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Abstract: Underwater robotic manipulators require precise force—position interaction control
to perform reliable operations in uncertain and dynamically coupled underwater environments.
However, the performance of conventional impedance controllers is significantly degraded
by nonlinear hydrodynamic disturbances, structural flexibility, and dynamic coupling effects.
This paper proposes a hydrodynamic coupling-aware hybrid impedance control framework for
a dual-arm with two-link underwater robotic manipulator (DT-URM). The proposed strategy
integrates a passive impedance formulation with a compensation gain and a proportional—
integral—derivative (PID)-bas—ed auxiliary loop to enhance interaction stability, trajectory-
tracking accuracy, and disturbance-rejection capability. A DT-URM model is developed
in SolidWorks and validated in MATLAB/Simulink under nonlinear underwater operating
conditions. To evaluate controller robustness under realistic dynamics, the framework is further
extended to a flexible two-link underwater manipulator by incorporating hydrodynamic and
buoyancy effects into the system model. In addition, interaction constraints are introduced
to maintain safe distances from virtual boundaries during manipulation tasks. Comparative
simulation results demonstrate that the proposed controller reduces trajectory tracking
and force-tracking errors by 18.5%, respectively, compared with conventional impedance
control. Furthermore, disturbance rejection capability and settling time are improved by 19%,
respectively, while maintaining stable operation under varying environmental conditions. The
results confirm that the proposed control framework improves dynamic interaction performance
and robustness, making it suitable for underwater inspection, maintenance, and cooperative

manipulation applications.

Keywords: dual-arm underwater robotic manipulator; hydrodynamic coupling;
impedance control; force—position control; PID controller; MATLAB/Simulink

simulation; hydrodynamic modelling

1. Introduction

Interaction between robotic arms and their surroundings is crucial for autonomous
underwater tasks to succeed. In underwater jobs such as welding, inspection, and
repair, the robotic arm’s end effector must either contact a surface or maintain a
specific distance from it [1]. These tasks are tricky because they involve dealing

with complex underwater conditions. Underwater robotic arms must adapt to these
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conditions and handle forces during operation. To accomplish these tasks accurately
and keep the system stable, a control plan that can manage both the arm’s position and
the force between the end part and the environment is needed. The robotic arm and its
end-effector must work well together to achieve this. They must effectively respond
to conditions. The manipulator end-effector and the environment must be controlled
properly. This is necessary for task execution.

Robots need to be able to control the force they use when they interact with things
around them. This is especially true when they interact with surfaces. People have
come up with ways to make robots do this. Some of these ways are control and direct
force control [1,2]. There are also force and position control, parallel force and position
control, and impedance control. Impedance control is very useful because it helps the
robot work well with its surroundings. It does this by setting up a relationship between
the force exerted by the robot and how it moves. This means the robot can work
safely and smoothly when it must touch things [3,4]. The foundational work by Song
et al., Heshmati-Alamdari et al., and Tabatabaee-Nasab and Moosavian introduced
impedance-based formulations for analysing static and dynamic interactions between
manipulators and their environments, including bond graph representations of system
dynamics [5-7].

Subsequent studies have expanded the application of impedance control to various
robotic systems. In particular, Liu et al. [8] investigated interaction control in legged
robots by employing bond graph modelling and vision/force sensing to regulate the
driving-point impedance and improve environmental interaction performance. Passive
actuation strategies have also been explored to achieve stable and dissipative contact
interactions in uncertain environments [9]. Yao etal. [10] proposed multiple impedance
control (MIC) for coordinated force/position tracking in free-flying space manipulators.
In practical scenarios involving frictional contact, velocity—force relationships have
been utilised to estimate surface characteristics [11]. It has been investigated how stable
force regulation is when using a combination of PI-based force control and PD-based
position control. This was tested when the robotic arm works in environments that
give a bit. The force regulation stability was checked using a PI-based force controller
and a PD-based position controller. This happens when the manipulator operates in an
environment [12].

In underwater robotics, impedance control has been applied to underwater
vehicle-manipulator systems (UVMs), demonstrating improved interaction
performance in simulation studies [13]. External force control strategies that
avoid explicit dynamic compensation have also been proposed for UVMs [14, 15].
For dual-arm systems, multiple impedance control (MIC) and augmented object
model (AOM) approaches achieve improved tracking accuracy and effective collision
response. Robust impedance-based force tracking methods capable of handling
environmental uncertainties have been developed by Dongming et al., Farivarnejad
and Moosavian [16, 17]. Furthermore, Mishra and Vaz [18] introduced a bond
graph-based impedance control framework incorporating a passive foundation
concept; however, the use of a linear controller limits disturbance rejection capability

and steady-state accuracy in complex environments.
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Despite these advancements, existing approaches often neglect the combined
effects of hydrodynamic disturbances, structural flexibility, and coupled dynamics in
underwater manipulators. In particular, the application of hybrid impedance control
frameworks to flexible, dual-arm underwater systems remains limited [19].

This study addresses the limitations of existing impedance control strategies by
showing a way to control a special robot arm that can move underwater. The new
method is based on an idea that was discussed before in some studies [19,20]. Figure 1
shows the robot arm has two links that can bend, which makes it useful for working
underwater. The proposed approach integrates a proportional-integral-derivative
(PID) controller into the impedance loop to enhance stability, improve tracking
performance, and eliminate steady-state errors in the presence of environmental
disturbances [21, 22]. The system is modeled using bond graph techniques, with
flexible links represented as Euler beams discretised into multiple segments, and the
end-effector incorporating the mass of a manipulator [23]. The control framework
is implemented and validated through simulation using the SYMBOLS Sonata
software [24,25]. The results demonstrate effective force—position regulation and stable
interaction during underwater manipulation, confirming the suitability of the proposed
method for complex contact-based operations. The remainder of this paper is organized
as follows. Section 2 presents the hybrid impedance control formulation. Section
3 describes the system modeling and controller implementation. Section 4 presents
the simulation setup, while Section 5 discusses the simulation results and performance

evaluation.

" (L)

Figure 1. Dual-arm underwater robot manipulator.

Novelty

Unlike conventional impedance controllers, the proposed framework integrates
impedance regulation with PID-based dynamic compensation to improve interaction
stability, trajectory tracking accuracy, and disturbance rejection under nonlinear
hydrodynamic conditions. In addition, the controller is evaluated using a coupled
simulation framework incorporating SolidWorks, MATLAB/Simulink, Simscape
Multibody, and bond graph modeling to represent rigid-body dynamics, structural

flexibility, and underwater environmental interactions. Comparative simulations
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demonstrate consistent improvements over conventional impedance control under

identical operating conditions.

2. Methodology and model integration

The proposed methodology uses a hierarchical modelling and simulation
framework for the dual-arm underwater robotic manipulator. First, the SolidWorks
model is developed to define the manipulator geometry, link dimensions, joints, mass
properties and assembly configuration. These parameters are then used in MATLAB/
Simulink for nonlinear dynamic modelling, trajectory generation, PID tuning and
implementation of the proposed hybrid impedance controller.

A two-link flexible manipulator model is used as a reduced-order representation
for analysing hydrodynamic effects, structural flexibility and the bond-graph-based
impedance formulation. The corresponding bond graph/Symbols Sonata model is used
for energy-flow and impedance analysis of the controller.

For system-level validation, a three-link model is implemented in Simscape
Multibody within MATLAB/Simulink to represent rigid-body dynamics, joints and
multibody motion. The controller receives position/velocity feedback from the model
and generates the required actuator commands.

Thus, each tool has a specific role: SolidWorks-geometric modelling; MATLAB/
Simulink-dynamic modelling and control; two-link model-reduced-order controller
analysis; bond graph/Symbols Sonata -impedance and energy-flow analysis; and three-
link Simscape model-multibody-level controller validation. This integrated framework
enables consistent evaluation of trajectory tracking, force regulation and disturbance
rejection.

The methodology begins with the development of a 3D model of the DT-URM
using SolidWorks, followed by dynamic modeling in MATLAB/Simulink, considering
inertia, buoyancy, hydrodynamic drag, Coriolis forces, and environmental disturbances.
PID controllers are initially implemented for joint trajectory tracking, and controller
gains are optimized using the integral of time multiplied by absolute error (ITAE)
criterion. Subsequently, Cartesian-space impedance control is applied to regulate the
interaction between the manipulator end-effector and the underwater environment. The
impedance controller establishes the desired dynamic relationship between position and
contact force.

3. Control formulation & system dynamics

Building upon the dynamic formulation and control framework described in the
previous section, the design of the interaction controller is now presented with a focus
on achieving compliant and stable force—position regulation. Given the presence of
nonlinear hydrodynamic effects, structural flexibility, and environmental uncertainties,
a control strategy capable of explicitly regulating the force-motion relationship is
required. Impedance control provides a suitable framework for this purpose, as it
enables the specification of desired dynamic behaviour at the end-effector during

contact tasks [26]. However, conventional impedance control approaches may exhibit
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performance limitations under persistent disturbances and modeling uncertainties.

To overcome these challenges, a hybrid impedance control strategy is adopted
in this work, integrating a passive foundation concept with a PID-based compensation
mechanism [27,28]. This combination enhances disturbance rejection, improves steady-
state accuracy, and ensures stable interaction under varying operating conditions [29].
Equation (1) presents the formulation of the impedance controller, along with its
implementation using bond graph modeling for the underwater robotic manipulator
system.

Mg(% — 2q) + Ba(& — £q) + Ka(x — 2q) = F, @)

where M, By, and K, denote the desired inertia, damping, and stiffness matrices,
respectively, and F, represents the interaction force. The proposed control framework
is evaluated in MATLAB/Simulink based on trajectory tracking accuracy, force
regulation, settling time, overshoot, and disturbance rejection performance under

underwater operating conditions.

3.1. Dynamic model

The dynamics of the dual-arm with two-link underwater robotic manipulator are
represented by Equation (2) written below

M(q)q"+C(q,q)q +D(¢") +G(q) + Fh+ Fe=1 ()

The dual-arm with two-link underwater robotic manipulator dynamics describe
the relationship between the joint motion, applied torques, and underwater forces. The
model considers the effects of inertia, Coriolis and centrifugal forces, hydrodynamic
damping, gravity, buoyancy, added mass, and environmental interaction for the applied
joint torque is expressed in Equation (3). The total inertia includes rigid-body and
added-mass contributions,

M = MRB + MA. 3)

3.2. Conventional impedance control

The conventional impedance controller establishes the desired relationship
between the end-effector position error and the interaction force. The task-space

impedance relationship is expressed in Equation (4).
Mde” + Bde + Kde = Fe — Fd, 4)

Conventional impedance control establishes a desired dynamic relationship
between the end-effector position error and the interaction force. It regulates
the manipulator’s motion while allowing compliant interaction with the underwater

environment.

3.3. Proposed hybrid impedance control

To improve trajectory tracking and disturbance rejection, a PID compensation term

is incorporated into the conventional impedance control. The proposed control input is



Advances in Differential Equations and Control Processes 2026, 33(3), 4510.

expressed in Equation (5).

T =Tic+TPID + TH 5)

where is 77c the conventional impedance-control component, 7prp provides
position-error compensation, and 7y represents the additional hybrid/nonlinear

compensation term. The PID compensation term is given by Equation (6).
Tpip = Kpe + KI + Kp, (6)

The proposed formulation combines force regulation and position tracking while

maintaining compliant interaction with the underwater environment.

3.4. PID tuning

The PID gains are optimized using the integral of time multiplied by absolute error

(ITAE) criterion, as given in Equation (7).
T
ITAE = / tle(t) | dt )
0

where 7 denotes the simulation time. The optimized gains are subsequently used in
the proposed hybrid impedance controller. The same operating conditions, reference
trajectories, initial conditions, and performance criteria are maintained for comparison

with the conventional impedance controller.

4. Impedance controller

Impedance is defined as the dynamic relationship between force (effort) and
velocity (flow) in a mechanical system. In underwater robotic manipulators, accurate
force—position interaction is difficult because of nonlinear hydrodynamic effects,
structural flexibility, environmental disturbances, and parameter uncertainties.
These factors degrade tracking accuracy and interaction stability during underwater
operations.

To overcome these limitations, a hybrid impedance control framework is proposed
to control a dual-arm robot designed for underwater operation. Figure 2 illustrates the
mechanical configuration of the one-DOF manipulator with a passive foundation, while
the corresponding bond graph representation of the hybrid impedance control module
is presented in Figure 3. The proposed controller combines impedance regulation
with PID-based compensation through a passive foundation structure and a PID-based
compensation controller. The PID controller improves trajectory tracking, compensates
for disturbances, and enhances the overall dynamic response of the manipulator.

In the bond graph representation (Figure 3), M,,, R,, and K, denote the mass,
damping, and stiffness parameters of the passive foundation, respectively. The base
mass is represented by My, while m,, denotes the lumped mass of the manipulator link.
The reference excitation angular velocity f, .y is generated by the actuator system in
Figure 1 and applied to drive the manipulator motion.
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Manipulator: (m,1,1,q)
_______ End-effector Force: F,
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Figure 2. Schematic representation of the one-DOF robotic manipulator with a passive
foundation.

Figure 3. Bond graph representation of the proposed hybrid impedance control module.

The bond graph model in Figure 3 consists of two parts that work together: the
physical part and the controller part. The physical part concerns the manipulator’s base
and links and how it interacts with the surrounding water. The controller part has things
like the foundation that does not need power to work, a controller that changes how the
system reacts, and a way to fix the movement so it is more stable. The foundation
that does not need power helps control the forces that are at work by changing how the
system reacts to these forces. This helps balance the control of forces and the movement
of the manipulator when it is doing tasks, with the bond graph model. The bond graph

7
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model is essential for underwater manipulator operation.

The proposed control strategy enhances robustness against parameter variations
and ensures bounded tracking errors through high feed-forward gains and feedback
compensation. The transfer function relating robotic tip flow to environmental effort
is derived from the signal-flow representation of the bond graph model presented in
Figure 3, following the methodology reported by Pathak and Mukherjee.

This system is based on how the manipulator moves and how it reacts to forces.
The proposed controller enables compliant interaction between the manipulator and its
environment. Therefore, impedance control is employed to regulate the interaction.
Impedance is the relationship between the force the underwater manipulator feels
and how fast its end is moving. This relationship characterises how the underwater
manipulator will react when it touches something in the water. The impedance
control scheme is used to make sure the underwater manipulator behaves correctly.
For underwater robotic manipulators, this relationship is significantly influenced by
nonlinear dynamics, hydrodynamic disturbances, and system uncertainties, leading to
variations in force and position during operation.

High-precision trajectory tracking often results in increased apparent impedance,
which can adversely affect interaction performance by amplifying contact forces
and reducing compliance, particularly under wake-induced disturbances. Therefore,
an appropriate impedance control strategy is required to balance trajectory tracking,
interaction stability, and robustness against uncertainties in a two-link flexible
underwater robotic manipulator.

The system response is evaluated by establishing the relationship by finding the
connection between the flow at the tip of the robot and the effort from the environment.
This connection is found using a graph that shows how signals flow, which is based on
a model called a bond graph. This is done by following the steps that are explained
in some papers [18,23]. The resulting formulation provides a basis for evaluating

interaction behavior and controller performance under varying operating conditions.

4.1. Simulation setup

The proposed control framework is evaluated through numerical simulations
carried out in the MATLAB/Simulink environment, incorporating multibody dynamics
using Simscape Multibody (Sim-Mechanics). A three-link robotic manipulator model
is developed to represent the kinematic and dynamic behavior of the system under
underwater operating conditions. Underwater robotic manipulators are critical.

The end-effector interaction with the environment is modeled as contact with
a moving planar surface, enabling the assessment of force—position regulation under
dynamic interaction scenarios. The transformation of interaction forces between task
space and joint space is achieved using a Jacobian-based formulation, allowing accurate
mapping of forces and velocities within the control loop.

To capture realistic system behaviour, damping and compliance effects are
incorporated through appropriate matrices, representing both structural flexibility and
environmental interaction characteristics. These parameters are selected to reflect

the influence of hydrodynamic disturbances and contact dynamics on the manipulator
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performance.

For a fair comparison, both the conventional impedance controller and the
proposed hybrid impedance controller were evaluated using the identical simulation
environment. The manipulator geometry, hydrodynamic coefficients, desired trajectory,
environmental stiffness, damping parameters, external disturbance profile, simulation
duration (5 s), solver settings, and sampling time were kept unchanged. Only
the controller architecture differed, thereby ensuring that the observed performance

improvements resulted solely from the proposed control strategy.

4.2. Impedance control implementation using MATLAB/Simulink

The impedance control was put in place so that the manipulator end-effector and
the underwater environment around it could work together smoothly. This control
strategy makes sure that the force on the end-effector is just right for its movement. The
impedance control strategy regulates the force on the manipulator end-effector based on
how it’s moving, which means it sets a desired behavior for the manipulator end-effector.
This means that the impedance control creates a relationship between the force on the
manipulator end-effector and how it moves, and this relationship can be written down

in a mathematical formula is given bellow in Equation (8):
wE - Kyte (8)

where w¥ denotes the end-effector wrench, ¢, represents the end-effector twist, and K,
is the velocity gain matrix. By controlling the impedance rather than only the position,
the manipulator can effectively absorb impact loads and maintain stable interaction with
moving objects or environmental constraints.

The impedance control structure developed in MATLAB/Simulink is illustrated in
Figure 4. The controller utilizes both pose and twist feedback to generate the corrective
joint torques required for trajectory tracking and force regulation. The commanded
torque is expressed as Equation (9):

T = JUKp (g0 —q) + Ky(ta —te)] ©9)

where J is the manipulator Jacobian matrix, K, and K, are the position and velocity
gain matrices, respectively. The terms (¢; — ¢) and (¢4 — t.) represent the pose and
twist errors between the desired and actual end-effector states. The desired pose
trajectory g; and desired twist trajectory t4 are supplied to the controller, and the
resulting torque command is computed from the corresponding tracking errors.

To model the interaction with the environment, compliance K, and Ky, were
incorporated to transform the environmental position and velocity into equivalent
end-effector references. The orientation of the end-effector was maintained through
additional feedback loops that regulate orientation errors, ensuring stable operation
during contact tasks. Consequently, the overall actuator torque applied to the

manipulator can be expressed in Equation (10) as

T =T —To —TE — Ty (10)
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where 7, 77, and 7, represent the velocity-dependent torque, environmental interaction

torque, and gravity/buoyancy compensation torque, respectively.

Figure 4. Block diagram of the impedance control model.

The Jacobian transformation required for converting task-space control forces
into joint-space torques was implemented through a dedicated Simulink subsystem, as

shown in Figure 5.

Figure 5. Jacobian function Simulink model for impedance control.

4.3. Jacobian transformation

The Jacobian matrix is employed to map the end-effector velocity in task space to
the corresponding joint velocities and torques of the underwater robot manipulator. In
the proposed impedance control framework, the end-effector velocity is measured and
fed back to the controller for generating the required corrective torque commands. This
transformation enables the conversion of task-space force commands into joint-space
actuation torques.

The kinematic relations describing in Equations (11) and (12) the end-effector

motion in the (Z)- and (Y)-directions are given by
Ziipa = Zem + 1 c0s 4 L(cos (B1) + cos (B12)) (11)

Yiip2 = Yem + 7sin 8 + L(sin (1) + sin (B12)) (12)

here,
B1 =B+ 01 and B12 = B+ 01 + Os.

10
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represent the angular positions of the first and second links, respectively.
By differentiating Equations (5) and (6), the Jacobian matrix relating the

end-effector velocity to the joint velocities can be obtained as Equation (13)

Zrip2 _ |- sin (1) — sin(f12) — sin(Byg) 9:1

(13)
Yiip2 cos (B1) +cos(B12)  cos(fBi2) | |02

The Jacobian matrix was implemented in MATLAB/Simulink using dedicated
transformation blocks. The corresponding Jacobian subsystem is shown in Figure 5
and Equation (14), where the transformation coefficients are defined as

w1 = —Lsin (81) — sin(B12), 2 = —L(cos (B1) + cos (B12)),

ps = —Lsin(B12)), and py = —Lcos(f12))

(14)

These coefficients are used to transform the task-space velocity and force
information into equivalent joint-space quantities required by the impedance controller.

Figure 5 illustrates the MATLAB/Simulink implementation of the Jacobian
subsystem employed in the proposed control framework.

Furthermore, the impedance force-control subsystem responsible for generating
compliant interaction forces is presented in Figure 6. The complete impedance-control
implementation for the robotic manipulator, integrating trajectory generation, Jacobian

transformation, force regulation, and manipulator dynamics, is illustrated in Figure 7.
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Figure 6. Impedance force control Simulink model subsystem of Figure 7.
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Figure 7. Impedance control Simulink model for four-link robotic manipulator.

The controller parameters employed in the simulation study were selected as
matrices in Equations (15) and (16)

15 0 0 200 0 0

K,= 10 0 0|Ky,=|0 200 0 15)
0 00 0 0 200
0.02 0 0 0.0l 0 0

Kpg= |0 1 0| K= |0 10 (16)
0 01 0 01

The proposed control strategy was tested to see how well it works when things
are moving around. A flat surface was moved at a speed of —0.2 m per second in the
simulation. The results show that the impedance controller does what it is supposed to
do. It controls the forces that are at work when the surface and the controller interact.
At the time, the impedance controller makes sure that the surface follows the path it is
supposed to follow. The controller is also very good at dealing with problems. This
means it can work well and reliably when it is used underwater to manipulate things,

when the environment around it is changing.

5. Results and discussion

The dual-two-link underwater robot manipulator was tested with a method of
controlling it. This new way was checked using computer simulations that were very
close to what happens in the water. The computer model included things that happen
in the water, like buoyancy and drag. The robot had to follow a path while touching a
surface that was moving and tilted. The results of the simulation showed that this new
way of controlling the dual-two—link underwater robot manipulator worked well. It
controlled the force of the robot on the surface. Made sure the robot moved smoothly
along the path. The dual-two-link underwater robot manipulator was able to do this
when there were big waves and other things happening in the water that could affect
it. The new control strategy helped the dual-two—link underwater robot manipulator
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work correctly. The objective was to investigate the controller’s capability in achieving
accurate trajectory tracking, compliant environmental interaction, force regulation, and
disturbance rejection during underwater manipulation tasks.

Figure 8 illustrates the contact interaction process of the DT-URM under the
proposed control framework. During the initial stage, the end-effector follows the
prescribed trajectory in free space without environmental contact. As contact is
established, the impedance controller regulates the interaction force through compliant
motion, reducing impact effects and preventing excessive contact forces. Subsequently,
stable contact is maintained while the manipulator adapts its motion to follow
the environmental surface. The smooth transition between free-space motion and
constrained interaction demonstrates the effectiveness of the proposed controller in

achieving compliant underwater manipulation.

L

A plane moving in x direction
With constant velocity
toward end effector to make
contact with end effector

Stage I- No touching stage _—

Stage II- At touching stage

Stage ITI- At controlled condition
of force during
contact interface (steady stage) _

Figure 8. Contact interaction process of the manipulator under the impedance control model
of DT-URM.

The corresponding contact-state response is presented in Figure 9. The
manipulator initially operates in a non-contact state before short-duration contact
events occur during the approach phase. Continuous contact is established after
approximately 0.5 s and remains stable throughout the simulation period. The
absence of repeated contact losses indicates that the controller successfully maintains
force-regulated interaction under varying environmental conditions.

The force response of both manipulator arms is shown in Figure 10. Transient
force peaks are observed during the initial impact and re-contact phases; however,
these disturbances are rapidly attenuated by the controller. The force responses of both
arms converge smoothly toward the desired reference force, demonstrating coordinated

dual-arm operation and balanced force distribution. To further evaluate force regulation

13
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performance, Figure 11 compares the desired and actual force responses. The actual
force closely follows the desired force throughout the simulation, with a maximum
force-tracking error of less than 1 N and an overall tracking accuracy of approximately
98-99%. The smooth response and absence of significant oscillations confirm

the effectiveness of the proposed controller in maintaining stable environmental

interaction.
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Figure 9. Contact and no-contact duration with time.
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Figure 10. Force responses of the left and right manipulator arms under the proposed hybrid

impedance controller.



Advances in Differential Equations and Control Processes 2026, 33(3), 4510.

60
50 /
40

30

Force (N)

/ Desired Force Actual Force

0 1 2 3 4 5 6
Time (s)

Figure 11. Comparison of desired and actual forces for force-tracking error analysis.

The end-effector position responses shown in Figure 12 demonstrate accurate
trajectory-tracking performance during environmental interaction. The position
components remain smooth and bounded throughout the simulation period. While
the lateral and vertical positions remain nearly constant, the motion along the primary
tracking direction follows the desired trajectory without significant deviation. The
absence of abrupt position fluctuations confirms the stability of the proposed control

strategy.
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Figure 12. End-effector Cartesian position response (in the X, Y, and Z directions) under the
proposed hybrid impedance controller.

The velocity responses presented in Figures 13 and 14 provide further insight into

15
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the dynamic behavior of the manipulator. Following contact establishment, transient
oscillations appear due to impact forces and hydrodynamic disturbances. However, the
damping action introduced by the hybrid impedance controller rapidly suppresses these
oscillations, resulting in smooth and stable velocity profiles. The derivative component
of the PID compensation plays a significant role in reducing vibration amplitudes and
improving transient stability. Consequently, the controller effectively minimizes the

influence of flexible-link dynamics and underwater disturbances.

"ﬂ|4 i i i i i i i i i
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Time (seconds)

Figure 13. End-effector linear velocity response in the X, Y, and Z directions.
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Figure 14. Magnified view of the transient velocity response during environmental interaction.

Figure 15 illustrates the angular velocity response of the manipulator end-effector.
Despite the presence of nonlinear hydrodynamic coupling and environmental
uncertainties, the angular velocity remains stable and free from excessive oscillations.
The controller effectively suppresses rotational disturbances and ensures smooth

rotational motion throughout the task, demonstrating improved rotational stability and
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robust underwater interaction performance.
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Figure 15. Angular velocity response of the manipulator end-effector.

To quantitatively assess tracking performance, Figure 16 compares the
trajectory-tracking errors obtained using the conventional impedance controller and
the proposed hybrid impedance controller. The proposed controller exhibits a lower
initial tracking error and converges more rapidly toward the desired trajectory. The final
tracking error approaches zero, whereas the conventional controller retains a noticeable
steady-state error. Overall, the proposed approach reduces trajectory-tracking error by
approximately 27-30%, indicating substantial improvement in positioning accuracy

and dynamic response.
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Figure 16. Comparison of trajectory-tracking errors between conventional and proposed

hybrid impedance controllers.

The disturbance rejection capability of the controller is evaluated in Figure 17.
Under external underwater disturbances, both controllers exhibit transient responses;
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however, the proposed controller achieves significantly lower peak disturbance
amplitudes and faster attenuation. The maximum disturbance response decreases from
approximately 0.65 to 0.39, corresponding to a 40% reduction, while the settling time
is considerably shortened. These results demonstrate enhanced robustness and superior
disturbance rejection performance under uncertain underwater operating conditions.
The performance comparison between the conventional impedance controller and the

proposed hybrid impedance controller is presented in Table 1.
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—&— Conventional IC Proposed Hybrid IC
Figure 17. Disturbance rejection performance of the proposed controller.

Table 1. Performance comparison between the conventional impedance controller and the
proposed hybrid impedance controller.

Metric Conventional IC Proposed hybrid IC

Overshoot (%) 12.0 7.0

The overshoot is reduced from 12.0% with conventional impedance control to
7.0% with the proposed hybrid controller. The percentage reduction is calculated using
Equations (17) and (18).

Conventional IC — Proposed Hybrid IC

P tage Reduction = 100 17
creentage Reduction Conventional IC 8 17
By using data:
. 2-7
Percentage Reduction = x 100 = 41.67% (18)

Thus, the proposed controller achieves a 41.67% reduction in overshoot,
demonstrating improved transient response and reduced oscillations compared with
conventional impedance control.

A comprehensive performance comparison between the conventional impedance
controller and the proposed hybrid impedance controller is provided in Figure 18

and Table 2. The proposed controller consistently outperforms the conventional
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approach across all evaluation metrics. Specifically, the settling time is reduced by
approximately 20%, the force-tracking error by 18.5-20%, the overshoot by 41.7%,
and the trajectory-tracking error by approximately 27.5%. These improvements
are attributed to the combined benefits of impedance regulation and PID-based
dynamic compensation, which enhance force regulation, vibration suppression, and

trajectory-tracking accuracy.

14

Impedance (N)

[ 3¥]

, — .

Settling Time (s) Force Error (N) Overshoot (%)  Trajectory Error (m)
Error (%)

B Conventional IC W Proposed Hybrid IC M Improvement (%)

Figure 18. Quantitative comparison between the conventional impedance controller and the

proposed hybrid impedance controller.

Table 2. Quantitative comparison between conventional impedance control and proposed

hybrid impedance control.

Performance metric Conventional IC Proposed hybrid IC Improvement (%)
Settling Time (s) 2.00 1.60 20.0
Force-Tracking Error (N) 0.25 0.20 20.0
Overshoot (%) 12.0 7.0 41.7
Trajectory Tracking Error (m) 0.040 0.029 27.5
Maximum Disturbance Response 0.65 0.39 40.0

The percentage improvement was calculated using Equation (19).

Improvement (%) = Xor = Xut x 100 (19)
Xcr
where X and X 77 represent the performance metric obtained using the conventional
impedance controller and the proposed hybrid impedance controller, respectively.
Overall, the simulation results demonstrate that the proposed hybrid impedance
controller provides superior interaction performance for dual-arm underwater robot
manipulators operating under nonlinear hydrodynamic conditions. The integration
of impedance regulation with PID-based compensation significantly improves
trajectory-tracking accuracy, force-regulation capability, disturbance rejection
performance, and dynamic stability. Furthermore, the controller maintains stable

contact interaction while minimizing oscillations induced by flexible-link dynamics
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and environmental disturbances. These findings confirm the suitability of the proposed
framework for underwater inspection, maintenance, intervention, cooperative

manipulation, and other contact-based underwater robotic applications

5.1. Bond graph simulation of impedance-controlled environmental
interaction

To evaluate the effectiveness of the proposed impedance controller, a bond graph
simulation was conducted. The manipulator end-effector was commanded to follow a
half-rectified sinusoidal trajectory with amplitude a. The reference velocity applied to

the bond graph source element (F,,..¢) is given by Equation (20).

Foref = a x (g) X cOs <t X g) X swi{cos <t X g) ,0} (20)

where the switching function ensures that only the positive half-cycle of the sinusoidal
signal is applied. To model environmental interaction, the environmental effort (ecy.)
was introduced to represent the reaction force generated by the environmental stiffness

(K,), and is expressed by Equation (21).
Ceny = SW1I (Qtip»Zw) X (Ke X Zw) (21)

where ((Q)4;p) denotes the end-effector position and (Z,,) represents the environmental
boundary position. This formulation enables accurate modelling of contact and

non-contact conditions for evaluating the impedance control performance.

5.2. Comparative performance evaluation

Table 2 summarizes the quantitative performance comparison between the
conventional impedance controller and the proposed hybrid impedance controller. The
proposed controller achieves reductions of approximately 20% in settling time, 20% in
force-tracking error, 41.7% in overshoot, and 27.5% in trajectory-tracking error. These
improvements demonstrate enhanced dynamic response, force regulation, and overall
control performance.

The simulation results confirm that the proposed hybrid impedance controller
provides superior interaction performance for dual-arm underwater robot manipulators
operating under nonlinear hydrodynamic conditions. The integration of impedance
regulation with PID-based compensation significantly improves trajectory-tracking
accuracy, force-regulation capability, and disturbance rejection performance.
Furthermore, the controller maintains stable contact interaction during constrained
underwater operations while minimizing oscillations caused by flexible-link dynamics
and environmental disturbances. Comparative analysis demonstrates improvements of
27% in trajectory-tracking accuracy, 18.5% in force regulation, 19.6% in disturbance
rejection capability, and 19% in settling time compared with conventional impedance
control. These results demonstrate the effectiveness and robustness of the proposed
framework for underwater inspection, maintenance, cooperative manipulation, and

intervention applications requiring compliant interaction with the environment.

20



Advances in Differential Equations and Control Processes 2026, 33(3), 4510.

6. Conclusion

This paper presents an impedance-control framework for a dual-arm with
two-links Underwater Robot Manipulator (DT-URM) operating under nonlinear
hydrodynamic conditions. The proposed controller was developed in MATLAB/
Simulink and integrated with the manipulator dynamics, Jacobian transformation, and
environmental interaction model to achieve compliant motion, accurate trajectory
tracking, and stable force regulation during underwater contact tasks. By regulating
the mechanical impedance of the manipulator, the controller enables smooth
transitions between free-space motion and constrained environmental interaction while
maintaining stable contact forces.

The simulation results demonstrate that, the proposed control framework
effectively establishes and maintains continuous contact with the environment while
suppressing impact-induced oscillations and hydrodynamic disturbances. The end-
effector position, velocity, and angular velocity responses remained smooth and stable
throughout the operation, confirming the controller’s capability to provide compliant
interaction and robust dynamic performance. Furthermore, the force responses of
both manipulator arms closely followed the desired reference force, achieving a
force-tracking accuracy of approximately 98-99% and demonstrating coordinated
dual-arm operation during contact manipulation.

Compared with the conventional impedance controller, the proposed controller
reduced the settling time from 2.0 s to 1.6 s (20% improvement). Similarly, the
trajectory tracking error decreased from 0.040 m to 0.029 m (27.5% improvement),
while the force-tracking error was reduced from 0.25 N to 0.20 N (20% improvement).
The overshoot decreased from 12% to 7%, corresponding to a 41.7% reduction. These
improvements are attributed to the PID compensation, which enhances damping and
effectively suppresses oscillations induced by nonlinear hydrodynamic disturbances.

Overall, the obtained results confirm that the proposed impedance-control
framework provides a reliable and robust solution for underwater robotic manipulation
involving physical interaction with uncertain environments. The enhanced tracking
accuracy, force-regulation capability, vibration suppression, and disturbance rejection
performance make the proposed approach particularly suitable for underwater
inspection, maintenance, intervention, cooperative manipulation, and other contact-
based underwater operations. Future work will focus on experimental validation using
a physical DT-URM platform and the integration of adaptive and intelligent control
strategies to further enhance performance under complex and time-varying underwater

conditions.

Future Work

Future research will focus on implementing the proposed controller on a physical
dual-arm underwater robotic platform and validating its performance under realistic
hydrodynamic disturbances. In addition, advanced intelligent control techniques, such
as adaptive, learning-based, and hybrid impedance-force control strategies, will be

investigated to further enhance interaction performance and autonomous manipulation
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capabilities in complex underwater environments.
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Abbreviation
DT-URM Dual-Arm with Two-Link Underwater Robotic Manipulator
PID Proportional-Integral-Derivative
BG Bond Graph
CAD Computer-Aided Design
DOF Degree of Freedom
IC Impedance Control
CI Conventional Impedance
HI Hybrid Impedance
J Jacobian Matrix
K Gain Matrix
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