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1 Introduction
With the deepening of the ocean development strategy,

As an important equipment for Marine resource development and environmental monitoring, the
path tracking accuracy of underwater robots is directly related to the reliability and stability of
task execution. However, in the dynamic Marine environment, factors such as water flow
disturbance, hydrodynamic nonlinearity, and uncertainty of system parameters can cause
significant path deviations. Traditional control methods such as PID or sliding mode control have
deficiencies in terms of robustness and real-time performance. To this end, a composite control
strategy integrating Hoo robust control, extended state observer (ESO) and multi-model dynamic
compensation mechanism is proposed. This strategy takes Hoo control as the core to enhance the
lower bound of the system's stability against the most adverse disturbances. The unmeasured
states and synthetic disturbances are estimated in real time through ESO to enhance the system's
perception ability of complex disturbances. Combined with the multi-model fusion mechanism, the
control model is adaptively switched for different interference modes, effectively enhancing the
adaptability and flexibility of the control strategy. A six-degree-of-freedom simulation model was
constructed in typical path and complex disturbance scenarios. Experiments were carried out by
setting multiple performance indicators such as root mean square error (RMSE), maximum error,
steady-state error, disturbance recovery time and performance retention rate. The results show
that the RMSE of the Ho-ESO fusion controller is controlled at 0.103 meters in the undisturbed
scenario, with a maximum error of 0.26 meters. In a strongly disturbed environment, the RMSE
was 0.136 meters, the error recovery time was only 3.2 seconds, and the performance retention
rate reached 87.5%, all of which were significantly better than the traditional Ho, ASMC and PID
methods. This strategy performs outstandingly in improving control accuracy, enhancing system
robustness and ensuring real-time response. It has good engineering deployability and promotion
prospects, providing technical support for high-precision path tracking of underwater robots in
unstructured environments.

Povzetek: Predstavljena je robustna strategija za sledenje poti podvodnih robotov, ki zdruzuje H?
krmiljenje, razsirjenega opazovalca stanj (ESO) in ve¢modelno fuzijo. Klju¢na je hibridna zasnova, ki
izboljsa robustnost in prilagodljivost v nelinearnih motilnih okoljih.

differences in water layer distribution,

nonlinear disturbances such as changes in ocean currents,
buoyancy

underwater robots are widely used in tasks such as
ocean resource exploration, military reconnaissance,
polar scientific exploration, and environmental
monitoring (Zhang Y et al., 2023) (Kita T, Tanaka T,
Suzuki H, 2022) (Harada K et al., 2022) (Group S T,
2004). Path tracking, as the core technology for
autonomous navigation and operation of underwater
robots, directly affects the stability and reliability of
task completion in terms of control accuracy (Zendehdel
N, Gholami M, 2020). However, the marine
environment naturally has high dynamic and uncertain
characteristics, often accompanied by complex

fluctuations, and model parameter deviations caused by
equipment aging. These factors pose robustness challenges
to the path tracking system ofunderwater robots. Therefore,
researching a robust path control strategy with strong anti-
interference ability is of great significance for improving
the efficiency of underwater robot operations, ensuring
task safety, and expanding the boundaries of deep-sea
applications.

At present, mainstream path tracking control methods
include PID control, adaptive control, fuzzy control, and
sliding mode control (Hong S et al., 2009). These methods
can achieve good results in ideal environments, but in
practical applications with severe nonlinear disturbances,
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there are often problems such as insufficient robustness,
decreased control accuracy, or response delay. On the
one hand, most control strategies assume that model
parameters are known or disturbances are predictable,
lacking systematic response mechanisms for complex
disturbances from multiple sources; On the other hand,
existing methods mostly focus on single model
controllers, which are difficult to cover the diverse
disturbance modes in dynamic environments. In
addition, real-time requirements and limitations in
computing resources also constrain the practical
deployment of some high-order control algorithms (Ni J
et al., 2017). Therefore, how to construct a path control
mechanism with adaptive capability while balancing
accuracy, robustness, and real-time performance is a
key challenge in the current technological development.
Nonlinear disturbance is one of the most difficult
factors to handle in underwater path tracking control,
which comes from both external environments such as
sudden changes in ocean currents and wave impacts, as
well as internal system uncertainties such as thruster
efficiency attenuation, changes in inertial parameters,
and sensor errors (Bing H, Guo Liang Z, 2004)
(Takahashi Y, 2024). These disturbances cause
significant deviation or even loss of control of
underwater robots during the tracking of predetermined
paths, especially in traditional linear control models
where the system's robustness to disturbances is limited.
Nonlinear disturbances can also cause coupling and
feedback delays in system states, further increasing the
complexity of path tracking control (Guo L, Guo P,
Guan L M H, 2024). Therefore, improving the
recognition and compensation ability of control
systems for nonlinear disturbances is the core
requirement for achieving high-precision and high
reliability path control.
This study proposes a robust control strategy that
integrates H oo control, state observation, and multi
model compensation to address the issues of decreased
path tracking accuracy and insufficient robustness of
underwater  robots in  nonlinear  disturbance
environments. This method integrates nonlinear

2 Literature review

2.1 Review of path tracking control
methods for underwater robots

The path tracking control technology for underwater
robots has undergone continuous evolution from
classical PID control to intelligent control methods
(Khodayari M H, Balochian S, 2015) (Xie Y, Zhu A,
Huang Z, 2023). Early methods such as PID control had
simple structures and low computational complexity,
but had limited adaptability to nonlinear disturbances
(Le K D, Nguyen H D, Ranmuthugala D, 2015).
Subsequently developed fuzzy control and neural
network control introduced nonlinear modeling
capabilities, improving adaptability to environmental
changes, but faced problems such as complex parameter
tuning and poor real-time performance (Lin C et al.,
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disturbance modeling, state estimation, and dynamic
compensation in the control architecture, enhancing the
system's adaptability and stability to complex
environments. By introducing H o control theory, the
worst-case stability guarantee of the system under strong
disturbance conditions is effectively enhanced; The
combination of state feedback and observer collaborative
mechanism has improved the real-time perception and
feedback adjustment capability of key state variables.
Meanwhile, based on the concept of multi model fusion, a
path compensation module is constructed, which can
dynamically switch control models according to
disturbance modes and achieve adaptive adjustment of
path tracking control. Simulation experiments have shown
that this strategy outperforms traditional methods in terms
of control accuracy, anti-interference ability, and
computational efficiency, demonstrating good engineering
adaptability and promotional value.

This paper is divided into six chapters to clarify the
design and verification ideas of robust path tracking
control strategies for underwater robots. Chapter 1
introduces the research background, technical bottlenecks,
the impact of nonlinear disturbances, and research
innovations; Chapter 2 reviews the research progress in
underwater path control, robust control, and nonlinear
compensation, and summarizes the existing shortcomings;
Chapter 3 presents the overall architecture of the control
system, detailing the design of the H o controller, state
observer, and multi model fusion mechanism, and setting
evaluation criteria; Chapter 4 validates the effectiveness
of the proposed strategy through simulation analysis
under standard paths and complex disturbance scenarios;
Chapter 5 discusses the adaptability, computational cost,
and generalization ability of control systems, pointing out
the limitations of the methods and future optimization
directions; Chapter 6 summarizes the research results of
the entire text and emphasizes the promising application
prospects of this method in complex underwater
environments.

2024). Sliding mode control is widely used due to its
good robustness to model uncertainty, but the
phenomenon of “chattering” has a significant impact on
the actuator (Dung N M et al., 2007) (He Ming J et al.,
2011). In recent years, the fusion strategy of model
predictive control (MPC) and trajectory planning has
gradually been applied to path control in complex
environments, with high accuracy, but computational
complexity has become a deployment obstacle (Liu C et
al., 2024). Overall, existing control methods are difficult
to simultaneously meet the requirements of robustness,
control accuracy, and real-time performance under
nonlinear disturbances, and there is an urgent need for a
more systematic path tracking control strategy to break
through.

To evaluate the performance characteristics of the
existing control methods more systematically, Table 1
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conducts a comparative analysis of the mainstream path
tracking control strategies in three dimensions:
robustness, adaptability and control accuracy. It can be
seen that traditional methods are effective in specific
environments, but they all have obvious limitations
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disturbances. In contrast, the Hoo-ESO fusion multi-
model control strategy proposed in this paper achieves
collaborative  optimization in  multi-dimensional
performance and has significant research necessity and
engineering innovation value.

when facing

complex,

dynamic

and

nonlinear

Table 1: Comparative analysis of the performance of mainstream control methods
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2.2 Research progress on robust control

methods

Robust control technology aims to ensure that the
control system can maintain stability and controllable
performance under model uncertainty and external
disturbance conditions, and is widely used in complex
dynamical systems (Tich P et al., 2004) (Chung K C,
Chiu H C, Su K Y, 2024). H « control, as a typical
representative, ensures the lower bound of system
performance by minimizing the gain of the system
under the most unfavorable disturbance (Frazier B W et
al., 2004). The methods of p synthesis, robust sliding
mode control, and robust model predictive control
further expand the applicability of robust control in
nonlinear and multi input multi output systems (Li X et
al., 2021). In recent years, the trend of integrating
robust control with state observers and adaptive
mechanisms has been increasing, effectively improving
the dynamic response and

fault tolerance of the system. However, traditional
robust control relies heavily on precise models or fixed
parameter structures, and lacks flexibility in the face of
unstructured disturbance environments. In practical
applications, there are still problems such as difficulty
in parameter tuning and high computational burden
(Galicki M, 2023). Therefore, developing adaptive
robust strategies that are more adaptable to dynamic
environments has become a research hotspot.

2.3 Control strategies for nonlinear systems
Nonlinear systems are widely present in the dynamics
of underwater robots, and their dynamic characteristics
are complex, often accompanied by strong coupling and
uncertainty. Traditional linear control methods are
difficult to handle (Yatsun S et al., 2023) (Orucevic A
et al., 2024). To address nonlinear problems,
researchers have proposed various control strategies,
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such as backstepping control, feedback linearization,
adaptive control, and neural network control.

Backstepping control ensures asymptotic stability of
the system through recursive design and is suitable for
systems with known structures; Feedback linearization
can transform nonlinear systems into equivalent linear
systems, but it depends on the exact model (Wang Y C
et al., 2016) (Wen N et al., 2024). Adaptive control has
the ability to adjust under uncertain parameter
conditions, while neural network control can
approximate any nonlinear function and has strong
generalization (Liu D et al., 2024) (Wang F, Long L,
Xiang C, 2024). Although the above methods have
good effects on nonlinear processing, they still face
limitations such as insufficient robustness and slow
convergence speed in environments with strong ocean
disturbances and high model unknowns. Therefore, the
comprehensive control strategy that integrates robust
mechanisms and nonlinear modeling has become the
current research direction.

2.4 External disturbance modeling and
compensation methods

External disturbances such as low-frequency ocean
currents, high-frequency waves, and uncertain
disturbances are commonly present in underwater
environments, which seriously affect the accuracy and
stability of path tracking control (Cui K, He J, Yao X G
X, 2024). To enhance the system's anti-interference
performance, researchers have proposed various
disturbance modeling and compensation methods.
Typical practices include disturbance observer (DOB),
extended state observer (ESO), and disturbance
prediction compensation mechanism. DOB achieves
online estimation and actively suppresses disturbances
by constructing disturbance transfer models; ESO, as
the core component of Active Disturbance Rejection
Control (ADRC), can synchronously estimate the
system state and total disturbance, and has strong
adaptability in nonlinear systems (Mokhtari M R,
Cherki B, Braham A C, 2017). In addition, data-driven
modeling methods such as Gaussian processes and
neural network models have gradually been applied to
disturbance identification and modeling, showing good
results without precise prior conditions (Liu S et al.,
2024). However, the time-varying nature and
uncertainty of complex disturbances still pose
challenges to estimation accuracy and compensation
effectiveness, and there is an urgent need to collaborate
with robust control mechanisms to construct adaptive
disturbance compensation strategies.

2.5 Application of multi-model fusion in
path control

Multi model fusion control (MMC) has shown
significant advantages in dealing with the changing
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operating states and nonlinear disturbances of complex
dynamic systems (Gou H et al., 2024). This method
constructs multiple local models corresponding to
different environments or working modes, dynamically
switches or weights fusion control outputs based on
model matching degree during real-time operation, and
improves the adaptability and robustness of the system
(Al Hadithi B M, Adanez J M, Jimenez A, 2023). When
faced with complex factors such as time-varying flow
field, load change and sudden attitude change, a single
model is difficult to fully characterize the dynamic
behavior of the underwater vehicle. Multi model
strategy can effectively alleviate the control
performance degradation problem caused by model
deviation. Common fusion methods include weighted
average, logical switching, and fuzzy fusion, among
which fuzzy logic and Bayesian inference are widely
used for model credibility evaluation and selection
(Chotikunnan R et al., 2024) (Bhattacharyya M, Feissel
P, 2023). However, multi model fusion also faces
challenges to system stability, such as frequent model
switching and blurred boundaries. Therefore, building
stable and controllable fusion strategies with smooth
switching mechanisms has become a key research
direction.

2.6 Research on the balance between
robustness and accuracy

In complex control systems, there is often a natural
tension between robustness and control accuracy:
enhancing the system'’s robustness to disturbances and
uncertainties may sacrifice the controller's response
speed and steady-state error, while improving accuracy
may weaken the system's fault tolerance (Enol B,
Demirlu U, 2024) (Losev A N et al., 2024). This
contradiction is particularly prominent in underwater
path tracking control. Traditional robust control
methods such as H o control can ensure system
stability, but have limited tracking accuracy for the
expected trajectory; Precision oriented controllers such
as Model Predictive Control (MPC) perform well in
ideal models, but are sensitive to parameter deviations
and disturbances (Cao S G, Rees N W, Feng G, 2000)
(Mitioni | et al., 2023). In recent years, researchers
have attempted to introduce weight adjustment
mechanisms, adaptive gain adjustment, or robust
optimization hybrid frameworks through integrated
control strategies to achieve dynamic trade-offs
between the two (Li G et al., 2023). In addition, the
introduction of performance metric weighting functions
or double-layer optimization structures also provides an
effective path for the synergy of accuracy and
robustness. The research in this field is continuously
advancing towards flexible balance and multi-objective
optimization.
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3 Methodology

3.1 Overall architecture design of control
system

To achieve high-precision path tracking control of
underwater  robots in  nonlinear  disturbance
environments, this paper designs a control system
architecture that integrates robustness, adaptability, and
multi model collaboration capabilities. This architecture
mainly consists of four functional modules: path
reference module, disturbance modeling and estimation
module, robust controller module, and multi model
fusion compensation module. The overall architecture
design of the control system is shown in Figure 1.

Path reference
module

l

Disturbance

Robust
controller
module

Modeling and
Estimation

module

Status\—>

Multi model
fusion
compensation
module

l

Underwater
robot

Figure 1: Overall architecture design of the control system

The path reference module generates the target
trajectory based on the task planning and provides the
tracking benchmark for the control system. The
disturbance modeling module estimates external
disturbances and system uncertainties in real time based
on the Extended State Observer (ESO), providing a basis
for subsequent compensation. The robust controller
module takes the Hoo control framework as the core to
enhance the stability response ability of the system to
non-ideal dynamics. The multi-model fusion module
introduces multiple local models, combines fuzzy
weights and logical handover mechanisms, and
dynamically optimizes the control strategy to cope with
changes in complex environments. The entire system is
based on the feedback closed loop, combined with real-
time state estimation and control input correction, to
achieve high robustness and high adaptability
coordination of path tracking. This architecture features
modularization, scalability and strong engineering
deployment capabilities, and is suitable for a variety of
underwater operation scenarios.

3.2 Nonlinear disturbance modeling and
parameter uncertainty analysis

In the path tracking control of underwater robots,
nonlinear disturbances mainly come from complex
factors such as time-varying ocean currents, nonlinear
responses of the propulsion system, hydrodynamic
coupling effects, and external load disturbances. In
this paper, the equivalent total perturbation modeling
method is adopted. The above-mentioned nonlinear
factors are uniformly regarded as perturbation terms
and embedded in the extended system model for
unified estimation and compensation. The control
object is modeled as a nonlinear state space system, in
which the disturbance term is regarded as the extended
part of the state variable and online estimation is
achieved through the extended state observer (ESO).
Meanwhile, considering that there are model
parameter deviations and environmental uncertainties
during the operation of underwater robots, system
parameters such as the position of the center of mass
and the hydrodynamic coefficient often present time-
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varying and uncertain conditions in actual working
conditions.

To this end, interval parameter description and random
disturbance assumption are adopted to quantitatively
analyze the parameter sensitivity and construct the
robust boundary conditions for the controller design.
This modeling method, on the basis of ensuring the
physical interpretability of the system, enhances the
adaptability to disturbances and structural uncertainties,
laying the foundation for the subsequent design of robust
controllers and multi-model fusion compensation.

3.3 Design of robust path tracking
controller

To improve the path tracking stability of underwater
robots in nonlinear disturbance environments, a robust
controller integrating Hoo control and state observation is
designed in this paper. The controller constructs the anti-
disturbance objective based on the Hoo theory, enhances
the robustness by minimizing the system's sensitivity to
disturbances, and introduces an extended state observer
to conduct real-time estimation of the unmeasured states
and disturbances of the system, forming a closed-loop
feedback mechanism. The overall structure supports
multi-model input, enhancing the system's adaptive
ability and stability in complex scenarios.

3.3.1 Control framework based on Heo

The Hoo control theory suppresses the influence of
disturbances on the system output by minimizing the
performance indicators of the control system under the
worst disturbance conditions. This paper takes the
underwater robot path tracking system as the research
object, constructs a generalized state space model,
introduces the performance weight function, defines the
Hoo norm of the system perturbation-output transfer
function, and transforms the controller design into a
linear matrix inequality (LMI) solution problem. To
adapt to the nonlinear dynamic characteristics, the gain
scheduling method is adopted to dynamically adjust the
Hoo control gain in order to achieve the state-dependent
control compensation strategy. The designed Hoo
controller not only has strong robustness, but also shows
good stability maintenance ability in different
disturbance intensities and structural uncertainty
scenarios. It effectively controls the upper bound of the
tracking error and ensures that the robot trajectory
deviation still meets the task tolerance requirements
under the influence of the disturbance peak.

3.3.2 State feedback and observer synergy
mechanism

In the Marine environment, some state information of
underwater robots is difficult to obtain directly, and the
accuracy of sensors is easily affected by interference.
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Therefore, it is necessary to construct a state
observation mechanism to assist the controller in
achieving closed-loop regulation. The extended State
Observer (ESO) designed in this paper is based on the
state space model of nonlinear systems, integrates the
functions of disturbance estimation and state
reconstruction, and outputs the unmeasured state and
equivalent disturbance information of the system in real
time. This observer works in coordination with the Hoo
controller. The former outputs state estimation for
constructing  feedback signals, and the latter
dynamically adjusts the control law based on the
feedback values, thereby forming a robust compensation
closed loop in the control loop. The core of the
collaborative mechanism lies in achieving a balance
between observation accuracy and control efficiency.
By adjusting the observer bandwidth and gain, a fast
and stable state approximation is achieved, effectively
enhancing the response speed and overall robustness of
the path tracking system.

3.4 Multi-model fusion path compensation
mechanism

To enhance the dynamic adaptability of the path
control system in a complex disturbance environment,
this paper introduces a multi-model fusion path
compensation mechanism. Multiple local control
models are collaboratively connected to the control
system, and the optimal control strategy is
dynamically selected or weighted and generated
according to different disturbance situations. The
specific approach is to first construct several local
nonlinear models covering typical sea conditions and
motion states, with each model corresponding to a set
of designed control parameters; During the control
process, the state information and disturbance
characteristics of the underwater robot are monitored
in real time. The applicability of each model is
evaluated through fuzzy logic rules or Bayesian
probability updates. Then, the control output is fused
based on the model weights, or the jump switching
between models is achieved under specific switching
conditions.

3.5 Control parameter optimization and
system stability analysis

The performance of a robust control system largely
depends on the rationality of parameter configuration.
In this paper, a multi-objective optimization method
is adopted to jointly optimize the gain of the Hoo
controller, the observer bandwidth, and the multi-
model fusion weights. The specific optimization
objectives include minimizing the path tracking error,
minimizing the system response time, and
maximizing the stability margin under the constraint
of control energy consumption. In the tuning process,
a hybrid strategy combining the particle swarm
optimization algorithm and the LMI solver is
introduced to achieve complementary advantages of
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global search and convex domain convergence.
Meanwhile, to verify the stability of the system, the
asymptotic stability conditions of each subsystem and
the switching system are derived under the Lyapunov
framework to ensure that the control system state can
converge under any perturbation and model switching
situations.

3.6 Construction of simulation and
experimental platform

To verify the effectiveness of the proposed control
strategy, this paper builds a simulation and experimental
platform integrating nonlinear disturbance modeling,
robust control and multi-model switching functions. The
simulation platform is based on the MATLAB/Simulink
environment to construct a six-degree-of-freedom
underwater robot dynamics model, superimposing
nonlinear external disturbance modules, including time-
varying ocean currents, wave pulses and system
parameter drifts, etc., and integrating the extended state
observer and Hoo controller modules to achieve the
evaluation of control accuracy and anti-interference
ability. The experimental platform relies on the indoor
water pool test environment, is equipped with a high-
precision acoustic positioning system and a multi-sensor
measurement unit, and adopts the actual embedded
control board to realize the deployment of the algorithm
on the lower computer. The experimental scenarios
cover linear paths, curve tracking and multi-disturbance
dynamic scenarios, forming a closed-loop test chain
from simulation verification to physical experiments.
The platform supports multiple rounds of comparative
tests and performance index recording, providing
fundamental support for the optimization of control
strategies and engineering applications.

To verify the practicability of the proposed control
strategy under complex disturbances, this paper
constructs an experimental platform including simulation
and preliminary physical tests. A six-degree-of-freedom
nonlinear underwater robot model was established in the
Simulink environment, coupled with typical interference
modules such as ocean current pulses, thrust
disturbances, and inertial drift, to verify the path tracking
accuracy and robustness. Meanwhile, an indoor water
pool testing system was built. The water pool measures 6
meters x4 meters x1.5 meters and is equipped with a
high-precision ultrasonic positioning device (positioning
accuracy +1 cm) and a water flow generator, which can
simulate local ocean currents and disturbance changes.
The test carrier is a small modular AUV prototype (85
cm long, driven by dual thrusters), equipped with a low-
power embedded controller (STM32+Jetson Nano),
which is used for running control algorithms and data
acquisition. The test items include linear path tracking
and disturbance response recovery. The preliminary test
shows that the controller has good actual response
performance. Subsequently, it is planned to conduct real -
sea experiments in open waters to verify the practicality

Informatica 49 (2025) 75-90 81

and environmental adaptability of the control strategy
under more complex flow fields and sea conditions.

3.7 Evaluation index setting

Root Mean Square Error (RMSE) : It assesses the
average tracking error over the entire trajectory and
measures the stable accuracy performance of the
controller under different disturbance intensities.
Maximum tracking Error (Max Error) : Records the
maximum instantaneous error on the path, which is
used to reflect the ultimate anti-bias ability of the
system under sudden disturbances.

Steady-state error (Ess) : Analyze the residual error
level of the control system after it reaches a steady
state to test whether the long-term control
performance has the ability for fine adjustment.

Error increment rate (AE) : The variation range of
error before and after the application of disturbance,
reflecting the controller's sensitivity to disturbance
disruption.

Disturbance recovery time (Ts) : The time required
from the occurrence of disturbance to the stable
interval of error regression, quantifying the system
recovery speed and control response capability.
Performance retention rate (Pretain) : The ratio of
control performance under disturbed conditions to that
under ideal conditions, indicating the degree of
functional retention of the system under extreme
working conditions.

Single Cycle Calculation Time (Tcalc) : The
calculation time required for each operation of the
controller, which is used to determine whether the
system meets the real-time control requirements.

CPU wusage rate (CPU%) The proportion of
computing resources occupied by the system at
different operating stages, reflecting the computational
overhead of the algorithm.

Control Instruction Delay Rate (Dctrl) : The average
delay time from the generation to the effectiveness of
an instruction, which is used to analyze the time
response performance in the control link.

4 Results and analysis

4.1 Simulation Verification and
Performance Comparison

4.1.1 Comparison of standard path
scenarios (undisturbed)

In an undisturbed environment, to evaluate the basic
path tracking performance of the controller, this paper
sets two standard path scenarios, namely straight lines
and arcs, and compares the performance of the Hoo-
ESO fusion controller proposed in this paper with
three typical methods: PID, adaptive sliding mode
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control (ASMC), and traditional Hoo control. During
the simulation process, the initial state is uniformly
set, and the trajectory length is kept consistent with
the sampling frequency. The main evaluation
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indicators include RMSE, Max Error and steady-state
error (Ess). The standard path scenarios (undisturbed)
are shown in Table 2 and Figure 2.

Table 2; Standard path scenarios (undisturbed)

Control method RMSE (m) Max Error (m) Steady-state error Ess(m)
PID 0.186 0.41 +0.05
ASMC 0.142 0.32 +0.04
Traditional Hoo 0.128 0.29 +0.03
Hoo-ESO Fusion control 0.103 0.26 +0.02
0.45
0.4
0.35
0.3
0.25
0.2
0.15
0.1
B
0
PID ASMC Traditional Hee Heo-ESO Fusion control
B RMSE (m) ® Max Error (m) ¥ Steady-state error Ess(m)

Figure 2: Standard path Scene (undisturbed)

The experimental results show that all controllers can
complete the basic path tracking task, but the control
accuracy varies significantly. In the initial stage of PID
control, overshoot occurred. The average RMSE was
0.186 m and the maximum deviation reached 0.41 m.
The control error of ASMC is relatively small, but there
is slight buffeting. The traditional Heo control has good
stability but a slightly slow response. The Hoo-ESO
fusion controller performs optimally with an RMSE of
0.103 m and a Max Error of 0.26 m. The path trajectory
almost coincides with the target curve, and the steady-
state error is controlled within £0.02 m.

4.1.2 Robustness evaluation in a strongly
disturbed environment

To verify the immunity of each controller under non-
ideal conditions, a simulation scenario with strong
nonlinear perturbations was constructed in this
paper. Sudden lateral ocean current (maximum
perturbation amplitude 0.6 m/s), system mass
variation of 10%, and thrust nonlinear saturation
model were introduced. Keep the path target
unchanged, compare the response performances of
the four control methods under strong disturbance
conditions, and focus on analyzing the error recovery
ability and the maintenance of system stability. The
robustness comparison in a strongly disturbed
environment is shown in Table 3 and Figure 3.

Table 3: Comparison of Robustness in strongly disturbed environments

Control method Maximum error (m) |[Recovery time (s) RMSE (m) f’;ref(()g/zr;ance retention
PID 0.68 Cannot be restored  |0.243 55.4
ASMC 0.47 5.6 0.189 68.2
Traditional Hoo 0.39 4.8 0.165 75.9
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Control method

Maximum error (m) |[Recovery time (s)

Performance retention

RMSE (m) rate (%)

Hoo-ESO Fusion control 0.26 3.2

0.136 87.5

PID ASMC

B Maximum error (m)

Recovery time (s)

Traditional Hee Heo-ESO Fusion control

RMSE (m)

Figure 3: Comparison of robustness in a strongly disturbed environment

The results show that the PID controller has obvious yaw
under ocean current disturbance, with the maximum
tracking error rising to 0.68 m, and cannot recover in a
short time; The ASMC controller has a certain immunity
to interference, but high-frequency interference triggers
system buffering, causing severe fluctuations in the
control signal. The traditional Hoo control can achieve
stable convergence, but the recovery time is relatively
long. In contrast, the Ho-ESO fusion controller responds
quickly during the error rise phase, compressing the error
from the peak to within £0.08 m within 3.2 s, maintaining
the RMSE at 0.136 m, and achieving a performance
retention rate of up to 87.5%.

4.2 Control accuracy and tracking error
analysis

Control accuracy and tracking error are the core
indicators for evaluating the performance of a path
tracking control system, directly reflecting the
controller's ability to fit the predetermined path and the
error convergence characteristics. Based on the
experimental data under standard paths and disturbed
environments, this paper conducts a statistical analysis of
the Error performance of four controllers, mainly
focusing on three indicators: average error (RMSE),
maximum instantaneous error (Max Error), and steady-
state error (Ess). The control accuracy and tracking error
are shown in Table 4.

Table 4: Control accuracy and tracking error

Standard sce- |Perturbation |Steady-
nario RMSE |scene RMSE |state error
(m) (m) Ess (m)

PID 0.186 0.243

Control meth-
od

+0.05

Control meth- Standard sce- |Perturbation |Steady-
od nario RMSE |[scene RMSE state error
(m) (m) Ess (m)
ASMC 0.142 0.189 +0.04
Traditional |, ;g 0.165 +0.03
[Hoo
Hoo-ESO Fu- 5 454 0.136 +0.02
sion control

The simulation results show that the Ho-ESO fusion
controller exhibits the optimal control accuracy in both
scenarios. In the standard path scenario, its RMSE is
0.103 m, with small and stable error fluctuations; In a
strongly disturbed environment, despite significant
external interference, the controller still kept the
RMSE within 0.136 m and compressed the steady-state
error to within +0.02m, which was significantly
superior to the conventional Hoo (RMSE 0.165 m) and
ASMC (RMSE 0.189 m). Furthermore, the variation
curve of the fusion controller during the process of
error increase and decrease is continuous and smooth,
without sudden changes or overshoot, indicating that
the system has good transition response and regulation
ability. As shown above, the Howo-ESO control
framework significantly improves the control accuracy
and dynamic tracking performance of the system by
cooperatively suppressing the evolution process of
disturbances and prediction errors, providing precise
and reliable technical support for the path control of
underwater robots under complex tasks.

4.3 Robustness indicators and interference
resistance capability analysis

Robustness reflects the ability of the control system to
maintain  stable performance under external
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disturbances and model uncertainties, and it is the key
to the practicability evaluation of the path tracking
control strategy. This paper analyzes the robust
characteristics of various controllers in a strongly
disturbed environment by combining three indicators:
disturbance recovery time (Ts), error increment rate
(AE), and performance retention rate (Pretain). The
robustness indicators and interference resistance
capabilities are shown in Table 5.

Table 5: Robustness Indicators and interference
resistance capability

Control  |Recover Error incre- |Performance
method  Itime Ts {S) ment rate AE|retention rate
(%) Pretain (%)

PID Cannot be 62.4 55 4
restored

ASMC |5.6 47.3 68.2

Tradi-

tional Hoo [ 38.2 75.9

Hoo-ESO

Fusion [3.2 29.7 87.5

control

From the perspective of recovery time, the Hoo-ESO
fusion controller can compress the error to the stable
range within 3.2 seconds after being disturbed by sudden
ocean currents. The response speed is significantly better
than that of ASMC (5.6 seconds) and the traditional Hoo
(4.8 seconds), while the PID control cannot recover
effectively. In terms of the error increment rate, the AE
value of the fusion controller is controlled at around 30%,
while that of PID exceeds 60%, indicating that its
sensitivity to disturbances is lower. In terms of
performance retention rate, the fusion controller
maintained a control performance of 87.5%, which was
the best among the four. The above performance is
attributed to ESO's real-time estimation and feedback
correction capabilities for disturbances. Combined with
the Hoo robust design, it constitutes a control system with
both high responsiveness and immunity to disturbances.
The results show that this control strategy can achieve
stable path control in complex sea conditions and has
good engineering adaptability and promotion value.

4.4 Enhancement of system performance

by multi-model fusion

The multi-model fusion control mechanism introduces
multiple local models and dynamically adjusts the control
strategy based on the disturbance state, enabling the
control system to have stronger adaptability and stability.
To evaluate its performance improvement effect in robust
path control, in this paper, the performances of the Ho
single model controller and the Hoo-ESO- multi-model
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fusion controller are compared respectively in a dynamic
environment where the disturbance intensity changes
frequently. The improvement of system performance by
multi-model fusion is shown in Table 6.

Table 6: Improvement of system performance by
multi-model fusion

Comparison  |Single model |Multi-model fu-
project controller sion controller
Average

RMSE (m) 0.163 0.136

1 i _

Maximum er 0.33 0.26

ror (m)

Disturbance

adaptation re- 4.9 3.2

covery time (s)

The results show that in terms of path tracking error,
the average RMSE of the fusion controller decreased
from 0.163 m of the single model control to 0.136 m,
reducing the maximum instantaneous error by
approximately 21%. In the test scenarios where the
model parameters change suddenly (such as a 10%
decrease in the thruster efficiency), the fusion
controller can achieve dynamic compensation through
the model weight adjustment mechanism, enabling a
stable transition of the system without the need to
redesign the control law, which is significantly
superior to the fixed model controller. In addition, the
fusion mechanism also optimizes the smoothness of
the control signal, avoiding the control oscillation
problem caused by frequent switching, and further
enhancing the lifespan and operational stability of the
system execution layer equipment. Overall, the multi-
model fusion strategy not only enhances the stability
and response flexibility of the controller under
complex disturbances, but also improves the overall
control accuracy and system robustness, demonstrating
a promising engineering application prospect and
generalization ability.

4.5 Analysis of computing resources and
real-time overhead

In engineering applications, the path tracking
controller not only needs to have good control
performance, but also must meet the actual
deployment requirements of real-time performance
and resource overhead. To evaluate the applicability
of each control strategy in terms of computational
efficiency, this paper comparatively analyzes the
performance of four controllers in three aspects:
calculation time of control cycle, CPU resource
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occupancy rate and system response delay. The
computing resources and real-time overhead are
shown in Table 7.

Table 7: Computing resources and real-time overhead

Control Average com- |CPU us- |[Control re-

method puting time  |age rate  |sponse delay
(ms) (%) (ms)

PID 2.1 17.8 6

ASMC 3.7 25.4 10

;I;idltlonﬂ 44 281 "

}_Ioo-ESO Fu- 5.9 342 o

sion control

The experimental results show that the traditional PID
control algorithm, due to its simple structure, has an
average control cycle calculation time of 2.1 ms, CPU
usage rate less than 18%, and has extremely high real-
time performance; The calculated delays of ASMC and
the traditional Heo controller are 3.7 ms and 4.4 ms,
respectively, with moderate resource consumption.
However, under complex disturbances, these two
methods still require a higher frequency of correction
times, affecting the control stability. In contrast, the Hoo-
ESO fusion controller has a control cycle time of 5.9 ms
and a CPU occupancy rate of approximately 34%.
Although the computational load is higher, the control
stability and adaptability have improved significantly,
and the response delay is controlled within 2 ms, still
meeting the real-time control requirements. Furthermore,
by reasonably adjusting the observer bandwidth and the
multi-model evaluation cycle, the system can achieve a
dynamic balance between accuracy and efficiency,
avoiding redundant consumption of resources. Overall,
the fusion control strategy has good computational
controllability and engineering real-time performance on
the basis of ensuring robust control accuracy.

5 Discussion

5.1 Adaptability of the control strategy
under different nonlinear disturbances

Nonlinear disturbances in the underwater environment
have the characteristics of multi-source, time-varying
and coupling, including sudden changes in ocean
currents, nonlinear saturation of thrusters, uncertainties
in hydrodynamic parameters and coupling of attitude
disturbances, etc. If the controller fails to adapt to
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different types of disturbances, it will lead to a decrease
in path tracking accuracy, sluggish system response or
even instability. The Hoo-ESO fusion control strategy
proposed in this paper shows good disturbance
adaptability by combining robust control and observer
compensation mechanism. In the experiment, when
facing a single disturbance (such as uniform ocean
current), the fusion controller can quickly identify the
disturbance trend and adjust the feedback input to
suppress the trajectory deviation. In multi-disturbance
superposition scenarios (such as ocean currents + mass
changes + structural coupling), ESO can dynamically
estimate the combined amount of disturbances and
promptly feed it back to the main controller to achieve
closed-loop convergence of errors. Furthermore, the
multi-model mechanism further enhances the response
ability of the strategy to changes in disturbance patterns.
Through model weight switching or compensation, the
control system can maintain continuous and stable output
when the disturbance state jumps, avoiding a sudden
increase in errors.

5.2 The Trade-off between robustness and
Control Sensitivity

The bidirectional influence of gain setting on system
performance: In the Hoo controller, the gain weight
parameter directly determines the robustness margin
and dynamic response capability of the system. A high
gain setting can effectively suppress external
disturbances, but it is prone to cause the system to
respond slowly to changes in the reference path. If the
setting is too low, it may increase the sensitivity, but it

is difficult to maintain stability under disturbance. The
unreasonable design of the weight function is often the
root cause of the imbalance between robustness and
sensitivity.

The introduction of ESO enhances dynamic
compensation capability: By introducing an extended
state observer (ESO), the system can estimate
disturbances and unmeasured states in real time,
dynamically compensate for non-ideal inputs, and
prevent the controller from having to "hard resist"
interference through excessive gain, thereby reducing
sensitivity loss. The introduction of ESO provides a
flexible adjustment space for the Hoo controller,
achieving a better robust and sensitive collaborative
structure.

Optimization of the balance relationship by parameter
tuning strategy: In terms of parameter adjustment, this
paper adopts the collaborative parameter tuning
method to jointly optimize the control gain, observer
bandwidth and model switching threshold. Simulation
shows that by moderately transferring the control
accuracy in the non-critical disturbance direction, a
better response speed in the critical direction can be
obtained. This balancing strategy based on task
requirements significantly improves the overall
performance and practicability of the system and is
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applicable to  multi-disturbance

scenarios.

dynamic  task

5.3 Generalization ability of multi-model
fusion mechanism in different scenarios

The multi-model fusion control mechanism introduces
multiple sub-models to deal with different disturbance
modes and system states, enabling the control system to
have stronger generalization ability and dynamic
adaptability. In the practical application of underwater
robots, the task scenarios are complex and diverse, and
environmental disturbances constantly change over time
and space. It is difficult for a single model control
strategy to maintain efficient performance in the long
term. The experimental results show that when facing
typical task transitions (such as linear cruise to curve
tracking, shallow water area to deep water area), the
fusion mechanism can dynamically switch weights or
activate the optimal model based on disturbance
characteristics and state estimation results to ensure that
the controller always matches the current environment.
Especially in high-variation scenarios such as sudden
changes in thruster load and enhancement of local flow
fields, the fusion strategy significantly reduces the error
peak and maintains a smooth output of the system.
Furthermore, the fusion mechanism has good
algorithmic scalability and can be compatible with more
model structures and intelligent selection strategies
(such as Bayesian inference, fuzzy logic, etc.), and is
suitable for constructing adaptive control systems for
complex and unstructured Marine environments.
Simulation and comparative analysis verified its robust
adaptability under different disturbance intensities,
directions and frequencies, demonstrating good scene
migration and engineering application value.

5.4 Method limitations and future
optimization directions

The lag in disturbance observation affects control
accuracy: Although the extended state observer (ESO)
can effectively estimate system disturbances, under
high-speed or high-frequency disturbance conditions,
there is still a response lag in the observation output,
which affects the controller's immediate compensation
ability for sudden disturbances. Especially in scenarios
of multi-axis linkage or rapid attitude switching,
insufficient observation accuracy may lead to control
command misalignment. In the future, high-bandwidth
ESO or observation mechanisms based on adaptive gain
can be introduced to enhance the dynamic response
speed and estimation accuracy.

There are limitations in the logic of model partitioning
and fusion: The multi-model fusion mechanism is
sensitive to the logic of model set partitioning and
switching. The current fixed model set and weight
update method based on fuzzy rules are still rigid when
dealing with changes in complex dynamic
environments, and problems such as model mismatch or
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discontinuous switching may occur. The optimization
directions include introducing intelligent methods such
as reinforcement learning and adaptive clustering,
dynamically  constructing sub-model pools and
achieving smooth and continuous adjustment of model
weights to enhance the generalization ability.

The resource consumption of the control algorithm
affects the feasibility of deployment: The fusion control
framework involves ESO estimation, Hoo feedback, and
multi-model weighted calculation, with a relatively high
overall resource occupation. Although it meets the
simulation requirements, its deployment on the micro
underwater robot platform with limited computing
resources still poses challenges. In the future, efforts
should be made from three aspects: algorithm
compression, structural optimization, and hardware
collaboration to explore lightweight control frameworks
and efficient algorithm structures, and improve the
embedded deployability and energy adaptability of
controllers.

5.5 Broader impact

The Hoo-ESO fusion path tracking control strategy
proposed in this paper not only has significant
engineering application value in the field of underwater
robots, but also has a positive promoting effect on the
design of generalized control systems, the development
of intelligent autonomous systems, and the intelligent
process of Marine engineering equipment. This control
framework provides a paradigm reference for robust
control design in complex environments. The organic
integration of Heo theory with extended state observers
and multi-model mechanisms provides theoretical
support and practical paths for the stable control of
systems in unstructured environments. It has cross-
platform adaptability and is applicable to the path control
tasks of other highly dynamic autonomous systems such
as unmanned vessels, unmanned vehicles, and aircraft.
Meanwhile, the real-time feedback and disturbance
prediction mechanism of this strategy reflect the control
trend of the synergy between intelligent perception and
decision-making. The controller not only executes
commands, but also has the ability to understand the
environment and respond dynamically, which is in line
with the technical logic of the integrated evolution of
future intelligent equipment towards “perception -
judgment - execution”. In addition, the research results
of this study can also provide key technical support for
the intelligence of Marine equipment and remote
autonomous operations. Especially in scenarios such as
deep-sea exploration, polar observation, and submarine
cable inspection, it is expected to enhance operational
safety and task accuracy, and promote the independent
development of high-performance control systems under
the background of the maritime power strategy.

5.6 Deployment prospects and verification
planning in real marine environments
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Although the Hoo-ESO fusion control strategy proposed
in this paper shows strong path control accuracy and
anti-disturbance ability in simulation and pool
environments, its engineering performance in real
complex sea conditions has not been fully verified.
Future research will focus on promoting the deployment
and evaluation of control algorithms in real Marine
environments. It is planned to conduct field navigation
tests in nearshore waters, set typical mission scenarios
(such as tidal changes, local turbulence, and obstacle
circumnavigation), obtain status data through high-
frequency attitude sensing and underwater acoustic
positioning systems, and evaluate key indicators such as
control accuracy, response speed, and resource
consumption. In addition, an attempt will be made to
introduce a navigation assistance mechanism based on
multimodal perception (such as DVL+IMU+ acoustic
radar) to further improve the estimation accuracy of the
observer in an uncertain environment. Through real-sea
test verification, the robustness and generalization
ability of the control system under working conditions
such as high noise, low communication and high
disturbance can be further examined, promoting the
transition of this strategy to a practical-level control
system.

6 Conclusion

This study focuses on the path tracking control problem
of underwater robots in a complex nonlinear disturbance
environment and proposes a composite control strategy
that integrates Hoo robust control, extended state
observer (ESO), and multi-model compensation
mechanism. This method takes robustness as the core,
combines dynamic disturbance estimation and model
handover adjustment, and constructs a closed-loop
control system with high adaptability and stability,
which can effectively cope with the control challenges
brought by environmental uncertainties and changes in
system parameters. In terms of theoretical design, Hoo
control provides a strong and robust guarantee. ESO
realizes the dynamic observation and correction of
disturbances and unmeasured states. The fusion of
multiple models enhances the controller's ability to cope
with task switching and changes in disturbance modes.
The synergy of the three enables the control system to
maintain stability while having strong precision
adjustment capabilities and operational flexibility. The
simulation analysis verified the applicability of this
control strategy in multiple typical path scenarios and
disturbed environments, showing good tracking
continuity and control smoothness. It indicates that this
method has achieved effective integration at the three
levels of path control, disturbance compensation and
state feedback, and has strong engineering practicability.
Overall, the control method proposed in this study
expands the technical boundaries of underwater robot
path control in complex environments. It not only
provides control support for enhancing the autonomous
operation capabilities of intelligent equipment but also
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offers beneficial exploration for the future integrated
development of robust control and intelligent
observation  mechanisms.  Subsequently, in-depth
research can be conducted in aspects such as controller
lightweighting, observer adaptive optimization, and
intelligent model reconstruction to further promote its
efficient deployment and wide expansion to practical
application systems.
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