is
presented in Figure 1.

Figure 1. Dimensioned engineering drawing of the proposed trimaran Autonomous Underwater
Vehicle (AUV).

In terms of performance, the vehicle is capable of achieving forward speeds of up
to 4 knots, a velocity adequate for simulating realistic maneuvering scenarios such as turn-
ing, diving, and hovering motions within a confined pool space. The compact dimensions
of the AUV make it suitable for controlled pool experiments and maneuvering studies
under laboratory conditions.

The weight distribution of the AUV is carefully arranged to support its maneuvering
functions. The longitudinal center of gravity (LCG) is positioned 1.93 cm aft of amidships, a
design choice that slightly shifts the mass toward the stern to enhance yaw responsiveness
during turning maneuvers. These parameters were used as the main input for the maneu-
vering simulation and experimental validation. The complete physical parameters of the
three-hull AUV used throughout this study are provided in Appendix A. The fabricated
three-hull AUV used in the experimental validation is shown in Figure 2.
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Figure 2. Photograph of the fabricated trimaran AUV and thruster arrangement used for the experi-
mental validation.

1.2. Hydrodynamic Coefficients of Three-Hull AUV

The hydrodynamic coefficients adopted in this study were obtained from CFD simula-
tions performed on the same three-hull AUV geometry reported by Ayub et al. Prior to the
AUV simulations, the CFD methodology was validated against the benchmark DARPA SUB-
OFF model to establish the accuracy of the numerical approach. Therefore, the hydrodynamic
coefficients employed in the present study were not extrapolated from DARPA SUBOFF, but
were directly computed for the three-hull AUV geometry. Although the results were not
experimentally validated for the current AUV, they followed similar trends.

Table 1 presents the hydrodynamic coefficients calculated through CFD simulations
for an AUV; the same methodology was previously applied to the standard DARPA model,
yielding results that closely matched experimental data. This consistency suggests that the
current results for the AUV are likely to be reliable [9].

Table 1. Hydrodynamic coefficients adopted for the three-hull AUV maneuvering model [9].

Hydrodynamic Coefficients Description CFD Values

Y′
v Linear sway force derivative −0.4467

Y′
|v|v Quadratic sway force derivative −0.064

Y′
vvv Cubic sway force derivative 1.396

N′
v Yaw moment derivative due to sway velocity −0.0583

N′
vv Quadratic yaw moment derivative −0.0853

N′
vvv Cubic nonlinear yaw damping coefficient −0.2143

X′
u Linear surge damping derivative −0.0008

X′
|u|u 0.0005

Y′
r Sway force derivative due to yaw rate 0.2283

Ý.
r Added mass derivative in sway-yaw coupling −0.5306

Ńr Linear yaw damping derivative −0.0553
Ń .

r Added yaw inertia derivative −0.0939
Y′

r− m′ Combined sway–yaw coupling term 0.077425
C Empirical correction coefficient 0.0309

X′
u Additional surge related coefficient −0.05099

The hydrodynamic coefficients listed in Table 1 were adopted from the CFD-based
virtual PMM study reported by Ayub et al. [9]. These nondimensional coefficients constitute
the hydrodynamic database used in the present study and are converted into dimensional
form before being incorporated into the nonlinear maneuvering equations presented in
Section 2.1.3 [13].
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2. Methodology
2.1. Maneuvering Simulation

A MATLAB r2024based maneuvering simulation was developed to investigate the
pivot turning behavior of an Autonomous Underwater Vehicle (AUV) under a specific
thruster configuration. A reduced-order three-degrees-of-freedom formulation was em-
ployed to represent surge (u), sway (v), and yaw (r) motions. For computation, the
maneuvering model adopts a diagonalized mass and damping representation, where
cross-coupling hydrodynamic terms are neglected. This reduced-order formulation is
intended for preliminary trajectory prediction and maneuvering trend analysis rather
than high-fidelity dynamic reconstruction. Hydrodynamic coefficients and maneuvering
behavior were referred from prior hydrodynamic investigations involving virtual PMM
simulation [5], directional stability analysis [14], and PMM-based hydrodynamic coefficient
estimation [3]. Similar 3DOF maneuvering behavior generated using a single actuator un-
derwater robot has also been demonstrated through numerical simulation and experimental
validation in previous studies [15].

The implemented configuration replicates the experimental setup, where a single front
thruster is mounted at an inclination angle of 45◦. This configuration primarily generates a
yaw moment with coupled surge and sway components due to the oblique thrust direction.

The numerical analysis produces planar trajectory (x, y) and heading angle (ψ) re-
sponse data as functions of time. Numerical integration was performed using a fixed
time-step scheme with predefined simulation duration and time steps. The governing equa-
tions were integrated using a fixed-step forward Euler scheme with a constant time step of
0.0333 s, corresponding to the sampling interval of the experimental video tracking system.
This time step was selected to maintain consistency between the numerical simulation and
the experimental measurements.

2.1.1. Thruster Configuration

The total forces and yaw moment generated by the thrusters are computed through
vector decomposition based on their orientations and positions relative to the center of
gravity (COG).

The thruster orientation angles are defined as

θ1 = 45◦ = 0.7854 rad, θ2 = −45◦ = −0.7854 rad, θ3 = 0◦, θ4 = 0◦

The position vectors of each thruster relative to the COG are given by

r1 = [−0.23, 0.33]T , r2 = [0.23, 0.33]T , r3 = [−0.23,−0.33]T , r4 = [0.23,−0.33]T .

In this maneuvering analysis, only Thruster 1 is activated with a constant thrust magnitude
of F1 = 2.4343565 N, while the remaining thrusters are inactive (F2 = F3 = F4 = 0). This
configuration isolates the effect of a single obliquely oriented thruster on the vehicle dynamics.

2.1.2. Force and Moment Decomposition

The surge and sway forces are obtained by projecting the thrust vector onto the
body-fixed axes:

Fx =
4

∑
i=1

Ficos(θi) (1)

Fy =
4

∑
i=1

Fisin(θi) (2)
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The yaw moment about the z-axis is computed using the moment arm relative to
the COG:

Mz =
4

∑
i=1

(
rixFisin(θi)− riyFicos(θi)

)
(3)

Since only F1 is active, the total force and moment contributions are solely determined
by its magnitude and orientation.

2.1.3. Hydrodynamic Model

The hydrodynamic forces and moments are modeled as nonlinear functions of the
body-fixed velocities. Nonlinear hydrodynamic effects play an important role in underwa-
ter vehicle maneuvering, particularly during low-speed turning and high-yaw rate motions.
Earlier maneuvering studies have demonstrated that higher-order nonlinear damping
terms significantly improve the prediction accuracy of maneuvering simulations compared
to purely linear formulations [16].

In the present study, the hydrodynamic coefficients were adopted directly from the
CFD-based virtual PMM investigation reported by Ayub et al. [9]. No additional parameter
identification or empirical optimization was performed using the experimental maneuver-
ing data presented in this study. Instead, the experimentally measured pivot turn trajectory
was used exclusively to evaluate the capability of the proposed reduced-order model under
the investigated operating conditions.

Surge:
Xhydro = Xuu + X|u|u|u|u (4)

Sway:
Yhydro = Yvv + Yrr + Y|v|v|v|v + Yvvvv3 (5)

Yaw:
Nhydro = Nvv + Nrr + N|r|r|r|r + Nrrrr3 (6)

The hydrodynamic derivatives used in Equations (4)–(6) represent the damping and
coupling effects associated with the body-fixed motion components. The coefficient Xu

denotes the linear surge damping derivative, while X|u|u represents the nonlinear quadratic
surge drag coefficient. The coefficients Yv and Yr correspond to the sway force contributions
generated by sway velocity and yaw rate, respectively. Similarly, Nv and Nr represent
the yaw moment derivatives associated with sway velocity and yaw rate. Higher-order
nonlinear effects are represented by Yvvv and Nrrr, which account for cubic nonlinear
damping in sway and yaw motions.

In the initial condition (u = v = r = 0), all hydrodynamic forces and moments are
zero. Since experimentally identified yaw damping derivatives were unavailable for the
present vehicle, the CFD-derived nonlinear yaw damping coefficients reported by Ayub
et al. were directly adopted in the maneuvering model without additional empirical tuning.

Earth-fixed position:
η = [χ, y, ψ]T . (7)

where x and y denote the Earth-fixed planar position coordinates and ψ is the heading angle.
The body-fixed coordinate system follows the conventional marine craft notation,

where the x-axis represents the longitudinal direction and the y-axis represents the lateral
direction of the vehicle.

The body-fixed velocity vector is defined as

ν = [u, v, r]T . (8)
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where u, v, and r denote the body-fixed surge velocity, sway velocity, and yaw angular
velocity, respectively.

2.1.4. Equations of Motion

The equations of motion are implemented using a simplified reduced-order 3DOF
maneuvering formulation derived from classical marine craft dynamics [2] and underwater
vehicle motion control theory [17]. The equations of motion in the body-fixed frame are
expressed as

M
.
ν = τ + τhydro (9)

where M is the inertia matrix, τ is the thrust force and moment vector generated by the
thrusters, and τhydro represents the nonlinear hydrodynamic force and moment components
expressed as

M =

m − X .
u 0 0

0 m − Y .
v mx .

g − Y.
r

0 mx .
g − N .

u IZ − N.
r

 (10)

where m is the vehicle mass; Iz is the yaw moment of inertia; xg is the longitudinal center of
gravity position; and X .

u, Y .
v, Y.

r, N .
v, and N.

r denote the added mass derivatives associated
with surge, sway, and yaw motions.

τhydro =
[

Xhydro, Yhydro, Nhydro

]T
(11)

2.2. Experimental Maneuvering

The experimental maneuvering pool test was carried out to observe and record the
pivot turning behavior of the Autonomous Underwater Vehicle (AUV) in a controlled
aquatic environment. Figure 3 illustrates the experimental pool setup used for the ma-
neuvering validation. The AUV was placed in a test pool and commanded to perform a
pivot maneuver using its front thruster positioned at a 45◦ angle to generate dominant yaw
motion with limited forward translation.

Figure 3. Experimental pool setup used for pivot turning maneuver validation of the three-hull AUV.
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The experiments were conducted in the outdoor swimming pool, a 25 m freshwater
facility. The available test area was significantly larger than the maneuvering trajectory of
the three-hull AUV, thereby minimizing potential wall and boundary effects during the
pivot turn experiments.

The trajectory of the AUV was captured using an overhead video camera, and the
recorded footage was later processed using Tracker motion analysis software (Version 6.2.0.
open source physics) to extract the planar position coordinates as a function of time [18].

An experimental procedure was conducted in a controlled water tank environment
to investigate the motion behavior of the AUV when subjected to asymmetric thrust.
The objective of this test was to assess the AUV’s response when only a single thruster,
specifically the bow port (Thruster 1) unit, was activated. The selected thruster was
set to a constant input level of 1500 PWM, while all other thrusters remained inactive.
This configuration allowed the AUV to rotate and drift freely, providing an appropriate
case for investigating asymmetric maneuvering behavior generated under actuated thrust
conditions [15].

The experiment was carried out in a static pool with calm water conditions to minimize
external disturbances such as current or waves. An overhead camera was mounted directly
above the test area to record the motion of the AUV in the horizontal (X-Y) plane. The
camera captured the entire maneuver sequence from the initial rest condition through
the induced motion phase until the AUV slowed down due to hydrodynamic damping.
After completing the physical test, the recorded video was processed using Tracker motion
analysis software, enabling frame-by-frame extraction of the AUV’s position, generating
time-series data for both the X and Y coordinates [18].

The propulsion system consists of six thrusters driven by Brushless DC Motors
(BLDCs). Each thruster is controlled through an independent Electronic Speed Controller
(ESC). A 12 V DC battery supplies power through a parallel distribution system, ensuring
stable and uniform current delivery to each thruster. The overall electrical and control
pathway can be described sequentially as the 12 V battery, the parallel power distribution,
the ESCs, the BLDC thrusters, and finally the PWM signals generated by the Arduino
(Arduino S.r., Monza, Italy) microcontroller. This configuration provides effective control
of surge, yaw, and heave motions, while maintaining power efficiency and reducing the
number of required control lines.

To evaluate maneuvering capability, a pivot turning maneuver to the right was exe-
cuted with a total duration of 10 s. During this sequence, the bow port thruster was set to
forward thrust at 1500 µs, while all the other thrusters remained off at 1000 µs.

Following the completion of the 10 s maneuver, all forward and reverse thrusters
were switched off at 1000 µs, while the heave thrusters remained in their neutral state.
To conclude the operation, the control loop was terminated, keeping the AUV in an idle
condition. This structured procedure ensured consistency during experimental testing and
allowed clear observation of the hydrodynamic response generated.

2.3. Thruster Modeling

The propulsion system of the AUV is modeled by establishing a relationship between
the actuator input, expressed in Pulse Width Modulation (PWM), and the generated thrust
force. In underwater propulsion systems, the thrust output is inherently nonlinear due
to motor characteristics, propeller geometry, and fluid structure interaction effects [10].
Nonlinear thrust behavior is commonly observed in underwater propulsion systems due to
wake interaction, propeller asymmetry, and motor dynamics, particularly near neutral oper-
ating conditions [19]. These findings are consistent with previously reported observations
on compact underwater propulsion systems [12].
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In this work, the thrust force is not approximated using a simple analytical equation but
instead represented using an experimentally derived lookup table. The general relationship
can be expressed as

F = f (PWM) (12)

where F is the thrust force (N) and PWM represents the control input signal (typically in
the range of 1000–2000 µs).

The thrust force generated by each thruster is assumed to act along its mounting
direction. For a multi-thruster configuration, the total force and moment acting on the AUV
in the body-fixed frame are obtained by resolving each thrust component into surge and
sway directions:

Fx =
n

∑
i=1

Ficos(θi) (13)

Fy =
n

∑
i=1

Fisin(θi) (14)

where Fi is the thrust generated by the i-th thruster and θi is its mounting angle relative to
the body-fixed x-axis.

The yaw moment generated by the thrusters is computed based on their positions
relative to the center of gravity:

Mz =
n

∑
i=1

(xiFy,i − yiFx,i) (15)

where (xi, yi) represents the position of the i-th thruster in the body-fixed coordinate
system.

To account for the offset of the center of gravity, an additional correction term is
included:

Mz,corrected = Mz +
(
−ygFx + xgFy

)
(16)

This approach allows the generated forces and moments to reflect the physical config-
uration of the AUV more accurately.

The resulting force vector applied to the dynamic model is expressed as

τ =
[

Fx, Fy, Mz]
T (17)

This thruster model is directly integrated into the maneuvering equations to simulate
the AUV response under different control inputs.

2.4. Thrust Force Measurement Using Force Transducer
2.4.1. Force Transducer Calibration

Before conducting thrust force measurements, it is essential to calibrate the force
transducer to ensure the accuracy and reliability of the recorded data. A FUTEK LSB200
force transducer (FUTEC Advanced Sensor Technology, Irvine, CA, USA) was used due to
its high precision and sensitivity for linear force measurement.

The calibration process was performed by applying known static loads and recording
the corresponding sensor output during both loading (increasing force) and unloading
(decreasing force) phases, as illustrated in Figure 4. This procedure is important to evalu-
ate key characteristics of the measurement system, including linearity, repeatability, and
hysteresis [20].

https://doi.org/10.3390/drones10080563

https://doi.org/10.3390/drones10080563


Drones 2026, 10, 563 11 of 20

Figure 4. Experimental setup used for calibration of the FUTEK LSB200 force transducer.

The calibration results are presented in Figure 5, which shows the relationship between
the applied load and the measured force obtained from known masses ranging from 0 to
3 kg. The loads were applied incrementally, and the corresponding sensor outputs were
recorded during both loading and unloading phases.

Figure 5. Calibration characteristics of the FUTEK LSB200 force transducer under loading and
unloading conditions.

The calibration curve exhibits a nearly linear relationship for both loading and unload-
ing conditions, indicating good linearity and minimal hysteresis. This confirms that the
force transducer provides reliable and consistent measurements for thrust characterization.

2.4.2. Thrust Measurement Procedure

Thrust force measurements were conducted to characterize the propulsion perfor-
mance of the APISQUEEN U01 thruster (APISQUEEN, Shenzhen, China) used in the AUV
prototype. The measured thrust characteristics reported in this study correspond only to
the tested APISQUEEN U01 unit under the present experimental conditions and should not
be interpreted as the manufacturer’s official performance specification. A FUTEK LSB200
force transducer was mounted on a static test rig, with the thruster aligned along the
sensor’s sensitive axis, as illustrated in Figure 6. The thrust characterization was performed
by varying the Pulse Width Modulation (PWM) input from 1000 to 2000 µs in increments of
100 µs using an Arduino-based controller [21]. At each PWM level, the generated thrust
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force was recorded after steady-state conditions were achieved, following standard under-
water thruster characterization procedures adapted for the APISQUEEN U01 propulsion
system [12]. Measurements were conducted in both forward and reverse directions to cap-
ture the bidirectional thrust characteristics, considering the asymmetric behavior commonly
observed in underwater thrusters due to propeller geometry and motor efficiency [12].

Figure 6. Experimental setup for underwater thruster force measurement using the FUTEK LSB200
force transducer.

3. Results
3.1. Experimental Trajectory and Heading Data

The experimental trajectory extracted from the video tracking analysis is presented
in Figure 7. The measured trajectory exhibits the characteristic pivot turning behavior of
the three-hull AUV under asymmetric thrust excitation. Following the activation of the
inclined bow thruster, the vehicle undergoes a continuous clockwise rotational motion
while simultaneously experiencing a limited translational displacement.

Figure 7. Experimental trajectory obtained during the pivot turning maneuver of the three-hull AUV.

As shown in Figure 7, the trajectory forms a closed curved path with a relatively
small turning radius, indicating that the applied thrust primarily generates a yaw moment
rather than pure forward propulsion. Minor irregularities observed along the trajectory
are attributed to measurement uncertainty associated with the video tracking process and
small hydrodynamic disturbances during the experiment.

The extracted trajectory provides the experimental reference for validating the pro-
posed maneuvering model. In addition to the planar trajectory, the corresponding heading
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response is analyzed in the subsequent section to assess the capability of the numerical
model in reproducing the observed maneuvering behavior.

3.2. Thrust Force Measurement

The relationship between PWM input and generated thrust force is presented in
Figure 8 for both forward and reverse directions. A nonlinear relationship between PWM
input and generated thrust force was observed, where the thrust force increases progres-
sively with PWM input. The force transducer calibration and measurement procedure
follow standard experimental measurement principles described in [19].

Figure 8. Experimental thrust characterization under (a) forward and (b) reverse operating conditions.

In the forward direction, the thrust exhibits a relatively smooth and increasing trend,
reaching its maximum value at higher PWM levels. In contrast, the reverse thrust is
generally lower in magnitude, indicating an asymmetric response of the propulsion system.
This behavior is consistent with previous studies and is primarily attributed to the propeller
blade design and flow characteristics in reverse operation.

The nonlinear and asymmetric characteristics observed in the thrust measurements
highlight the importance of using experimentally derived thrust data in maneuvering
simulations. Simplified linear models would not be able to capture these effects accurately,
leading to discrepancies in maneuvering predictions.
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3.3. Numerical Maneuvering Results

A reduced-order planar dynamic model of the AUV was developed in MATLAB r2024
to simulate the pivot turning maneuver. The model captures the dominant surge, sway,
and yaw dynamics using a simplified reduced-order planar maneuvering formulation.
Hydrodynamic coefficients were adopted directly from the CFD-based virtual PMM study
reported by Ayub et al., while experimentally measured thrust characteristics were incorpo-
rated without additional parameter optimization [9]. The present experimental comparison
should be interpreted as an evaluation of the maneuvering framework rather than as an
independent validation of the CFD-derived hydrodynamic coefficients themselves.

The propulsion input was modeled using experimentally obtained thrust charac-
teristics, incorporating the nonlinear PWM thrust relationship. The 45◦ inclined thruster
generates both yaw moment and a small surge component, resulting in combined rotational
and translational motion.

The predicted trajectory forms a circular maneuvering pattern consistent with pivot
turning behavior, as shown in Figure 9. A good agreement can be observed between
simulated and experimental trajectories, indicating that the model captures the essential
maneuvering characteristics.

Figure 9. Comparison between simulated and experimental pivot turning trajectories of the three-hull
AUV. Gray lines connect the simulated and experimental positions at identical time steps.

Quantitative evaluation is performed using MAE, RMSE, Maximum Error, and
NRMSE, as summarized in Table 2.

Table 2. Error metrics between simulated and experimental AUV trajectories.

Metric Value (m)

MAE 0.0905
RMSE 0.0992

Maximum Error 0.1534
NRMSE 0.0698
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Average trajectory deviations remained relatively small, with RMSE and MAE values
of 0.0992 m and 0.0905 m, respectively. These values indicate acceptable agreement relative
to the trajectory scale. The Maximum Error of 0.1534 m occurs in localized regions, likely
due to transient dynamics and measurement uncertainty. The NRMSE of 0.0698 (6.98%)
confirms that the model achieves acceptable predictive capability.

To further evaluate the rotational dynamics, the heading angle response is analyzed as
shown in Figure 10.

Figure 10. Comparison of simulated and experimental heading responses during the pivot turning
maneuver.

Both simulated and experimental heading profiles exhibit a consistent decreasing
trend, confirming that the model successfully captures the overall yaw motion of the AUV.

However, several discrepancies can be observed:

• The experimental heading decreases more rapidly after approximately 3 s, indicating
that yaw dynamics appear to be slightly underpredicted.

• Small oscillations are present in the experimental data that are absent in the simulation.
These fluctuations are attributed to measurement noise from the vision-based tracking
system and unmodeled environmental disturbances.

• An initial offset between simulation and experiment can be observed, suggesting a
mismatch in initial heading conditions.

Despite these differences, the overall trend agreement demonstrates that the model is
capable of reproducing the dominant rotational behavior of the AUV.

Experimental observations support the validity of the simplified dynamic model in
capturing key motion trends associated with coupled translational and rotational mo-
tion under single actuator operation [15]. Similar agreement between experimental and
simulated maneuvering responses has also been reported in REMUS AUV validation
studies [22]. A quantitative comparison between the experimental measurements and
numerical predictions is presented in the following subsection.

4. Discussion
A quantitative comparison between simulated and experimental trajectories indicates

a high level of agreement in reproducing the pivot turning maneuver. The RMSE of
0.0992 m and MAE of 0.0905 m confirm that the average deviation remains low throughout
the maneuver, while the NRMSE of 6.98% demonstrates that the global prediction error is
well bounded relative to the trajectory scale. The relatively small difference between RMSE
and MAE further suggests a uniform error distribution, indicating stable model behavior
without significant divergence. Similar levels of trajectory prediction accuracy have also
been reported in previous AUV maneuvering validation studies. Prestero demonstrated
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that reduced-order underwater vehicle models are capable of reproducing maneuvering
behavior with acceptable prediction errors when supported by experimentally identified
hydrodynamic parameters [23].

These error levels fall within the typical range reported in marine maneuvering
studies, where uncertainties in hydrodynamic coefficients, environmental disturbances,
and actuator nonlinearities are unavoidable. Previous works in AUV and marine craft
modeling have shown that prediction errors in the range of 5–10% are generally acceptable
for reduced-order dynamic models, placing the present results within an expected and
acceptable accuracy band [18].

The present validation should therefore be interpreted as an assessment of the capability
of the adopted hydrodynamic model to reproduce a representative low-speed pivot turn
maneuver, rather than as a comprehensive validation of the model under all maneuvering
conditions. The hydrodynamic coefficients employed in this study were adopted directly from
the CFD-based virtual PMM investigation reported by Ayub et al. [9] and were evaluated
using the representative experimental maneuver without additional parameter optimization.
Consequently, the reported agreement demonstrates the applicability of the proposed reduced-
order model for the investigated operating conditions, while validation under additional
operating scenarios, including different thrust levels, opposite-direction pivot turns, turning
circle tests, and zigzag maneuvers, remains an important subject for future investigation.

Although the present study demonstrates that the proposed reduced-order maneu-
vering model is capable of reproducing the experimentally observed pivot turn trajectory
under the investigated operating conditions, the reported results should not be interpreted
as evidence of general predictive capability across different maneuvering scenarios or
vehicle configurations. The validation is intentionally limited to a single representative
low-speed pivot turn maneuver performed under controlled laboratory conditions. Conse-
quently, the present study should be regarded as an initial proof of concept demonstrating
the feasibility of integrating independently derived CFD-based hydrodynamic coefficients
with experimentally characterized thruster forces for trajectory-level maneuver prediction.

Future studies should extend the validation to repeated experiments under identical
operating conditions in order to quantify repeatability, experimental uncertainty, and
confidence bounds. Additional validation using independent maneuvering cases, including
opposite-direction pivot turns, different thrust levels, turning circle maneuvers, and zigzag
tests, will also be necessary to evaluate the general applicability and predictive capability
of the proposed maneuvering framework.

While trajectory agreement is strong, additional insight can be obtained from the
heading response analysis. The comparison of heading angle evolution reveals that the
experimental heading decreases more rapidly than the simulated result, particularly after
the initial phase of motion. This indicates that the model slightly underestimates the yaw
dynamics of the vehicle. Furthermore, small fluctuations observed in the experimental
heading, which are absent in the simulation, highlight the presence of measurement noise
and unmodeled disturbances.

The observed discrepancies can be primarily attributed to limitations in hydrodynamic
modeling. In particular, cross-coupling derivatives such as Yr and Nv play a critical role in
determining the interaction between sway and yaw motions, which becomes especially
significant in pivot turning configurations. The use of a single front thruster inclined at 45◦

introduces a strongly coupled force moment system, generating both lateral force and yaw
moment simultaneously. Under this configuration, the maneuver becomes highly sensitive
to hydrodynamic parameters, including Yv, Yr, Nv, and Nr. The importance of coupled
hydrodynamic interactions in underwater vehicle maneuvering has also been highlighted
in previous experimental identification studies. Open-frame and multi-body underwater
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vehicles are particularly sensitive to cross-coupling hydrodynamic derivatives due to flow
interference effects between structural components and propulsion systems [24].

An underestimation of Yr would reduce the predicted lateral force induced by yaw rate,
resulting in a larger turning radius, while inaccuracies in Nv directly affect yaw moment
generation due to sway velocity, thereby influencing the angular velocity and heading evo-
lution. The slight radial deviation observed in the trajectory suggests that the simplified
reduced-order formulation does not fully capture all surge, sway, and yaw coupling effects.
This limitation is likely associated with the simplified modeling assumptions, including the
use of CFD-derived hydrodynamic coefficients without further experimental identification
and the omission of several higher-order nonlinear interactions, rather than deficiencies in the
adopted hydrodynamic dataset itself.

Higher-order nonlinear effects such as viscous cross-flow drag, flow separation, and
thruster–hull interaction are not explicitly included in the model. These effects become
increasingly important in low-speed, high-rotation maneuvers such as pivot turning and
may contribute to localized deviations, particularly during transient phases.

Despite these limitations, the proposed formulation reproduces the dominant physical
characteristics of the maneuver, including sustained yaw rotation, bounded trajectory, and
consistent heading evolution. Incorporating experimentally measured thrust characteristics
improves the physical realism of the maneuvering prediction, enabling the simulation to
capture nonlinear propulsion behavior that would otherwise be neglected.

From a modeling perspective, these findings support the assumption that a reduced-
order planar dynamic model is sufficient to capture the essential dynamics of pivot turning
for small-scale AUVs. Comparable reduced-order dynamic approaches have also been
successfully applied to REMUS-class AUV simulations [19]. The ability to reproduce
both trajectory and heading behavior with errors below 10% indicates that the dominant
maneuvering physics are governed primarily by surge yaw coupling, even under a non-
conventional single-thruster configuration.

From an engineering standpoint, these findings demonstrate that simplified actuation
systems, such as a single inclined thruster, can be effectively modeled using classical
maneuvering formulations when supported by appropriate hydrodynamic coefficients
and experimentally derived thrust characteristics. This has important implications for the
design of compact and energy-efficient AUV systems. Recent studies on underwater vehicle
propulsion systems have shown that thruster arrangement and orientation significantly
influence maneuvering efficiency, yaw authority, and energy consumption. Optimized
thruster configurations can improve maneuverability while maintaining compact vehicle
architecture and reducing control complexity [25].

One limitation of the present study is that the experimental validation was performed
using a single representative pivot turn maneuver under controlled laboratory conditions.
Consequently, the reported RMSE and MAE values should be interpreted as performance
indicators for this representative maneuver rather than statistical measures of maneuver-
ing repeatability. Although the obtained agreement demonstrates the capability of the
proposed reduced-order model to reproduce the dominant trajectory and heading trends,
repeated experimental trials under identical operating conditions are required to quantify
experimental variability and establish confidence bounds. Such statistical validation will
be considered in future work.

This present study provides a reproducible workflow for integrating independently
derived CFD-based hydrodynamic coefficients with experimentally characterized thruster
forces into a computationally efficient maneuvering model. This workflow can serve
as an initial validation methodology for researchers developing reduced-order maneu-
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vering models of compact multi-hull AUVs before undertaking more extensive system
identification or experimental campaigns.

Future work should focus on improving the accuracy of hydrodynamic coefficients
through system identification or CFD-based estimation, particularly for cross-coupling
terms such as Yr and Nv. Incorporating higher-fidelity nonlinear effects and real-time
sensor-based measurements is expected to further enhance predictive accuracy, especially
in transient maneuvering conditions.

5. Conclusions
The pivot turning characteristics of the proposed three-hull AUV were investigated

through a combined numerical and experimental approach. Experimental maneuvering
tests conducted in a controlled pool environment demonstrated that the developed 3DOF
maneuvering formulation successfully reproduced the dominant trajectory and heading
behavior observed during the pivot turning maneuver.

Quantitative trajectory evaluation showed relatively small prediction errors, with
RMSE and MAE values of 0.0992 m and 0.0905 m, respectively, indicating acceptable pre-
dictive capability for preliminary maneuvering analysis. Although several deviations were
observed in the heading response, particularly during the later stages of the maneuver,
the overall motion trend remained consistent with experimental observations. These dis-
crepancies are primarily attributed to simplified hydrodynamic assumptions, unmodeled
nonlinear effects, and environmental disturbances during testing.

The incorporation of experimentally measured thrust characteristics improved the
physical realism of the propulsion model and contributed to more representative maneu-
vering predictions under asymmetric thrust conditions. The results further demonstrate
that reduced-order planar maneuvering models can provide sufficiently accurate repre-
sentations of pivot turning behavior for compact multi-hull AUV configurations when
supported by appropriate hydrodynamic coefficients and thrust characterization data.

The present validation is limited to a representative experimental maneuver. Future
studies will incorporate repeated experiments and statistical uncertainty analysis to further
assess the robustness and repeatability of the proposed maneuvering model.

Several limitations remain in the present study. The hydrodynamic coefficients were
adopted from prior CFD investigations and were not experimentally identified for the current
vehicle configuration. The maneuvering model employs simplified diagonalized mass and
damping matrices without fully coupled nonlinear hydrodynamic interactions. Environ-
mental disturbances such as free surface effects and turbulence were also neglected during
simulation. Future work should include experimentally identified coefficients, higher-fidelity
hydrodynamic coupling, and closed-loop maneuvering control implementation.

The proposed approach provides a practical foundation for future development of
maneuvering control systems, including PID and model-based controllers, as well as further
investigations involving turning circle, zigzag, and fully coupled maneuvering simulations
under more complex underwater operating conditions.

The findings of this study are limited to the experimental conditions investigated and
should not be generalized to other maneuvering scenarios or operating conditions without
additional validation. Although the present results provide initial evidence supporting the
proposed modeling framework, broader experimental verification involving repeated trials,
statistical uncertainty analysis, multiple thrust levels, opposite-direction pivot turns, turn-
ing circle maneuvers, and zigzag tests will be required before the model can be considered
a generally applicable maneuvering prediction tool for trimaran AUVs.
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Abbreviations
The following abbreviations are used in this manuscript:

AUV Autonomous Underwater Vehicle
BLDC Brushless DC Motor
CFD Computational Fluid Dynamics
COG Center of Gravity
DOF Degree of Freedom
ESC Electronic Speed Controller
MAE Mean Absolute Error
NRMSE Normalized Root Mean Square Error
PMM Planar Motion Mechanism
PWM Pulse Width Modulation
RMSE Root Mean Square Error

Appendix A

Table A1. Vehicle physical parameters of the three-hull AUV.

Parameter Description Value Unit

L Overall vehicle length 0.7112 m
B Vehicle beam width 0.5136 m
H Vehicle height/depth 0.3439 m
m Vehicle mass 33.64 kg

Umax Maximum forward speed 4 knots
xg Longitudinal center of gravity position 0.0193 m
Iz Yaw moment of inertia kg·m2

ρ Water density 997 kg/m3

θ1 Bow port thruster angle 45◦ deg
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