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Abstract

Remotely operated vehicles (ROVs) typically rely on over-actuated propulsion systems
to achieve precise dynamic positioning and maneuvering in complex underwater envi-
ronments. In practice, however, conventional propulsion management based on thrust
allocation is often challenged by non-ideal actuator behaviors, such as cavitation-induced
thrust degradation, low-speed dead-zone effects, inter-thruster coupling, and partial ac-
tuator failures. Most existing approaches treat propulsion management as a static force
distribution problem and implicitly assume ideal or fast thrust execution, which limits
performance when actuator dynamics and execution uncertainty become significant. To
address these limitations, this paper proposes a control-oriented thruster management
framework that reformulates propulsion management as a feedback regulation problem
rather than a static allocation task. In the proposed framework, actuator dynamics and
thrust execution uncertainty are explicitly incorporated into the control loop. At the actuator
level, thrust degradation and low-speed operation are compensated through disturbance-
aware feedback control, while at the system level an LQI-based controller with thrust
response compensation is employed to coordinate multi-degree-of-freedom (DOF) force
and moment regulation and suppress cross-axis coupling. Fault tolerance is achieved inher-
ently through feedback regulation without relying on explicit fault detection or reallocation.
Experimental results obtained from an ROV propulsion platform, including single-thruster
tests, coupled multi-DOF control, and a thruster shutdown scenario, demonstrate improved
thrust executability, reduced coupling-induced disturbances, and enhanced fault-tolerant
performance compared with conventional direct thrust allocation strategies.

Keywords: remotely operated vehicle (ROV); thruster management; fault-tolerant control

1. Introduction
Dynamic positioning (DP) is a fundamental capability for remotely operated vehicles

(ROVs) [1–4], enabling precise station keeping and trajectory tracking during underwater
inspection, manipulation, and intervention tasks. With the increasing deployment of
ROVs in shallow-water operations, subsea infrastructure inspection, and confined marine
environments, propulsion systems are required to deliver not only accurate force and
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moment control but also strong robustness against actuator nonlinearities, disturbances,
and faults. In practice, modern ROVs are typically equipped with over-actuated propulsion
systems, where redundant thrusters are employed to ensure maneuverability and fault
tolerance across multiple degrees of freedom (DOFs) [5]. In practical marine environments,
ROV propulsion systems are typically implemented using multiple electrically driven
thrusters, such as ducted or tunnel-type propellers optimized for low-speed and high-
thrust operation. These thrusters are commonly arranged in symmetric configurations,
for example with horizontal-plane thrusters generating surge, sway, and yaw forces, and
vertical-plane thrusters providing heave and attitude control. Such configurations are
intentionally designed to be over-actuated in order to enhance maneuverability and fault
tolerance. However, the geometric arrangement and redundancy of thrusters also introduce
strong coupling effects among different degrees of freedom, making reliable force and
moment generation highly dependent on propulsion management strategies, especially
under non-ideal underwater operating conditions.

In conventional DP architectures, the propulsion system is usually organized in a
cascaded manner, consisting of a high-level motion controller and a thruster allocation (TA)
module [6,7]. The TA module maps the commanded forces and moments into individual
thruster commands, commonly formulated as an optimization problem [8]. Existing TA
approaches can be broadly categorized into planning-based methods, such as pseudo-
inverse and quadratic programming, and metaheuristic-based methods, including genetic
algorithms and particle swarm optimization [9–13]. While these approaches offer flexibility
in handling constraints and redundancy, they typically assume that individual thrusters
behave as ideal, fast-response actuators. This assumption becomes increasingly ques-
tionable in real underwater environments, where actuator dynamics, nonlinearities, and
environmental interactions significantly influence thrust executability [14,15].

In the existing literature on ROV propulsion management, research efforts have
predominantly focused on thrust allocation, redundancy resolution, and fault-tolerant
strategies based on diagnosis, reconfiguration, or switching among predefined allocation
schemes. In these approaches, thrusters are commonly modeled as static or weakly dy-
namic force generators, and their dynamic characteristics are typically treated outside the
system-level feedback loop. Consequently, control-oriented formulations that explicitly
incorporate thruster dynamics into feedback regulation remain relatively limited in under-
water robotic applications [16]. By contrast, in many robotic control problems involving
complex actuators, such as robotic manipulators operating under impedance or force con-
trol frameworks, actuator dynamics are routinely accounted for and embedded within
closed-loop control design [17]. This contrast suggests that revisiting ROV propulsion
management from a control-oriented perspective may offer a complementary framework
when thrust execution uncertainty and dynamic effects play a significant role.

Underwater thrusters driven by sensorless field-oriented control (FOC) brushless
motors exhibit several non-ideal characteristics that challenge this assumption. In shallow-
water conditions, cavitation can induce severe and rapidly varying thrust degradation,
leading to large force fluctuations that cannot be effectively compensated by speed control
alone [18]. Moreover, underwater thrusters commonly suffer from low-speed dead-zone
behavior, which restricts the generation of small control forces and degrades fine positioning
performance [19]. These effects are further aggravated by the lack of direct thrust or rotor
position measurements in sensorless drive systems. As a result, thrust commands generated
by conventional TA schemes may not be faithfully executed at the actuator level, causing
noticeable performance degradation at the system level.

Another critical challenge in over-actuated ROV propulsion systems is fault toler-
ance. Thruster faults may occur abruptly due to electrical, mechanical, or environmental
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causes, posing a serious threat to operational safety [20–22]. Many existing fault-tolerant
TA strategies rely on explicit fault detection, isolation, and reconfiguration or repeated
optimization, which increases system complexity and computational burden. For embed-
ded ROV platforms with limited onboard resources, such approaches may compromise
real-time performance and reliability. From a control perspective, there is a strong mo-
tivation to develop propulsion control frameworks that can inherently absorb actuator
degradation and partial failures through feedback regulation, without relying on explicit
fault identification [23].

Motivated by these challenges, this paper reformulates thruster allocation from a static
force distribution problem into a control-oriented thrust management problem, in which
actuator dynamics and coupling effects are explicitly incorporated into the feedback loop.
At the actuator level, cavitation-induced thrust degradation is mitigated by regulating
thrust indirectly through load torque control, supported by an extended state observer
(ESO) that estimates unmeasured load disturbances in real time [24–26]. Low-speed dead-
zone behavior is alleviated by intentional d-axis current injection, which enhances electrical
damping and observability in sensorless FOC drives, thereby extending the stable operating
range of underwater thrusters [27]. At the system level, the over-actuated propulsion
system is treated as a multi-input multi-output (MIMO) dynamic system rather than a
static allocator, and a linear–quadratic–integral (LQI) controller augmented with ESO-based
thrust response compensation is developed to achieve coordinated multi-DOF force and
moment regulation [28–30].

Overall, this paper proposes a control-oriented thruster management framework for
over-actuated ROV propulsion systems that explicitly integrates actuator dynamics into
the feedback control loop. Cavitation-induced thrust degradation in shallow-water opera-
tions is mitigated by regulating thrust indirectly through load torque control supported
by an ESO, enabling robust thrust execution without direct thrust sensing. Low-speed
dead-zone behavior in sensorless underwater thruster drives is alleviated via intentional
d-axis current injection, which enhances electrical damping and observability and extends
the stable operating range toward near-zero speeds. At the system level, thruster allo-
cation is reformulated as a dynamic multi-input multi-output control problem, and a
linear–quadratic–integral controller augmented with ESO-based thrust response compensa-
tion is developed to improve multi-DOF coordination, suppress cross-axis coupling, and
provide inherent fault tolerance under thruster degradation or failure. The effectiveness
of the proposed framework is validated through comprehensive experiments on an ROV
propulsion platform, covering single-thruster behavior, coupled multi-DOF control, and
fault-tolerant operation scenarios.

The remainder of this paper is organized as follows. Section 2 introduces the actuator-
level characteristics of underwater thrusters and the corresponding control strategies.
Section 3 presents the proposed control-oriented thruster management framework and the
associated system-level control design. Section 4 reports the experimental results obtained
under representative operating conditions, including coupled multi-degree-of-freedom
control and fault scenarios. Section 5 provides a detailed discussion and interpretation
of the experimental findings. Finally, Section 6 concludes the paper and outlines future
research directions.

2. Control Strategies for Underwater Thrusters
2.1. Cavitation Effects in Shallow Water

In shallow-water operations, cavitation inevitably causes propellers to ingest surround-
ing air during high-speed rotation, forming complex vortex structures. This phenomenon
not only leads to significant thrust fluctuations but also generates intense noise. Under con-
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stant rotational speed, the thrust output of each propeller exhibits considerable variability.
As rotational speed increases, noise and thrust oscillations become more pronounced, as
shown in Figure 1a. ROVs are typically ballasted to naturally float at the water surface.
However, deviations in initial pitch and roll angles from the nominal state can cause some
propellers to partially emerge from the water, exacerbating cavitation effects. Thrust loss
near the water surface is difficult to quantify, and inconsistencies in thrust generation
among propellers can lead to significant thrust discrepancies, as illustrated in Figure 1b.
This directly causes instability in the ROV’s structure, resulting in fluctuations in its attitude
and position.

(a)

High cavitation region

Low cavitation region

(b)

Figure 1. Cavitation in shallow-water thruster operation: (a) single thruster cavitation near the
surface; (b) ROV stability impact from cavitation-induced thrust loss.

In underwater operations, propellers are driven by brushless motors to generate thrust.
The expressions for thrust and torque are as follows [31]: F = K f ρω2

mD4sgn(ωm)

Tl = Klρω2
mD5sgn(ωm)

(1)

where F (N) denotes the generated thrust, Tl (N·m) represents the hydrodynamic load
torque, K f and Kl are the thrust and torque coefficients, respectively, ρ (kg·m−3) is the fluid
density, D (m) is the propeller diameter, ωm (rpm) denotes the propeller angular velocity,
and sgn(·) is the sign function indicating the rotation direction.

Load integral compensation is employed as a velocity feedforward compensation term
to address the thrust loss caused by cavitation. An inherent correlation exists between load
torque and velocity control: compensating the velocity control loop using load torque can
reduce the order of the velocity control loop. Based on the idea of optimizing the velocity
control loop into a first-order inertial element, a proportional–integral (PI) controller can
be introduced to directly regulate the load torque, thereby significantly improving the
robustness of the system.

A second-order extended state observer (ESO) is designed for load torque estimation,
with its operating principle given by [32]: ˙̂ωm = J−1(Te − T̂l − bmω̂m

)
+ λ1 êω

˙̂Tl = Jλ2 êω

(2)

where ω̂m denotes the estimated rotor speed, J is the rotor inertia, Te is the electromagnetic
torque, bm is the viscous damping coefficient, T̂l is the estimated load torque, êω represents
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the speed estimation error, and λ1, λ2 are the observer gains of the ESO. The convergence
of the proposed ESO is based on the standard assumption that the load disturbance varies
slowly, for example, |Ṫl | ≤ ε1; here, ε1 is an unknown yet finite positive constant. Under
this assumption, the ESO is stable and the estimation error is bounded. The speed control
loop controller is designed via load torque compensation and order reduction of the speed
control loop, with its specific implementation given by

eω = ω∗
m − ωm

i∗q = kpωeω +
T̂l

1.5pn φflux

(3)

where eω denotes the speed tracking error, i∗q is the q-axis current reference, kpω is the
proportional gain of the speed loop, pn is the number of pole pairs, and φflux is the flux
linkage constant. Based on Equations (1)–(3), the control law for load torque control
is designed:  el = T∗

l − T̂l

ω∗
m = kplel +

∫
kileldt

(4)

where el is the load torque error; T∗
l is the load torque reference; and kpl and kil represent

the PI loop parameters.
The load torque control loop is constructed using load torque information, and the

load torque is used to compensate the speed loop. The control block diagram is shown in
Figure 2:

Flux
observer

Three‐Phase 
Current

Speed Controller Current Controller

Rotor Angle

Q‐axis 
Current 
Command 

Electrical 
Constants

ESO Observer

Rotor Speed
Mechanical 
Constant

Load Torque 
Controller

Speed 
Command

Load Torque 

Load 
Torque 
Command

Thrust and Load 
Torque 

Conversion

Q‐axis 
Current

Figure 2. Block diagram of the load-torque-based thruster control.

2.2. Injection of D-Axis Current Method

Sensorless field-oriented control (FOC) is widely adopted in underwater thrusters due
to its hardware simplicity and reliability. However, sensorless schemes generally suffer
from degraded performance at low rotational speeds, where current signals become weak
and highly susceptible to noise, making accurate rotor position estimation difficult. In
ROV operations, this limitation is further exacerbated by the dead-zone characteristics of
underwater thrusters, which restrict the generation of effective thrust at low speeds and
hinder fine attitude and position adjustments.

For surface-mounted PMSM without salient pole characteristics, conventional FOC
strategies typically set the d-axis current to zero to achieve maximum torque per ampere
(MTPA). Under low-speed conditions, the required q-axis current is small, resulting in
a low signal-to-noise ratio for electrical angle estimation. Consequently, the estimated
reference frame often lags behind the actual rotor reference frame, as illustrated in Figure 3.
This phase lag directly affects electromagnetic torque generation and may lead to torque
attenuation or oscillatory behavior.
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Rotor



Positive 
torque

Negative torque

q

q̂

d

Figure 3. D-axis current injection in sensorless FOC.

Considering the phase deviation between the estimated and actual reference frames,
the electromagnetic torque can be expressed as [27]

Te = 1.5 ∗ pn ∗ φflux(îq cos(∆θ) + îd sin(∆θ)) (5)

where îd and îq are the estimated d-axis and q-axis currents, and ∆θ denotes the phase
estimation error. When the nonlinear flux observer converges and the phase deviation
varies slowly, higher-order nonlinear terms can be neglected, allowing a simplified low-
speed dynamic model to be derived. Under these conditions, the resulting system dynamics
exhibit reduced damping, which contributes to the observed dead-zone behavior.

To alleviate this limitation, a controlled d-axis current is intentionally injected at low
rotational speeds. Rather than aiming to increase torque output directly, the injected d-axis
current modifies the effective damping characteristics of the motor drive and enhances
the observability of the electrical states. This improves the robustness of rotor position
estimation and stabilizes electromagnetic torque generation near zero speed.

It is important to note that the role of d-axis current injection in this work is not to claim
an inherent improvement in torque efficiency, but to mitigate the dead-zone phenomenon
that limits the executability of small control commands. By providing sufficient electrical
excitation and damping, the proposed method establishes a necessary actuator-level condi-
tion for stable low-speed thrust regulation. The effectiveness of this approach is further
examined through experimental results in Section 4.2.

It should be noted that the purpose of the d-axis current injection in this work is to
enhance system observability and stability under low-speed operating conditions, where
back-EMF is insufficient for reliable sensorless estimation. In medium- and high-speed
regimes, the proposed control framework does not require d-axis current injection, and the
injected current can be reduced or eliminated accordingly. It is acknowledged that d-axis
current injection introduces additional copper losses and may lead to increased thermal
stress; however, this trade-off is inherent to sensorless low-speed operation and is justified
by the significant improvement in thrust stability and controllability in near-zero-speed
conditions. In practical implementation, the injection magnitude is limited to a small range
and activated only when low-speed operation is detected.

3. Fault-Tolerant Thruster System
3.1. ROV Thruster Configuration

The thrust of an ROV is generated by multiple thrusters, and their configuration
determines the thrust and torque each thruster produces. Take an ROV with eight thrusters
in a six-degree-of-freedom configuration as an example; the thrusters are distributed across
vertical and horizontal planes. A coordinate system is established with the ROV’s center of
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mass as the origin, as shown in Figure 4. To facilitate subsequent modeling of force and
moment synthesis, the geometric parameters and installation angles of all thrusters are
explicitly summarized in Table 1.

O

Z

Y

X

Roll

Pitch

Yaw

(a)

T5 T6

T7T8

T1 T2

T3T4

Red dashed: 
horizontal thrusters 

(T1–T4)

Blue dashed: 
vertical thrusters 

(T5–T8)

(b)

Figure 4. Thruster configuration for ROV: (a) 6-DOF motion; (b) 8-thruster layout.

Table 1. Thruster Layout Parameters of the ROV.

Index x (mm) y (mm) z (mm) Deviation
Angle

T1 120 −120 130 ox axis 45°
T2 120 120 130 ox axis 45°
T3 −120 120 130 ox axis 45°
T4 −120 −120 130 ox axis 45°
T5 220 −200 0 ox axis 45°
T6 220 200 0 ox axis 45°
T7 −220 200 0 ox axis 45°
T8 −220 −200 0 ox axis 45°

The above configuration divides the thrusters into two functional groups: the horizon-
tal thrusters (T1–T4) primarily generate surge and sway forces, as well as the yaw moment,
while the vertical thrusters (T5–T8) mainly produce the heave force, roll moment, and pitch
moment. The total generalized forces and moments acting on the ROV are synthesized by
the combined action of all thrusters.

Let Fi (i = 1, . . . , 8) denote the thrust generated by the i-th thruster, and define the thrust
vector as F = [F1, F2, . . . , F8]

T and the thrust command vector as F∗ = [F∗
1 , F∗

2 , . . . , F∗
8 ]

T. The
resultant body-fixed forces and moments are assembled into the generalized force vector as
τ = [Fx, Fy, N, Fz, K, M]T ; here, Fx, Fy and Fz represent the surge, sway and heave forces,
respectively, and K, M and N denote the roll, pitch and yaw moments about the body-fixed
frame origin, respectively.
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For the horizontal thrusters, their generated forces are first expressed in a thruster-
axis-aligned coordinate frame considering the mounting angle θ. The intermediate forces
and yaw moment derived from the horizontal thrusters are given by

Fθx

Fθy

N

 = Bh


F1

F2

F3

F4

, Bh =

 0 1 0 1
1 0 1 0
αz −αz −αz αz

 (6)

These intermediate force components are then transformed into the body-fixed frame
via the coordinate transformation matrix as follows:[

Fx

Fy

]
= T(θ)

[
Fθx

Fθy

]
, T(θ) =

[
sin θ sin θ

− cos θ cos θ

]
(7)

For the vertical thrusters, the direct mapping relationship between their thrust and the
resultant body-fixed force/moment is written asFz

K
M

 = Bv


F5

F6

F7

F8

, Bv =

 1 1 1 1
−αx αx αx −αx

−αy −αy αy αy

 (8)

Here, θ denotes the mounting angle between the horizontal thruster axes and the body
x-axis; αx = l3, αy = l4 and αz = l1 sin θ + l2 cos θ represent the moment arms relative to
the vehicle’s center of mass; and l1, l2, l3, l4 are the installation distances listed in Table 1.

Based on this observation, the control-oriented thruster management framework is
developed and analyzed primarily in the horizontal plane. This allows the essential charac-
teristics of thrust allocation, actuator dynamics, coupling effects, and fault tolerance to be
examined without loss of generality. The same modeling and control design procedure can
be directly extended to the vertical plane by redefining the corresponding force and mo-
ment vectors, system matrices, and control objectives. Therefore, focusing on the horizontal
plane in this study represents a reasonable simplification that preserves the generality of the
proposed method while reducing unnecessary notational and computational complexity.

3.2. Thruster Feedback System Design

In over-actuated ROV propulsion systems, multiple thrusters jointly contribute to
force and moment generation across all degrees of freedom. This configuration inherently
introduces strong coupling effects, where a single thruster may influence multiple motion
axes and multiple thrusters may simultaneously affect a single degree of freedom. Under
such conditions, designing independent single-input single-output controllers often leads
to cross-axis interference and degraded overall performance.

From a control-oriented perspective, the propulsion system can be regarded as a
multi-input multi-output (MIMO) system with uncertain actuator dynamics. Thruster
performance variations, parameter uncertainties, and potential faults further complicate the
control problem. Instead of relying on explicit fault detection or reallocation strategies, this
work aims to achieve inherent fault tolerance through feedback regulation by integrating
thruster dynamics into the control loop. The framework for feedback system design is
shown in Figure 5:
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Figure 5. Over-actuated ROV thrust-torque feedback control architecture.

Using a conventional Single-Input Single-Output (SISO) controller design may be
subject to interference from other control objectives. For example, in the case of torque
control, the coupling situation is shown in Figure 6:

Yaw Moment 
Control

Propulsion 

System

 X‐axis 
disturbance

*N

 Y‐axis 
disturbanceN




Figure 6. Control coupling in the propulsion system.

The coupling in the propulsion system arises from input coupling, where multiple
thrusters control a single degree of freedom, and a single thruster may affect multiple
degrees of freedom. Designing independent controllers for each degree of freedom can
lead to interactions during actual thrust/torque responses. LQI control can balance system
sensitivity and stability by tuning Q and R values, making it effective for multivariable
systems. However, if model parameters are uncertain, the feedback coefficients calculated
by LQI may mismatch the system, causing significant discrepancies in thruster response
parameters. Therefore, when designing a six-degree-of-freedom controller using LQI, it is
necessary to determine the thrust response model parameters of individual thrusters. As
analyzed in Section 2, the thrust response of thrusters can be categorized into torque mode
or speed mode, and the thrust response parameters are influenced by motor parameters,
load, and controller settings. To facilitate the system-level LQI formulation, the thrust
response is expressed in an equivalent form by explicitly separating the nominal dynamics
and the uncertainty/disturbance terms [33]. This modeling strategy follows the common
disturbance-lumping philosophy widely adopted in disturbance observer (DOB) and
active disturbance rejection control (ADRC) frameworks, where parameter uncertainties
and unmodeled dynamics are aggregated into an equivalent disturbance for estimation
and compensation.

Accordingly, the thrust dynamics of each thruster is rewritten as
Ḟi =

1
Tw + ∆Ti

w
F∗

i − 1
Tw + ∆Ti

w
Fi =

1
Tw

F∗
i − 1

Tw
Fi + ∆i

w

∆i
w =

( 1
Tw + ∆Ti

w
− 1

Tw

)
(F∗

i − Fi)
(9)

where Fi is the actual thrust of the i-th thruster, F∗
i is its commanded thrust, Tw denotes

the nominal thrust time constant, ∆Ti
w is the time constant uncertainty of the i-th thruster,

and ∆i
w represents the aggregated disturbance induced by the thrust dynamic model

uncertainties.
Taking the horizontal plane as an example, the differential equations relating to the

thrust and resultant moment of the ROV in the horizontal plane are derived on the basis of
Equation (9), as given by

Ḣ = AH + BF∗
h + D(F∗

h − Fh) (10)
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where the state matrix A, control matrix B and disturbance matrix D are defined as follows:

A = − 1
Tw

I3, B =


0

1
Tw

0
1

Tw
1

Tw
0

1
Tw

0
αz

Tw
− αz

Tw
− αz

Tw

αz

Tw

, D =



− ∆T1
w

(Tw + ∆T1
w)Tw

− ∆T2
w

(Tw + ∆T2
w)Tw

− ∆T3
w

(Tw + ∆T3
w)Tw

− ∆T4
w

(Tw + ∆T4
w)Tw


(11)

and H = [Fθx, Fθy, N]T denotes the vector of generalized forces and yaw moment in the
thruster-axis-aligned coordinate frame for the horizontal plane, with F∗

h = [F∗
1 , F∗

2 , F∗
3 , F∗

4 ]
T

and Fh = [F1, F2, F3, F4]
T being the commanded and actual thrust vectors of the horizontal

thrusters, respectively.
In Equation (10), the term D(F∗ − F) represents the lumped disturbance induced

by the thrust dynamic uncertainties of individual thrusters. The greater the discrepancy
in the time-constant uncertainties among the horizontal thrusters, the more significant
this lumped disturbance becomes. It is noted that if all thrusters exhibit identical and
well-matched dynamic characteristics, the propulsion system would naturally possess
response consistency, and the use of an observer-based compensation would be unnecessary.
However, the objective of this work is not limited to a specific, well-calibrated propulsion
configuration, but rather to develop a control-oriented thrust management framework
that remains applicable across different platforms and operating conditions. In practical
ROV systems, achieving perfectly matched thruster dynamics typically requires extensive
per-thruster tuning, such as individual adjustment of inner current loops, speed loops, or
gain scheduling, and may further depend on thruster model variations, aging effects, and
installation differences. By introducing an ESO to estimate and compensate the aggregated
disturbance arising from these factors, the proposed framework avoids thruster-specific
retuning and enhances its generality and portability, making it more suitable for practical
deployment in heterogeneous propulsion systems [25]. Therefore, an ESO for individual
thruster thrust response is needed to compensate for the disturbance term in Equation (9),
as follows: 

ei
f̂
= Fi − F̂i

˙̂∆i
w = β2ei

f̂
˙̂Fi =

1
Tw

F∗
i + ∆̂i

w + β1ei
f̂

(12)

where ei
f̂

is the estimated thrust error, F̂i is the estimated thrust, ∆̂w,i is the disturbance

estimate, and β1, β2 are ESO gains. The convergence of the associated ESO assumes that
this equivalent disturbance evolves slowly, namely, |∆̇i

w| ≤ ε2, with ε2 denoting a bounded
constant, under which the corresponding ESO is stable and the estimation error remains
bounded. The form of the designed thrust controller is shown as follows: ei

f = F∗
i − Fi

ui
f = k f

pei
f − Tw∆̂i

w
(13)

where ei
f denotes the thrust tracking error; ui

f is the thrust control input; and k f
p is the

proportional gain. The control block diagram is shown in Figure 7:
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Figure 7. ESO-based thrust compensation architecture per thruster.

Regarding the tuning of the ESO parameters for thrust response compensation, it is
noted that the observer bandwidth involves an inherent trade-off between responsiveness
and robustness. Higher ESO gains improve disturbance estimation speed and sensitivity,
which is beneficial for compensating thrust response discrepancies; however, excessively
large gains amplify measurement noise and may introduce oscillations or degrade closed-
loop stability. Conversely, lower ESO gains enhance noise robustness and stability margins
but result in slower disturbance estimation and reduced compensation effectiveness. In
practice, the ESO gains are commonly selected using pole placement or bandwidth-based
tuning strategies, where the observer dynamics are shaped as a second-order system by
specifying the desired natural frequency and damping ratio. Such tuning approaches
are well established in the ESO and disturbance-observer literature and are therefore not
repeated here. In this work, the ESO gains are selected to balance estimation responsiveness
and noise sensitivity, ensuring stable operation while providing sufficient disturbance
compensation within the bandwidth of the thrust dynamics.

By utilizing ESO, the thruster’s inertial constant consistency is achieved, and an
integral term is incorporated. Introducing an integral term, namely designing a LQI
controller, can eliminate the system’s steady-state error. The augmented form is presented
as follows:

Ḣext = AextHext + BextF∗
h + Eext[03∗1, H∗]T (14)

where Hext is the augmented state vector including integral states, H∗ = [F∗
θx, F∗

θy, N∗]T is
the horizontal command vector, and the matrix Aext, Bext and Eext are defined as follows:

Aext =

 A 03∗3

−I3 03∗3

, Bext =

 B

03∗4


Eext =

03∗1

13∗1

, Hext =

H

Z

, Ż = H∗ − H

(15)

where Z represents the integral states.
By leveraging the LQI algorithm, the optimal state feedback coefficients are obtained

in the following form [30]:

min
F∗=−KHext

Jcost =
1
2

∫
fT

extQfext + F∗
h

TRF∗
hdt (16)
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Here, Jcost represents the performance function. By using the Riccati equation, the
optimal feedback matrix can be obtained, as shown below: AT

extP + PAext − PBT
extR−1BT

extP + Q = 06∗6

K = R−1BT
extP

(17)

where Q and R are weighting matrices, P is the Riccati solution, and K is the optimal
feedback gain. Considering the thruster failure, matrix Bext will mismatch. From the
perspective of a single-degree-of-freedom analysis, the LQI scheme reduces to PI control and
exhibits a certain degree of disturbance-rejection capability, however, owing to parameter
mismatch, the resulting PI controller parameters are no longer optimal.

From a control perspective, this formulation transforms thruster allocation from a
static mapping problem into a dynamic feedback regulation problem, where coupling,
parameter uncertainty, and thrust degradation can be systematically compensated within
the control loop.

3.3. Quantitative Performance Metrics

To objectively evaluate the proposed ESO compensation and the LQI-based thrust
allocation strategy, quantitative performance indices are defined for three scenarios, namely
thrust dynamic compensation (ESO), normal step tracking with coupling suppression (LQI
normal), and post-fault tolerant control (LQI fault). All metrics are computed over a short
data segment immediately after each step or fault trigger.

3.3.1. ESO Compensation Metrics

The effectiveness of ESO is evaluated by measuring the consistency between the actual
thrust dynamics and the nominal model:

NRMSEnom =
∥Fi − Fnom∥2

∥Fnom∥2

∆t63.2 = t63.2%
i − t63.2%

nom

σss = std(Fi)

(18)

where NRMSEnom quantifies nominal-model matching accuracy, ∆t63.2 measures the time-
constant deviation, σss reflects steady-state noise, Fnom(t) is the output of the nominal first-
order reference model, t63.2%,i and t63.2%,nom represent the 63.2% rise time of the measured
and nominal responses, respectively, σss is the steady-state standard deviation, and std(·)
denotes the standard deviation operator.

3.3.2. Normal Operation Metrics

During normal step commands, both tracking accuracy and coupling suppression are
considered: 

Estep
Fθx

= RMS
(

Fθx − F∗
θx
)

Istep
Fθy

= max
∣∣Fθy − F̄θy,pre

∣∣
Istep
N = max

∣∣N − N̄pre
∣∣ (19)

where Estep
Fx evaluates tracking performance, Istep

Fy and Istep
N represent transient coupling

impacts on non-commanded degrees of freedom, RMS(·) denotes the root-mean-square
operator, F̄θy,pre and N̄pre represent the mean values of the corresponding signals in a short
time window immediately before the step input.
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3.3.3. Fault-Tolerant Metrics

After thruster failure, the controller capability is assessed using
E f ault

Fx = RMS
(

Fθx − F∗
θx
)

C f ault
Fθy

= RMS
(

Fθy
)

C f ault
N = RMS(N)

(20)

These indices quantify post-fault tracking capability and stability of the remaining
degrees of freedom.

4. Experimental Section
The experimental studies are designed to evaluate the proposed thruster management

framework under representative underwater operating conditions. The experiments are or-
ganized progressively, starting from single-thruster behavior and extending to multi-DOF
system-level control and fault scenarios. This structure allows the influence of cavita-
tion, low-speed nonlinearity, coupling effects, and thruster failures to be examined in a
systematic manner. The hardware scheme is illustrated in Figure 8:

Motor Driver 
Chip

Thrust Control 
Chip

Thruster

NVIDIA Jetson Nano 
Host Computer

Figure 8. Hardware Scheme for Propulsion System.

The STM32F103VET6 is adopted as the main control chip, the B-G431-ESC1 as the
thruster driver chip, and the Cehai Technology T60-30 thruster is employed. The parameters
of the thruster are listed in Table 2.

Table 2. Electrical Parameter Table.

Parameter Name Parameter Value

Resistance 0.413 Ω
Inductance 7.50 × 10−2 mH

Flux Linkage Constant 0.003 Wb
Moment of Inertia 2.07 × 10−6 Kg·m2

Number of Pole Pairs 7
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4.1. Cavitation Effects and Load Control
4.1.1. Load Torque Observation

Using Equation (2), a load torque observer is designed, and its parameters are selected
based on a second-order observer configuration, with the natural frequency set to 200 and
the damping ratio chosen as 1, namely, λ1 = 400 and λ2 = 40, 000; the control frequency is
set to 1 kHz (unless otherwise specified in subsequent experiments, this frequency is used
as the default). The observation results are as shown in Figure 9:

(a) (b)

Figure 9. ESO-based Load torque observation under cavitation: (a) measured and estimated rotor
speed; (b) electromagnetic torque and observed load torque.

The rotational speed range of the thruster is 900 rpm to 4000 rpm. As observed in
Figure 9, a cavitation-like effect occurs in the high-speed region, resulting in simultaneous
pulsations of rotational speed and electromagnetic torque. At the first and third rotational
speed peaks, the load torque observed by the introduced ESO indicates that the intense
cavitation-like effect directly causes a sharp drop in both electromagnetic torque and
load torque. At this point, the thruster loses significant thrust and thus enters a thrust
oscillation state.

4.1.2. Load Torque Control

Using Equation (4), a PI controller is used to control the load torque, and its control
parameters are as follows: kpl = 10, 000 and kil = 50, 000. The control results are as shown
in Figure 10:

At a propeller speed of 3500 rpm, analysis of Figure 10a,b reveals two cavitation
peaks that induce severe oscillations in rotor speed, electromagnetic torque, and load
torque. In Figure 10a, where load torque feedback is not implemented, the rotor speed
remains generally stable, except during the periods impacted by the cavitation peaks.
However, due to air gap effects, the periods impacted by the cavitation peaks exhibit
significant fluctuations. In contrast, Figure 10b incorporates a feedback mechanism, thereby
ensuring the overall stability of the electromagnetic and load torques. Even when cavitation
peak impacts occur, the system can promptly adjust the rotor speed to maintain load
torque stability.
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(a) (b)

Figure 10. Thruster control performance under cavitation: (a) speed control without load torque
feedback; (b) load torque control with ESO-based compensation.

At low rotational speeds where cavitation does not occur, the results are as shown in
Figure 11:

(a) (b)

Figure 11. Thruster control performance without cavitation: (a) speed-controlled mode; (b) load-
torque-controlled mode.

Analyzing Figure 11a,b: at low rotational speeds where cavitation does not occur, when
rotational speed is controlled, load fluctuation is observed; when the load is controlled,
rotational speed fluctuation is observed.

4.2. Active Damping Control by Injecting D-Axis Current

When no current is injected, the rotational speed dead zone of the thruster is around
400 rpm, and the experimental results are shown in Figure 12:
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(a) (b)

Figure 12. Low-speed performance without d-axis current injection: (a) rotor speed; (b) d-axis and
q-axis current.

Using Equation (5), after injecting 0.5 A of current into the d-axis, the experimental
results are as shown in Figure 13:

(a) (b)

Figure 13. Low-speed performance with d-axis current injection: (a) rotor speed; (b) d-axis and
q-axis current.

In the aforementioned experiments, when the rotational speed is below 500 rpm, 0.5 A
of current is injected into the d-axis. The thruster exhibits a certain degree of speed ripple
initially, after which the rotational speed converges stably. Even when the speed command
is 300 rpm (within the original dead zone), the thruster still maintains a steady state.
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At low rotational speeds, the performance of current injection is as shown in
Figure 14:

(a) (b)

Figure 14. Ultra-low-speed with d-axis current injection: (a) speed tracking at 50–100 rpm; (b) corre-
sponding current responses.

During the process of the speed command changing from 100 rpm to 50 rpm, the
thruster can maintain stability, with the rotational speed fluctuating around 10 rpm.

4.3. LQI-ESO Control

First, the compensation effect of the ESO is evaluated. After introducing the ESO, the
response of the actual model will approach the nominal model; in this experiment, the
nominal model is set as Gn(s) = 1

0.25s+1 . The control frequency is set at 100 Hz. Using
Equations (12) and (13), the ESO parameters are selected based on a second-order observer
configuration, with the natural frequency set to 10 and the damping ratio chosen as 1,
namely, β1 = 20 and β2 = 100. This conservative tuning ensures stable disturbance
estimation while avoiding excessive noise amplification in practical experiments. When
the speed loop gain kpω = 0.0001, its thrust response is close to that of the nominal model.
Under this condition, with the addition of ESO compensation, the model results are as
shown in Figure 15.

The direct response is basically consistent with the ESO-compensated response and
close to the nominal model.

When the speed loop gain kpω = 0.00005, the results of the direct response and the
ESO-compensated model are as shown in Figure 16.

The direct response lags behind the nominal model, while the ESO-compensated
model can compensate for the deviation and approximate the nominal model.

When the speed loop gain kpω = 0.0002, the results of the direct response and the
ESO-compensated model are as shown in Figure 17.
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(a) (b)

Figure 15. Thrust response comparison with and without ESO compensation (kpω = 0.0001):
(a) direct thrust response; (b) ESO-compensated response.

(a) (b)

Figure 16. Thrust response comparison with and without ESO compensation (kpω = 0.00005):
(a) direct thrust response; (b) ESO-compensated response.

The direct response leads the nominal model, while the ESO-compensated model
can still compensate for the deviation and approximate the nominal model. However,
after entering the steady state, a certain degree of noise is introduced. To quantitatively
evaluate the effectiveness of ESO compensation under different speed-loop gains, Table 3
summarizes the normalized tracking performance of both direct and ESO-compensated
responses, where the performance index reflects the closeness to the nominal model.
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(a) (b)

Figure 17. Thrust response comparison with and without ESO compensation (kpω = 0.0002):
(a) direct thrust response; (b) ESO-compensated response.

Table 3. ESO Compensation Performance with Quantitative Indices.

kpω Method NRMSEnom ↓ ∆t63.2 (s) ↓ σss ↓
0.00010 Direct 0.0161 0.0000 2.7624

ESO 0.0329 0.0556 3.2178

0.00020 Direct 0.1095 −0.1111 1.8574
ESO 0.0279 0.0556 3.1081

0.00005 Direct 0.1222 0.1944 3.5618
ESO 0.0554 0.0833 3.5962

As shown in Table 3, ESO improves the consistency between the actual thrust and the
nominal model. In particular, when kpω = 2 × 10−4, the nominal mismatch NRMSEnom is
significantly reduced. Meanwhile, the time constant deviation becomes more stable, indi-
cating improved dynamic behavior. A slight increase in σss is observed due to bandwidth
enhancement, revealing the expected noise–performance trade-off.

Using Equations (16) and (17), two sets of parameters are designed to compare the
performance of the LQI controller, as shown in Figure 18:

(a) (b) (c)

Figure 18. Cont.
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(d) (e) (f)

Figure 18. Thrust and torque responses under different LQI weighting matrices (Q = 100I3):
(a–c) Fx responses with R = 5I4, R = 25I4, and R = 125I4; (d–f) corresponding Fy and yaw mo-
ment responses.

To further analyze the trade-off between response speed and coupling suppres-
sion, Table 4 qualitatively summarizes the system behavior under different LQI damping
coefficients.

Table 4. LQI Response and Interference Suppression under Different Damping Coefficients.

R RMS(Fx − Fx,re f ) ↓ IFy ↓ IN ↓
5 11.8818 0.3175 0.1225

25 13.0916 0.2267 0.0511
125 16.8178 0.1219 0.0317

The comparison results with direct allocation are as shown in Figure 19:

(a) (b)

Figure 19. Comparison between LQI control and direct allocation for surge force tracking (Fx):
(a) LQI-based control; (b) direct thrust allocation.

For the Fx, the introduction of LQI control results in slight delays and overshoot in
the overall control performance. The direct allocation acts as a feedforward term and
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outperforms LQI control under the single-DOF condition. However, the propulsion system
is a coupled system. For the Fy and N cases, the results are as shown in Figure 20:

(a) (b)

Figure 20. Comparison between LQI control and direct allocation under coupled conditions: (a) Fy

and yaw moment responses using LQI control; (b) responses using direct allocation.

Under the allocation strategy, the Fy and N are disturbed by the Fx, while the LQI
control can suppress the interference to a great extent. The data analysis is shown in the
following Table 5:

Table 5. LQI Normal-Operation Performance under Step Commands.

Edge Strategy RMS(Fx − Fx,re f ) ↓ IFy ↓ IN ↓
Up LQI 14.6511 0.1401 0.0344

Direct 9.7208 0.3199 0.0849

Down LQI 14.4151 0.1424 0.0378
Direct 8.7195 1.2924 0.1735

Table 5 reports the normal-operation performance under step commands.
The experimental results of fault-tolerant control are as shown in Figure 21.
In the fault-tolerant control experiment, after the propulsion system operates stably

for a period of time, the T1 thruster is shut down. At this point, the system remains
in a controllable state. However, since the direct allocation strategy lacks fault-tolerant
capability, the system fails to track the command, and all degrees of freedom are affected. In
contrast, the LQI control can continue to track the command through feedback adjustment.
For the Fy and N cases, the results are as shown in Figure 22.

To summarize the fault-tolerant behavior under thruster failure in a concise manner,
Table 6 compares the system-level responses of different control strategies.

Table 6 evaluates the post-fault behavior. After thruster failure, the direct allocation
rapidly loses controllability, resulting in large tracking errors and strong oscillations.
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(a) (b)

Figure 21. Fault-tolerant performance under T1 thruster failure: (a) Fx response using LQI control;
(b) Fx response using direct allocation.

(a) (b)

Figure 22. Coupled DOF responses under T1 thruster failure: (a) Fy and yaw moment responses
using LQI control; (b) responses using direct allocation.

Table 6. LQI Fault-Tolerant Performance.

Strategy RMS(Fx − Fx,re f ) ↓ RMS(Fy) ↓ RMS(N) ↓
LQI 1.9789 1.9756 0.9501

Direct 7.4437 7.4431 1.7861

5. Discussion
This section provides a consolidated interpretation of the experimental observations

reported in Section 4. Rather than repeating the numerical results, the discussion focuses
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on clarifying how the measured behaviors reflect the effectiveness and limitations of the
proposed control-oriented thruster management framework.

5.1. Cavitation Compensation at the Actuator Level

The load torque observation results in Figure 9 demonstrate that cavitation at high
rotational speeds introduces simultaneous pulsations in rotor speed, electromagnetic torque,
and load torque. The ESO-estimated load torque closely follows these rapid variations,
indicating that the observer can capture the dominant disturbance dynamics.

As shown in Figures 10 and 11, after introducing load torque control, load torque
stability is maintained at the expense of rotor speed stability, thereby preserving thrust
stability. However, under the influence of external interference, the system cannot generally
maintain stable operation. Meanwhile, under shallow water conditions, rotor speed stability
and load torque stability cannot be achieved simultaneously. Pursuing rotor speed stability
necessitates sacrificing load torque stability, and conversely, pursuing load torque stability
requires sacrificing rotor speed stability.

These results confirm that the proposed load-torque-based control effectively sup-
presses cavitation-induced thrust fluctuations, thereby providing a stable and reliable thrust
response for higher-level control.

5.2. Low-Speed Dead-Zone Mitigation via D-Axis Injection

The low-speed experiments further reveal a clear dead-zone phenomenon when no
d-axis current is injected. As shown in Figure 12, the thruster stalls or exhibits severe
chattering when the command is below approximately 400 rpm, accompanied by large
current spikes.

After injecting 0.5 A on the d-axis, Figure 13 shows that the rotor speed converges to a
stable value even for commands within the original dead-zone region. At ultra-low speeds
(50–100 rpm), Figure 14 demonstrates that the thruster remains controllable with limited
speed fluctuation.

These results indicate that d-axis current injection effectively restores controllability
and stabilizes torque generation at low speeds. Rather than improving efficiency, the
injection mainly enhances observability and damping, thereby enabling reliable small-
thrust execution that is otherwise unattainable with conventional sensorless control.

5.3. ESO-Based Thrust Dynamics Equalization

The effectiveness of ESO compensation on thrust dynamics is illustrated in
Figures 15–17. When the nominal response is already matched (Figure 15), ESO com-
pensation produces little change. However, when the system exhibits lagging or leading
behavior (Figures 16 and 17), the compensated responses move closer to the nominal model.

The quantitative comparison in Table 3 confirms this trend across different speed-loop
gains. In all cases, the ESO reduces deviation from the nominal response, although slight
steady-state noise appears at high gains.

This evidence suggests that ESO compensation improves the consistency of indi-
vidual thruster dynamics, which is beneficial for higher-level coordinated control where
mismatched time constants would otherwise introduce coupling disturbances.

5.4. System-Level Coupling Suppression with LQI Control

System-level experiments highlight the difference between direct allocation and
feedback-based coordination. For single-DOF surge tracking, Figure 19 shows that di-
rect allocation achieves slightly faster responses, whereas LQI introduces mild delay and
overshoot. However, under coupled conditions, Figure 20 indicates that direct allocation
causes significant disturbances on Fy and yaw moment N when Fx changes.
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In contrast, the LQI controller substantially suppresses cross-axis interference. This
behavior is quantitatively supported by Table 5, where the fluctuation and variance of Fy

and N are markedly reduced.
The weighting study in Figure 18 and Table 4 further reveals the expected trade-

off between response speed and damping: smaller R values yield faster but oscillatory
responses, while larger R values improve decoupling and smoothness.

Overall, these results demonstrate that incorporating a MIMO feedback structure
provides improved coordination and disturbance rejection compared with purely feedfor-
ward allocation.

5.5. Fault-Tolerant Characteristics

Fault scenarios in Figures 21 and 22 show that, after disabling thruster T1, direct
allocation fails to maintain tracking and induces large deviations in all DOFs. By contrast,
the LQI-based controller preserves stable responses and continues to track commands
through feedback adjustment.

Table 6 summarizes this difference, indicating that the feedback-based strategy retains
controllability without explicit fault reconfiguration.

This behavior suggests that the proposed framework achieves inherent fault tolerance
by absorbing actuator loss within the closed-loop regulation, which reduces reliance on
additional fault-detection or reallocation mechanisms.

5.6. Overall Implications

Across all experiments, the results consistently show that explicitly incorporating
actuator dynamics into the control loop improves thrust stability, low-speed executability,
coupling suppression, and robustness to failures. These properties are not simultaneously
achieved by conventional speed control or direct thrust allocation, highlighting the practical
benefits of the proposed control-oriented thruster management formulation.

6. Conclusions
This paper presented a control-oriented thruster management framework for ROV

propulsion systems by integrating actuator-level load-torque compensation with system-
level LQI coordination. The effectiveness of the proposed design is validated through
comprehensive experiments at both the single-thruster and multi-thruster levels.

Quantitatively, the ESO-based load-torque regulation significantly suppresses cavitation-
induced thrust fluctuations and improves dynamic consistency among thrusters, reducing
the deviation from the nominal response under different speed-loop gains, as summarized
in Table 3. At low speeds, the proposed d-axis current injection eliminates the dead-zone
phenomenon and enables stable small-thrust generation, thereby restoring controllability
in the near-zero-speed region. At the system level, the LQI controller explicitly accounts for
multi-axis coupling and reduces cross-axis interference compared with direct allocation,
with the interference indices markedly decreased (Table 5). Furthermore, under single-
thruster fault conditions, the closed-loop strategy maintains bounded RMS tracking errors
for all DOFs, whereas the open-loop allocation fails to preserve stable tracking performance
(Table 6).

These improvements enhance thrust stability, low-speed maneuverability, and inherent
fault tolerance, which are critical for practical ROV operations in confined, disturbance-
prone, or safety-sensitive underwater environments. Compared with conventional static
allocation approaches, the proposed framework provides a unified feedback solution that
incorporates actuator dynamics and coupling effects into the control loop, resulting in
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improved robustness, coordination, and deployment reliability for over-actuated propul-
sion systems.

Future work will focus on further enhancing the control-oriented framework from
both actuator and system levels. In particular, we plan to investigate identification and
adaptation strategies under actuator faults and model mismatch, enabling online estima-
tion of degraded thruster dynamics to improve robustness and fault accommodation. In
addition, the dynamic characteristics introduced by the LQI-based regulation, such as
closed-loop lag and bandwidth limitations, will be explicitly considered in the upper-level
motion control design to achieve better coordination between propulsion control and
high-level trajectory tracking. These directions aim to further strengthen the adaptabil-
ity and real-world applicability of the proposed framework in complex and uncertain
underwater environments.
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