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Abstract: This study presents an advanced control algorithm for obstacle avoidance in redundant robotic manipulators while
maintaining accurate task execution, such as precise end-effector trajectory tracking. The proposed framework integrates Virtual
Force Fields (VFF) with Null Space Projection to achieve real-time, collision-free motion without interfering with the robot’s
primary objectives. The control system is based on a detailed dynamic model of a 6-degree-of-freedom (6-DOF) planar robot.
Repulsive forces are computed from artificial potential fields and projected into the robot’s null space through an impedance-based
control law. This enables the robot to perform self-motion adjustments to avoid obstacles while preserving end-effector performance.
The effectiveness of the proposed method is validated through simulations in a dynamic environment with moving obstacles. Results
demonstrate that the robot can accurately follow its desired trajectory, maintain low tracking errors, and generate compliant joint
motions in response to external repulsive forces. The approach ensures dynamic stability, efficient obstacle avoidance, and high-
fidelity task execution, highlighting its applicability in complex and unstructured environments.
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L. INTRODUCTION

Obstacle avoidance in robotic systems has been
extensively explored through a range of methodologies, with
artificial potential fields standing out as an early and
influential concept. Khatib’s pioneering work on real-time
obstacle avoidance demonstrated how repulsive and attractive
potentials could guide both manipulators and mobile robots,
thereby establishing an intuitive framework where obstacles
repel the robot’s links away from collisions while goals exert
an attracting influence. Following this, numerous variations
of potential field strategies have emerged, including Virtual
Force Fields (VFF), which interpret potential gradients as
physical-like forces. These methods offer real-time
responsiveness and relative ease of implementation, yet they
remain susceptible to local minima problems and may require
careful parameter tuning to ensure stable, collision-free
motion [1], [2].

Alongside potential field approaches, significant
attention has been devoted to null space control in redundant
manipulators. In such systems where the number of joint
degrees of freedom exceeds the dimensionality of the end-
effector task null space control provides a mechanism to
handle secondary objectives without disrupting the primary
goal. By projecting secondary commands (e.g., obstacle
avoidance or joint-limit avoidance) into the null space of the
manipulator’s Jacobian, the system can continue tracking an
end-effector trajectory while simultaneously performing
tasks that do not directly affect the end-effector pose. This
dual-task capability underpins numerous advanced robotics
applications, from precision assembly to medical
interventions, and has been the subject of continuous research
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aiming to improve real-time feasibility, robustness to
singularities, and overall stability in dynamic environments.

In this work, we propose a method that integrates
virtual repulsive force fields into the control framework of a
redundant manipulator. These forces are applied to the robot
and managed through an impedance-based null space control
law, enabling the robot to adapt its self-motion for obstacle
avoidance without disrupting the primary trajectory-tracking
task.

II. OBSTACLE AVOIDANCE FOR REDUNDANT
ROBOTS

In general, obstacle avoidance in robotic
manipulators can be addressed through two principal
categories of approaches: global (planning-based) and local
(control-based) strategies. Global methods, such as high-level
path planning, are designed to compute collision-free
trajectories from a starting configuration to a target, assuming
that such a path exists. While these approaches can guarantee
obstacle-free motion under ideal conditions, they are
computationally intensive and often require significant pre-
processing time. This limits their practicality in dynamic
environments or real-time applications. Moreover, global
planners typically rely on static models of the environment
and are not inherently responsive to real-time sensory data,
making them more suitable for controlled, unchanging
environments [3].

Conversely, local strategies frame obstacle
avoidance as a low-level control task. Rather than replacing
global planning, these methods complement it by utilizing
real-time sensor input to adapt to environmental changes. For
instance, they enable reactive motion adjustments when
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unexpected obstacles appear or move within the robot's
workspace [4]. Here is a concise comparison table

summarizing the key aspects of global and local methods for
obstacle avoidance and trajectory planning:

Table 1 global and local methods for obstacle avoidance and trajectory planning

Aspect Global Methods Local Methods
Scope Considers the entire environment. Focuses on immediate surroundings.
Optimality Produces optimal or near-optimal paths. May result in suboptimal paths.
Adaptability Limited to static or pre-modeled environments. Highly adaptive to dynamic environments.
Computational Cost | High, requires preprocessing and global optimization. Low, suitable for real-time execution.
Obstacle Relies on known obstacle models Depends on sensor data for real-time obstacle
Representation (e.g., geometric shapes) detection.

Environment Type

Best for static environments.

Effective in dynamic or unstructured

environments.
Use Case Precise path planning for industrial robots or Reactive motion in mobile robots or
manipulators. manipulators.
Integration Suitable for hybrid approaches when paired with Complements global methods for dynamic
local methods adjustments.

According to the position relation between the
obstacle and the robot, the obstacle avoidance problem for
redundant robots can be divided into two categories:

. Obstacle  avoidance for  redundant
manipulators can also be categorized based on the spatial
relationship between the robot and the obstacle. In the first
scenario (see Figure 1), obstacles do not intersect the path of
the end-effector, allowing the robot to maintain its trajectory-
tracking task uninterrupted. This situation highlights the
benefits of redundancy, as the manipulator utilizes its
additional degrees of freedom to circumvent obstacles
without compromising the primary task [5].

Obstacle

. (.{; Desired trajectory
- e ~—
.Ohsmc]c

Fig. 1. The obstacles do not disturb the end-effector's motion

. In contrast, the second scenario (Figure 2)
presents a more challenging condition: an obstacle lies
directly in the path of the desired trajectory. This necessitates
a compromise between tracking the reference path and
avoiding collision. The controller must manage both
objectives simultaneously, ensuring that the end-effector
adjusts its trajectory to bypass the obstacle while still
progressing toward the goal [6].
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Obstacle

. Desi red trajectory

Fig. 2. The desired trajectory passes through a region
occupied by an obstacle

III. METHODOLOGY

The flowchart illustrates the methodology for
developing the robotic obstacle avoidance system, starting
with defining the problem by establishing the goals: creating
an obstacle avoidance mechanism and ensuring precise
trajectory tracking. The next step involves modeling the robot
system, including kinematics, dynamics, and Jacobian
matrices for task and null spaces. Sensors are then integrated
to detect obstacles, where a Virtual Force Field (VFF) is
employed to calculate repulsive forces based on potential
energy fields. These forces are projected into the robot’s null-
space motion to adjust its trajectory without affecting the
primary task. A combined control law is formulated to
manage task-space objectives and null-space velocity,
ensuring stability and efficiency. Finally, the system
undergoes simulation or physical testing for validation,
followed by performance evaluation based on trajectory
accuracy, obstacle avoidance efficiency, and dynamic
stability.

16
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Start: Define Problem

Model Robot System

Obstacle Detected? Apply Obstacle Avoidance Strategy

‘ Formulate Control Law r

Simulate or Test

Analyze Results

Fig. 3. Block diagram of methodology

3.1 Define problem

Real-time obstacle avoidance is crucial for ensuring
safe and efficient robotic operation in dynamic environments.
At the same time, manipulators must maintain their primary
tasks, such as precise trajectory tracking, without disruption.
Balancing these twin objectives in a single control framework
poses a significant challenge, especially for 6-DOF systems.

The central objective is to design a robust obstacle
avoidance mechanism that allows the robot to perceive
obstacles within its operational workspace and adapt its
motion in real time to prevent potential collisions.
Simultaneously, the control strategy aims to ensure accurate
tracking of a predefined trajectory in Cartesian space while
maintaining collision-free movement in the presence of
environmental constraints.
3.2, Model Robot system

This step focuses on developing a detailed model of
the robot system. It encompasses the kinematics, dynamics,
and the computation of Jacobian matrices for both task and
null spaces, which are critical for planning and control. The
system we studied is a redundant robot, as shown in Figure 1,
where the robot could be a 6-DOF planar redundant robot
while an obstacle approaches the robot during the movement.

Obstacle

R
Approaching
to the robot

Refergnce ﬁajeclory

Fig. 4. An overview of the 6 DOF planar robot

1. Kinematics of a Redundant

The robot is regarded as a redundant system when
the number of joint-space degrees of freedom n exceeds the
dimensionality m of the task space. The mapping from joint
configuration q to task-space position x is defined by the
following equation:

x=f(q) (1
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The relationship between the joint velocities g and
the task-space velocities x is established by differentiating
Equation (1).

x =] q (@)

Where: x — is the Cartesian space velocity. g —
represents their time derivatives (velocities). J(g) — is the
Jacobian matrix from the robot end-effector to the joints.

In the case of redundancy, the inverse mapping from
task space to joint space derived from Equation (1) takes the
form:

Q=1 @+ N @

Where: ¢ — represents the joint velocities. J# —
pseudoinverse of the Jacobian matrix J(q). X — is the desired
velocity of the end-effector. N = I — J #] projects onto the
null space of the Jacobian, allowing for the execution of
secondary tasks such as obstacle avoidance. { — is a vector of
arbitrary joint velocities that do not affect the primary task
execution.

2. Robot Dynamics

The dynamics of the robotic system are derived
using the Lagrangian formulation and are expressed as
follows:

M@d+ Cla.9)q + G(@ =7 +J'(@) f(©) A3)

Where: M(q) — denotes the inertia (mass) matrix.
C(q,q) — represents the Coriolis and centrifugal matrix.
G(q) —is the gravity vector. f(t) —is the external force
acting on the end-effector. 7' — is the joint actuator torque.
J7(q) — is the Jacobian matrix.

To simplify the control formulation, we define the
control input t such that:

T=Cqq+ e+t (4
Substituting this into equation (3) yields the simplified
dynamic equation of the system:
M@id=rt+ J'(@f®) )

This formulation clearly separates the nonlinear
dynamic components from the control input, allowing for
straightforward application of control laws in joint space
while accounting for external forces via the Jacobian
transpose.

3. Extended Jacobian Formulation

For a redundant robotic manipulator described by
Equation (2), the system has m degrees of freedom (DOFs) in
the task space and n DOFs in the joint space, where n > m.
This inequality indicates the presence of kinematic
redundancy, which is quantified as:

r=n-—-m

Given this redundancy, the joint velocity can be
decomposed into two components: one that contributes
directly to task-space motion and another that lies within the
null space of the Jacobian matrix. The velocity induced by
null space motion is formulated as:

s = IN@ 9 = NT  (6)
I=/8Ddn ()

with J# being the generalized inverse of Jy(q) and

defined as
]ﬁ = UIE Win In )_1];]N €))

where W)y is a weight matrix. In this way, § can be
designed to realize the null space motion without affecting the
motion in Cartesian space.
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By combining (1) and (7), an extended velocity
vector X, is constructed as

](q)]
Let the combined Jacobian be represented as J, =

, taking the derivative of (9) gives:
4 = [x] _V@g +j(Q)C?]
e — 19 - # o iH# .
Jn G +Ing
e = Jed t Jeq an
Then pre multiplying J# on both sides of (11), we
can obtain

[](q)

(10)

i=Ji@E —Jeq) (12

3.3. Control Design for the Redundant Robot
1) Decoupled System Dynamics
Substituting (12) into (5), and considering ¢ =
J¥ %+ Jy(q) ¥, then the system dynamic can be rewritten
as

jT‘L-:Ee(q) Xe + le Xe +]§T]Tf(t) (13)

Where:
gy = [JTMIY My
A L N TR

We can design the controller for the two subsystems
respectively.

{JTTX = JTMJ* i+ ek + JTIT(@f ()
]17\;771 =]17\;M]N19.+H1919+]I7\;Te
_ [ J*j (@) J* (@)
U R@IN @

, and 7, is external torque applied on the

(14)
where

/i Jh@) 1@
I J(@ (@)

y Uy =

robot.
We rewritten (14) compactly as
T T (O T
I(l Te = E1919.+H1919+]17\;Te
Where E, = J*T M J* Eg = J§ My
2) Controller Design

The block diagram presents a control architecture
tailored for a 6-degree-of-freedom (6-DOF) redundant
robotic manipulator, integrating mechanisms for obstacle
avoidance alongside accurate end-effector trajectory
regulation.

Desired €S Task-Space
control goal Acceleration

Null-Space
Acceleration

Virtual
Force Field

Fig. 5. Block diagram of control for a 6-DOF

. Error signal the primary goal of the inner-loop
controller is to ensure accurate tracking of the desired
trajectory. The tracking error is defined as the deviation
between the end-effector’s current position and its desired
reference position:

Tracking error (e) = x — x, (16)
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Where: e — is the tracking error. x — is the current
end-effector position. x,- — is the desired (reference) position.
Error Velocity (s) = x — %, 17)

Where: s - is the velocity tracking error. X — is the
current velocity in Cartesian space. X; — is the desired or
reference velocity, typically generated by a trajectory planner
and an adjustment based on the matrix K to improve the
system's response to errors: X = X, + K e.

These equations (16) (17) are used to measure and
reduce the positional and velocity errors of the end-effector
during path tracking or when moving to a specific point.

o Task space control to track a given trajectory x,., the
acceleration control command X, is designed as follows,
fo= =€ (kp + ) SHET I X+ €1 T f ()
Xo =X, —€x" [(kp + ) S+ p X+ ]Tf(t)]
(18)

Combining (18) and (14), we can design the control

law in task space as,

= ]Tex Xe (19)
Tt Z]Tex (% _E;l (kp + Uy) s +€;1 Uy X) + ]Tf(t)
(20)
. Null Space Control In order to control redundant

joint behavior within the Jacobian’s null space, a dedicated
control formulation is applied as:
D =0, + &5 (ko + o) + g 9 +J§ k@) (22)
This formulation allows the robot to perform
secondary tasks such as obstacle avoidance by leveraging its
kinematic redundancy, while ensuring stability and
responsiveness within the null space.
Thus, the null space control law can be described as
follows,
=Jy€s
= Jn€s (19 + 5191((1519 + pe0) + g 9
+ivk,d))  (23)
3.4. Apply Obstacle Avoidance Strategy
Virtual Force Field
In this approach, a virtual repulsive field is
formulated to enable obstacle avoidance through the robot’s
redundant degrees of freedom. Rather than relying on global
path planning methods such as configuration space
exploration, probabilistic roadmaps [14], or rapidly-exploring
random trees (RRT) [15], this strategy applies repulsive
forces locally to steer the robot away from potential
collisions. These forces act directly on the manipulator's
structure and are integrated into the control system through
impedance-based modulation of null-space motion.
For every individual link of the robotic manipulator,
a repulsive potential energy function U;is constructed to
model the interaction between the robot and nearby obstacles
as a function of proximity. This virtual potential reflects the
intensity of repulsion and is influenced by several key
parameters, including the distance between the obstacle and a
designated control point on the link, the effective influence
range of the repulsive field, and a scaling coefficient that
regulates the maximum allowable force to ensure system
stability and avoid abrupt reactions.
l,_{ln(l—-l) if d; < dg
i=32"\d; dg .
0 otherwise
The repulsive force acting on link i is derived as the
negative spatial gradient of the potential energy:
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F,=-VU; = ( ! ! ) ! P
i= i=1 4, d) @ i
The corresponding repulsive force F; is transformed
into joint-space torque through the Jacobian matrix J; , which
is associated with the control point on link i, as follows:
. =J{F
The total null space torque generated from all robot
links is computed as:

_ T
Tnun = Z]l Fi
L

The torque component derived from null space
motion is then integrated with the torque associated with the
primary task (trajectory tracking), resulting in the overall
joint torque command:

Ttotal = Teask T Tnull

This integrated control strategy ensures that the
robot follows the desired trajectory while actively avoiding
obstacles through self-motion enabled by redundancy.

V. Simulation

In this section, a group of simulation studies is
performed to verify the effectiveness of our proposed

controller. The length of each link is chosen to be the same as
I m.

The robot's initial configuration is chosen to be
q = [0,0.25,0.12,0.30,0.20,0.15]7 (radians), and the
initial position of the obstacle center is chosen to be
[1.5,2]" (meters). The robot is controlled to track a set
position at x; = [2.8,1.6]T(meters). The obstacle is
movable and follows a sinusoidal trajectory y(t) = 2.0 —
0.5 sin(0.5¢t) in y direction.

The results of the simulation are depicted in Figures
5 through 9. Figures 5 and 6 show the trajectory tracking
performance along the x and y directions, respectively, where
the end-effector successfully follows the reference paths with
minimal deviation. Figure 7 presents the tracking error over
time. Joint angle variations during motion are displayed in
Figure 8, highlighting smooth and coordinated joint
movements. Figure 9 illustrates the magnitude of the
repulsive forces applied to each joint, where the forces
increase when the obstacle approaches and decrease as the
obstacle moves away.

Figure 5: Tracking Trajectory in x-Directian

10 e —— Desired Trajectory (x)
o bt Actual Trajectary (x)

05

0 2 a 6 ] 10
Time [s]

Position [m]

Figure 6: Tracking Trajectory in y-Direction

~ = Desired Trajectory (y)
Actual Trajectory (y)

o z a 6 8 10

Fig. 5. Tracking performance of the proposed
controller in the x-axis

Fig. 6. Tracking performance of the proposed control

method in the y-axis

Figure 7: Tracking Error of the Proposed Controller

—— Tracking Error Magnitude

0.05

Tracking Error [m]

Joint Angle [rad]

The Joint Angles of the Robot During Tracking

Fig. 7. Tracking error response under the proposed
control strategy

Fig. 8. Joint angle profiles of the robot throughout the

tracking task

The Applied Repulsive Force on Each Joint

Repulsive Force [N]
LW
hr
|

—
i

0.00

N\

) 2

Time [s]

Fig. 9. Joint-level repulsive torque responses induced by obstacle
proximity
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In this second simulation scenario, the robot is
required to track a desired trajectory while an obstacle is
placed directly along the path of its movement. The initial
configuration of the robot is maintained identical to that used
in the first simulation case. The initial position of the center
of the obstacle is set at [1.6,2.1]7 meters.

The robot is tasked with following a dynamic target
trajectory defined as:

xq = [2.5,0.5 — 0.04¢> + 0.06t?]

Figures 10 to 13 collectively demonstrate the

effectiveness of the proposed control strategy in handling

dynamic obstacle avoidance during trajectory tracking.
Figure 10 and Figure 11 illustrate that the end-effector
successfully follows the desired trajectories in the x and y
directions, respectively, despite the presence of a moving
obstacle. Figure 12 shows that the tracking error remains
minimal throughout the motion, with only a slight increase
when the obstacle is closest to the robot, confirming the
robustness of the controller against disturbances. Finally,
Figure 13 displays the applied repulsive torques on each joint,
highlighting how the controller dynamically adjusts the null-
space motions to ensure safe obstacle avoidance without
compromising the primary tracking task.

Tracking Trajectory in x-Direction with Obstacle Disturbance

== Desired Trajectory (x)
Actual Trajectory with Obstacle Influence (x)

Position [m]
°
o
=
.
p

—0.25 4 AN
~0.50 4 \
—0.75 =

-1.00 4

[ 2 4 6 8 10
Time [s]

Tracking Trajectory in y-Direction with Obstacle Disturbance

- ~ = Desired Trajectory (y)
S, Actual Trajectory with Obstacle Influence (y)

Time [s]

Fig. 10. Tracking performance of the proposed
controller in the x-axis

Fig. 11. Tracking performance of the proposed control

method in the y-axis

Tracking Error of the Proposed Controller under Obstacle Disturbance
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The Applied Repulsive Force Te on Each Joint
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Fig. 12. Tracking error response under the proposed
control strategy

Fig. 13. Applied repulsive torques te on each joint

CONCLUSION

In this study, the obstacle avoidance and trajectory
tracking capabilities of a planar 6-DOF robotic manipulator
were successfully demonstrated in a dynamic environment.
By employing a motion control strategy that integrates
repulsive force modulation, the robot was able to track the
desired end-effector trajectory accurately while adapting to
the presence of a moving obstacle. The simulation results
confirmed the effectiveness of the proposed approach, with
minimal tracking errors, smooth joint trajectories, and
responsive obstacle avoidance behavior. These findings
highlight the potential of advanced control algorithms in
enabling reliable and safe operation of robotic manipulators
in complex, dynamic workspaces. Future work will focus on
extending the framework to three-dimensional environments
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and incorporating real-time optimization techniques to further
enhance performance.
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