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ABSTRACT

Path planning and collision avoidance are two crucial in-
terconnected algorithms used to perform desired tasks for
both fixed and moving base manipulators. In this pa-
per, the collision-free trajectory generation algorithm pre-
sented for capturing a stationary target is a newer form of
the state-of-the-art method using cycloids. It is further
optimised to minimise the distance between the obstacle
and the manipulator. A control algorithm using the Com-
puted Torque Control to accurately track the pre-designed
trajectory is discussed. The simulations results presented
in this paper verify the efficacy and robustness of the con-
troller based on the non-linear dynamical model of the
robotic manipulator. The optimised collision-free trajec-
tory resulted in smooth joint displacement, velocity and
acceleration. Moreover, the algorithm presented can be
applied to ground based and space based stationary or
moving robotic manipulators.
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1. INTRODUCTION

Robotic manipulators are very widely used in terrestrial
applications and they are increasingly needed for both or-
bital and planetary missions. The design of fixed-base
and moving base manipulators is different when it comes
to the significance of the dynamic coupling between the
arm and the supporting base. When fixed-base manipula-
tors are considered, the designer has to take into account
path constraints. These constraints are points on the tra-
jectory that the end-effector has to go through to achieve
the path. Whereas when moving base manipulators are
considered, the path is constrained by the amount of re-
action forces applied on the base which need to be min-
imal. The larger is the joint displacement the higher are
the forces, hence the need for optimisation. Another issue
of high importance for both fixed and moving base ma-
nipulators is the presence of obstacles, which highlights
the need for a collision-free path planning algorithm.
Various techniques for trajectory planning for both fixed

and moving base manipulators have been developed, such
as the Artificial Potential Fields (APF) approach where
the moving point representing the end-effector, is driven
away from high potential areas (obstacles) towards low
potential areas tracing the desired path until it reaches
the lowest potential (goal point). This approach was used
on a fixed-base industrial robot in [1] and a space mov-
ing base manipulator by utilising the improved version
of the APF in [2]. The latter algorithm was combined
with the inverse kinematics based on the Generalised Ja-
cobian Matrix (GJM) developed by Umetani and Yoshida
in [3]. In the same context, an Ant Colony algorithm was
presented to avoid trapping into local optimum which is
one of the APF common issues [4]. As mentioned previ-
ously, the challenge when designing trajectories for mov-
ing base manipulators is to minimise the reaction forces
on the base due to the dynamic coupling. Dubowsky and
Torres developed a graphical tool called the Enhanced
Disturbance Map (EDM) to make the manipulator move
along a zero disturbance line, also called reaction-less tra-
jectory [5]. They defined hot areas, where small move-
ments of the manipulator result in large disturbances, and
cool areas also called zero disturbance paths where reac-
tion forces are minimal. These techniques proved to be
efficient; however, they do not allow real time implemen-
tation since they require full preliminary knowledge of
the manipulator’s surrounding environment.
Polynomials also proved to be an effective method to de-
sign trajectories for both terrestrial fixed base and space
moving base manipulators [6, 7]. Papadopoulos et al.
used a polynomial to design trajectories in the configu-
ration space i.e. the generalised coordinates are the joints
displacement angles [7]. In the same context, Zhang op-
timised a polynomial function for minimisation of the at-
titude changes due to the reaction forces generated dur-
ing the path planning execution [8]. Huang presented
a method for path planning that adds constraints on the
joint displacement and velocity to limit the impact forces
at the capture point i.e. final position in the Cartesian
space [9]. Xu later improved this method using polyno-
mials to find smooth trajectories at the joint displacement,
velocity and acceleration level [10]. The latter algorithm
developed and applied on space moving base manipula-
tors, was also used on terrestrial fixed base manipulators
[11, 12]. This proves the efficacy of polynomials in path
planning for both fixed and moving base manipulators.



Although there are various techniques to design the tra-
jectory of the manipulator, it is often challenging to con-
trol the motion of the end-effector precisely and to avoid
obstacles using classical controllers, such as the Propor-
tional Derivative Controller. The issues are mainly due
to the inaccuracies of the model used to design the con-
troller or the limitation of linear controllers, which are
used for real-time control of highly non-linear manipula-
tor system.
The algorithm presented in this paper is an improved ver-
sion of the state-of-the-art method that uses a fifth order
polynomial to design a smooth trajectory between the ini-
tial and final position while avoiding obstacles using four
harmonic functions. The harmonic functions are made of
four quarters of cycloidal equations [12]. This method
allowed the manipulator to avoid the obstacle but was
not power efficient since the actuated joints followed a
large deviation during the execution of the obstacle avoid-
ance algorithm. Hence, it was further optimised using a
newer version of the harmonic function, to achieve ob-
stacle avoidance. The new version of the algorithm is
based on a function that consists of the companion curve
of a cycloid, which is a continuous function over the ob-
stacle avoidance portion of the Cartesian and joint space
trajectories. Furthermore, a nonlinear Computed Torque
Control is designed to track the desired trajectory.

2. SYSTEM DESIGN AND MODELLING

The system consists of an N Degrees of Freedom (DoF)
fixed-base manipulator with revolute joints. The vector
of generalised coordinates q is equal to the vector of the
revolute joints displacement θ = [θ1, θ2, ..., θn]. The
equation of motion can be derived using the Lagrange
approach and takes the following matrix form [13]:

τ = D(θ)θ̈ + C(θ, θ̇)θ̇ +G(θ), (1)

where:
τ is the Nx1 torque vector.
D(θ) is the NxN symmetric positive finite matrix, repre-
senting the inertia of the system.
C(θ, θ̇) is the NxN matrix, representing the Coriolis and
centrifugal effects.
G(θ) is the Nx1 gravity vector.

3. COLLISION-FREE TRAJECTORY PLAN-
NING

3.1. Path Planning

The initial position of the end effector is always taken
as the current position at time t0 and the final position
is the desired grasping point. The path between the two
positions is made of one or multiple trajectory segments.
The trajectory segment, in this paper, is planned in the

joint space to attain the desired Cartesian pose and is de-
fined using a polynomial function satisfying initial and
final conditions on the joints displacement, velocity and
acceleration:

θi(0) = θi0 and θi(tf ) = θif
θ̇i(0) = 0 and θ̇i(tf ) = 0

θ̈i(0) = 0 and θ̈i(tf ) = 0

 . (2)

In order to satisfy the above conditions, a fifth order poly-
nomial is needed for the ith joint:

θi = b5t
5 + b4t

4 + b3t
3 + b2t

2 + b1t+ b0, (3)

where bi, for i = 0, 1, ..., 5, are coefficients of the polyno-
mial to be determined by solving the polynomial equation
for all six conditions of Eq. (2) which gives the following
coefficients:

b0 = θi0 , (4)
b1 = b2 = 0, (5)

b3 =
10

t3f
(θf − θ0) , (6)

b4 = −15

t4f
(θf − θ0) , (7)

b5 =
6

t5f
(θf − θ0) . (8)

3.1.1. Time normalisation

Let T be the period of the execution of the trajectory from

t = 0 to t = tf and the normalised time τ =
t

T
where

τ ∈ [0, 1]. Then θi becomes:

θi(τ) = θi0 +
(
θif − θi0

)
P (τ), (9)

P (τ) =
(
6τ5 − 15τ4 + 10τ3

)
, (10)

where P is the fifth order polynomial function that de-
scribes the trajectory between the initial position of the
end-effector to a desired final position while satisfying
conditions of Eq. (2).

3.2. Obstacle Avoidance

In 2011, an algorithm for obstacle avoidance using four
harmonic equations was developed, where the obstacle
avoidance segment of the trajectory was divided into four
segments equal in time, then the length of the whole path
was minimised to find the shortest path [12]. However,
the results showed that the obstacle avoidance segment
was not as optimal as needed for a minimal power con-
sumption. Hence, the method proposed in this paper is
an improvement of the previous method, which results in
a novel optimal obstacle avoidance algorithm. The new
method is based on one function describing the compan-
ion curve of a cycloid.



The method stipulates that during the obstacle avoidance
period T ′, the polynomial function described by Eq (9)
becomes as follows:

θ(t) = θi + (θf − θi)(P (τ) + P ′(t)). (11)

Here, P ′(t) is the companion curve function for obstacle
avoidance and is equal to:

P ′(t) = A

(
1− cos

2π

T ′ t

)
, (12)

where A and T ′ are the amplitude and the period of the
function respectively; these are parameters that depend
on the size of the obstacle.

3.2.1. Algorithm Optimisation

In the presence of one or multiple obstacles, the optimi-
sation process involves finding the shortest distance, de-
fined by the user, between the manipulator and the ob-
stacle. It is performed by adjusting the amplitude of the
companion curve function in Eq. (12) according to the
distance d0. The optimisation is achieved by solving the
following equations:

d0 = min
{
fi(X,Y, Z) : X,Y, Z ∈ R3

}
, (13)

and:

fi =
√

(X −X ′
i)

2 + (Y − Y ′
i )2 + (Z − Z ′

i)
2, (14)

where [X,Y, Z]
T and [X ′

i, Y
′
i , Z

′
i]
T are the position of

the manipulator at each time step and the positions of n
obstacles respectively with i = 1, 2, ..., n.
The pseudo-code of the algorithm in the presence of one
or multiple obstacles is as follows, where P0, Pf and P
are the initial, final and current positions of the manipu-
lator:

t = t0
loop : from P0 to Pf

t = t+ ∆t
P = P + ∆P

if obs1 = true
Solve Eq. (12), (13), (14) for f1
.
.
.

elseif obsi = true
Solve Eq. (12), (13), (14) for fi

else
Continue

if P = Pf

Close

4. CONTROL METHOD

The Computed Torque Control (CTC) is a non-linear con-
troller based on the dynamic model of the system. The

Table 1. DH Parameters of the 6 DOF Manipulator

θi αi (degree) ai (mm) di (degree) Range (degree)
θ1 90 0 160 -150 to +150
θ2 0 250 0 -60 to +60
θ3 90 160 0 +60 to +155
θ4 -90 0 160 -160 to +160
θ5 90 0 0 -90 to 90
θ6 0 0 72 + Gripper -200 to +200

dynamic model is used to cancel the nonlinearities by
dynamically decoupling the system through a nonlinear
feed-forward compensation. Then, small proportional
and derivative gains are used in the feedback loop for the
generalised system. The corresponding control block di-
agram is depicted in Fig. 1 and the standard CTC control
law is as in [14, 15]:

τ ′ = θ̈ + Kv
˙̃θ + Kpθ̃,

τ = D(θ)τ ′ + C(θ, θ̇)θ̇ +G(θ).
(15)

The overall control law is:

τ = D(θ)(θ̈+Kv
˙̃
θ+Kpθ̃) +C(θ, θ̇)θ̇+G(θ). (16)

5. SIMULATIONS

In order to verify the behaviour of the mathematical
model, for the manipulator, under the Computed Torque
Control while following the designed collision-free
trajectory, a 6 DoF manipulator was used. Simulations
were conducted in the Matlab environment. The physical
parameters of the robot are shown in Tab. 1.

As mentioned in Section 3.2, the parameters A and T ′

of Eq. (12) depend on the size of the obstacle. These
parameters were chosen to be fixed for the first round of
simulations.
Using equations (9), (11), (12), (13) and (16), the
manipulator was able to accurately follow the designed
trajectory and avoid the obstacle detected as depicted in
Fig. 2. The applied torques at the joint level were in the
limit of the robot actuators parameters and are shown
in Fig. 7. It is noticed that the manipulator’s trajectory
(Fig. 2) during the obstacle avoidance is not optimal,
which means that high torques are required to move the
joints (Fig. 7), hence, a considerable amount of power
is consumed. This is clearly shown in Fig. 3, 4 and
5 representing respectively the desired displacement,
velocity and acceleration compared to the ones resulting
from the obstacle avoidance algorithm. In order to over-
come this problem, one can think of changing the values
of A and T ′ of equation (12) parameters to optimise
the companion curve based obstacle avoidance algorithm.



Figure 1. Block diagram describing the execution of the obstacle avoidance algorithm under CTC control

Figure 2. Non optimised Cartesian trajectory during 
obstacle avoidance

Figure 3. Joint trajectory during obstacle avoidance
before optimisation

Figure 4. Joint velocity during obstacle avoidance
before optimisation

Figure 5. Joint acceleration during obstacle avoidance
before optimisation



Figure 6. Optimised Cartesian trajectory during
obstacle avoidance

Figure 7. Joint torques before optimisation

Figure 8. Joint torques after optimisation

Figure 9. Optimised joint trajectory during obstacle
avoidance

5.1. Optimisation

As mentioned above, the simulation results for the 6
DOF manipulator presented, show that a second stage of
optimisation is required to reduce the power consumed at
the joint level. For the obstacle avoidance segment, the
objective function to minimise is the distance d between
each step of the trajectory and the obstacle, as shown in
equation (14). The aim is to always keep the end-effector
at a desired minimum distance d0 from the obstacle.
The optimal Cartesian obstacle avoidance trajectory is
depicted in Fig. 6 along with the torques applied at each
joint shown in Fig. 8. The displacement of the joints,
after optimisation, is shown in Fig. 9. These results
indicate that depending on the position of the obstacle
and trajectory designed, the amplitude A of the cycloid
companion function changes automatically to keep the
manipulator at a constant distance d0 from the obstacle.
An inspection of the power consumed during the exe-
cution of the obstacle avoidance algorithm shows the
performance of the optimised algorithm. A comparison
between the non-optimised and the optimised algorithm
in terms of power consumption is shown in Fig. 10 and
11 respectively. This validates the need to optimise
the trajectory followed by the manipulator in order to
conserve on-board power.
As mentioned in Section 3.2, the amplitude and period
of the obstacle avoidance function depends on the size
of the obstacle. The results in Fig 12 show the trajectory
followed by the manipulator in the presence of three
heterogeneous obstacles, i.e. obstacles of different sizes
and shapes. This proves the efficacy of th algorithm to
avoid multiple obstacles.

From the results above, one can see that polynomials of-
fer the flexibility to design trajectories given the initial
and final positions, without preliminary knowledge of the
surrounding environment. The obstacle avoidance algo-
rithm presented in this paper is enabled only when an ob-
stacle is detected along the path using vision sensors such



Figure 10. Power consumed during the obstacle
avoidance before optimisation

Figure 11. Power consumed during the obstacle
avoidance after optimisation

as LiDARs and cameras. This real time process is cru-
cial for autonomous missions. The optimised algorithm
guarantees minimum power consumption but needs fur-
ther development when dealing with moving targets and
moving obstacles.

6. CONCLUSION

The series of results presented in this paper prove that the
new algorithm for collision-free optimal trajectory offers
smooth displacement of joints, velocity and acceleration
in the presence of one or more obstacles. Furthermore,
the algorithm enables the designer to choose how far the
manipulator has to deviate from the original trajectory to
efficiently perform the obstacle avoidance process. This
enhanced performance is achievable while continuously
tracking the trajectory with minimal on-board power. In
addition to saving power, when dealing with space mov-

Figure 12. Cartesian trajectory for multiple
heterogeneous obstacle avoidance

ing base manipulators, if the joints are highly actuated
the reaction forces on the base are larger and the algo-
rithm developed in this paper clearly shortens the trajec-
tories traversed by each joint. It can hence be applied to
space based stationary or moving robotic manipulators.
Future research will focus on validating the path plan-
ning and control algorithms presented in this paper for
space free-flying and free-floating robots used for debris
removal and on-orbit servicing missions. When design-
ing trajectories for space moving base manipulators, the
algorithm is adapted to cope with the motion of both the
target spacecraft and the eventual obstacles. For this pur-
pose, a nonlinear controller for the nonlinear mathemat-
ical model representing the dynamics of the system will
be developed.
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