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Abstract: Different methodologies for manipulators have been proposed and applied to robot obstacle
detection and avoidance in unstructured environments. These methods include different real-time
sensors, observer-based algorithms, and path planning using genetic algorithms. However, sensor
design integration is complex and considerably expensive. Moreover, the observer algorithm requires
complete system dynamics information, which is difficult to derive. In this regard, genetic algorithms
are typically considered slow and difficult to optimize. Accordingly, this study proposes a sensor-less
obstacle detection technique using a nonlinear observer (known as sliding perturbation observer
(SPQO)). Obstacle avoidance is also implemented using a motion planner (known as artificial potential
field (APF)). The SPO is a nonlinear observer that only requires the partial position and provides all
other states (such as position, velocity) and perturbation (non-linearities and external disturbance).
The SPO estimates the external torque at each joint resulting from contact (i.e., collision) with an
obstacle. Obstacles are detected and avoided by integrating the SPO and APFE. The estimated external
torque detects the obstacle location and a repulsive force from the APF is applied to avoid this
obstacle. To achieve obstacle avoidance, the sum of all estimated torques must be zero. The proposed
technique is applied to a robot manipulator with five degrees of freedom.

Keywords: obstacle detection; obstacle avoidance; sliding perturbation observer; robot manipulator;
potential field

1. Introduction

Robots currently play a vital role in industries by boosting productivity rates. These
machines not only support workers in performing tedious tasks, but also saves a consider-
able amount of time in accomplishing these tasks. In some areas, robots have replaced all
workers and only robot supervision is required. With technological advancements over
the last decade in this evolving world, safety concerns in the industrial environment have
become a critical factor. Inventors, scientists, and researchers are expected to implement
protective measures in the workspace for people, the environment, and hardware based on
their studies and findings. Because robots have begun to be involved more regularly in
business activities, safety challenges must be addressed. In the case of a robot manipulator,
obstacle collision detection and avoidance are critical elements for clean and secure task
completion. Several techniques for collision detection and avoidance have been formulated
by many researchers. For example, a mechanism that minimizes the harm resulting from
collisions may be introduced [1,2] and a vision sensor can be employed to avoid obstacle
collision [3]. Low-cost ultrasonic sensors are used for obstacle detection and avoidance [4].
Skin sensors have also been introduced for collision detection [5]. Research was carried
out on joint torque sensors placed in robots for obstacle detection [6]. The abovementioned
methods were effective but had some drawbacks. For instance, introduction of additional
hardware reduces efficiency and flexibility as well as increasing robot complexity. In some
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industries (such as the nuclear powerplant dismantling industry), where the working envi-
ronment is harsh and complex, the sensor-based solution is not an acceptable choice. The
current study is conducted on a remote-controlled robot manipulator in an environment
fully exposed to nuclear radioactive rays. Such an environment can reduce the accuracy
of a sensor. Some heavy-duty sensors are also available for such environments; however,
they are costly and exhibit certain design problems. The most important aspect considered
in collision detection is the measurement of contact force. One solution for determining
this force is to use force or torque sensors. However, these sensors are difficult to use in
medium- or high-level radiation due to structural and cost problems. Therefore, a force esti-
mation method is needed, which can estimate the contact force or detect collision to ensure
the safety of the environment and hardware in the unstructured environment. Collision
detection in an unstructured environment is a very critical task to consider where the robot
is blind or does not have any information about the obstacle. Observers are widely used for
the control of nonlinear systems [7-10]. Many researchers have come up with the idea of
using dynamics-based observers instead of sensors. The residual observer technique is used
for collision detection purposes [7]. Some researchers also used dynamics-based observers
to detect collisions by observing the external torque [11]. However, these methods are
either based on exact dynamics assumptions or have some known information about the
obstacle such as the size and number of obstacles.

At the moment of collision in an unstructured environment, the most important
factor to consider is the contact force/reaction force that the manipulator experiences at
each joint. Since sensors cannot be used in current study, the estimation of contact force
becomes critical. Early approaches to estimating contact force were introduced in [12] and
implemented in a robot arm [13]. P. Hacksel et al. proposed an external force observer based
on manipulator dynamics and only the position feedback to estimate the external force [12].
However, the disadvantage of this approach is that it is necessary to know the precise
position information, and accurate dynamics equation of the robotic manipulator [14,15]
shows the estimation of each joint’s external torque using motor current, but the drawback
is that friction is very hard to estimate using this method.

After resolving the problems relevant to obstacle collision detection and contact
force estimation, the next critical step is obstacle avoidance. Various solutions have been
devised by several researchers to resolve this problem. Authors of [16,17] used the V-
graph algorithm for searching the shortest path without having contact with the obstacle
in the robot manipulator workspace. The genetic algorithm method was introduced to
avoid the obstacles in [18-20]. However, this method is extremely slow and difficult to
optimize. Considering the nature of the nuclear environment, we need a method whose
computation speed is fast and easy to debug. These abovementioned methods have shown
their effectiveness, but a single approach is not always the best manner to resolve the issues,
as they all show numerous weaknesses.

In summary, collision detection methods are generally expensive. Moreover, they
are sensor-based; consequently, the overall cost of the robot increases. Other methods
have certain limitations, owing to the assumptions of an exact dynamic model. The end
effector contact force is also one of the critical aspects of the unstructured environment to
be considered. Similarly, the method should also account for obstacle avoidance. Therefore,
there is a need for a technique that can accurately detect an obstacle collision in the
unstructured environment and avoid that obstacle.

The purpose of this research is to design a technique for sensor-less collision detection
and its avoidance in the unstructured environment, without altering the hardware that can
be applied to existing systems. To achieve this purpose, this paper proposes the integration
(Olgac et al.) of the sliding perturbation observer (SPO) and artificial potential field (APF)
algorithm to detect and avoid obstacles [21]. The effectiveness of the algorithm is verified
through continuous obstacle avoidance in a simulator. The simulations and results show
that obstacle detection and avoidance are relatively accurate at low speeds. The main
contributions of this study is presented as follows:
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e  The nonlinear term of gravity is calculated for the system with five degrees of freedom
(DOFs) and verified using the Simscape Multibody gravity robotics toolbox.

e  The proposed method for detecting contact/collision uses the SPO and calculates
gravity model by saving the end effector position as an obstacle location.

o  The APF is integrated with the desired velocity trajectory to avoid obstacles. With this
integration, the robot can move at a desired velocity (except during obstacle avoidance)
from the initial to the final position.

e A relationship for selecting the gradient descent rate based on the threshold radius is
established to avoid collision and improve performance.

As a result of these efforts, the manipulator can detect obstacles and avoid collision in
the unstructured environment, without the use of heavy-duty sensors. The SPO uses linear
dynamics unlike the other residual observers (which use exact dynamic model assumption)
to estimate the perturbation (nonlinearities and external disturbance) at each joint. External
torque is estimated using SPO and gravity, which determine whether the collision occurs
or not. The robot is programmed with a polynomial trajectory from the initial position to
the goal position in cartesian space. The repulsive force from the artificial potential field is
applied in a cartesian space to avoid obstacle collision. This motion planner method is easy
to implement, unlike trajectory planning, using genetic algorithms. All the simulations are
performed in MATLAB, Simulink, Simscape Multibody toolboxes.

The remainder of this paper is organized as follows: Section 2 describes the system, its
controls and the dynamic model of the system. Section 3 presents the main algorithms for
collision detection, contact force estimation and obstacle avoidance. Section 4 discusses
the simulations and results have been discussed. Section 5 summarizes the conclusion of
this study.

2. System Description, Dynamic Model, and Controls
2.1. System Description

A nuclear plant is shown in Figure 1. The main purpose of the system is to cut the
reactor vessel internals (RVI) remotely using a three dimensional (3D) haptic device. The
six DOF robot manipulator has five revolute joints and one prismatic joint. The proposed
technique is carried out on five DOF robots (revolute joints) while cutting inside RVIL. The
obstacle can be the wall of the RVI or any cutting material on its way. The five DOF robot
manipulators go into the round shape reactor vessel internally (RVI) for cutting purposes.
The computer-aided design (CAD) of the robot can be seen in Figure 2 [22].

Reactor Vesse| =
Internals

Robot Manipulator

Figure 1. Nuclear powerplant simulator.
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Figure 2. CAD robot manipulator [23,24].

In the nuclear powerplant simulator (Figure 1), the RVI wall is shown as a nonsolid
surface. Hence, when the robot hits the RVI wall, it passes that wall because of the nonrigid
surface. To make solid contact with the RVI, we used the Simscape contact force library
called sphere-to-tube. The sphere attaches to the end effector of the robot manipulator and
the tube covers the RVI Shape. The toolbox is shown in Figure 3.

Figure 3. Sphere-to-Tube dimension.

The reason for transforming the contact with the RVI wall into solid contact is that the
robot can experience impact if it hits the wall. The toolbox also provides the magnitude of
contact reaction force.

2.2. Dynamic Model

Consider the following equation for system dynamics:

T = (M(q)+AM(q)) g+(C(q, 9)+8C(q, 7)) 9+8(q) +4, 1)

where 7, M, C, and g denotes the control torque, inertia matrix, Coriolis and centrifugal
force, and gravity acting on each joint, respectively. In real systems, unknown nonlinear
terms are the forms of AM(q), AC(q, q), and disturbance d [23].

2.3. Controller

The controller used in this study is an integral sliding mode controller ISMC). The
reason for choosing this position controller is that it does not require a mathematical model
of the system. The ISMC control input applies a switching gain to compensate for the
perturbation and system dynamics [25]. The control input of the ISMC can be expressed as

u= pxsat(s)+k *o, )
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where sat(s) = {

where k is a constant, s is a sliding surface, p is the switching gain, u is the control input,
and o is the actual sliding variable. The sat function is used to minimize the chattering in
the system. €. is the boundary layer thickness. In the ISMC, the controller output does not
require dynamic information because only the output feedback of the plant is required.

3. SPO-Based Collision Detection and Obstacle Avoidance Using APF

This section presents the formulation for disturbance observer, force estimation and
motion planner for obstacle avoidance.

3.1. Estimation of External Torque Using SPO
3.1.1. SPO

The SPO is a nonlinear observer that only needs partial information (position) and
yields all other states such as position, velocity, and perturbation ¥. The perturbation is
used to estimate all nonlinearities and disturbances in the system’s dynamics. The general
form of SPO can be expressed as [21,26]:

£ =%y — Ky -sat(F) —ag - X7, (3)

£y = —ky-sat(X1) —ap - Xy +az-u+ Y, (4)
%3 = a3j(—%3+ a3 £2+10), (5)

Y = a3 (%3 +asz- %), (6)

u:é*{—(ﬁ)*ﬁ?z%—(;{)*u} 7)

where ¥ is the estimated perturbation at each joint; £; and £, are the estimated states
(positions and velocity, respectively); hat (A) and tilde (~) symbols represent the estimation
and error states, respectively. The saturation function is denoted as. %3 is the new state
variable for estimating the perturbation. ki, ko, a1, a2, a3 are constant values and can

be obtained from k1 = 3% e, *x A, ko = k1 x Ay, a3 = \/§ . u is the compensated control
input and u is the control input from the controller. A; is a positive constant used to
tune the parameter for better performance and for stable pole placement [25] and # is the
compensated control input from the SPO.

3.1.2. Gravity

In the real world, calculating an accurate dynamic model of the system is problematic.
Nonlinearities, unmodelled dynamics, and external disturbances play their roles (gravity,
Coriolis, and inertia) in calculating dynamics. The gravity term equations are calculated
graphically for our system and are estimated with Simscape gravity torque block (robotics
toolbox) [24]. The calculated result has totally comparable conduct with toolbox one when
a certain trajectory is provided at joint 2, as shown in Figure 4. The angle 6; represents
the i-th joint angle and I; represents a length the of i-th link of the robot manipulator. The
gravity equation is calculated as follows:

Gl =G5 =0 ®)

Gy = cos(02) * ((g * ms * (I3 * sin(63 + 1.57) + (l4) * sin(63 + 04 + 3.1416))
g%y * (I3 sin (B3 + 1.57) + (0.3 % 14) # sin(63 + 6, + 3.1416))) )
+sin (03 + 1.5708) * m3 * g * 0.5 x 13) — 7.851 * sin(6;)
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G3 = sin(6y) * ((g * m5 * (I3 % cos(63 + 1.5708) + (I4 +0.128) * cos(63 + 64 +
3.1416)) + g * my * (I3 % cos(03 + 1.5708) + (0.3 x Iy) * cos(03 + 04 + 3.1416))) (10)
+cos(03 + 1.5708) * m3 x g * I3)

Gy = sin(6y) * cos(63 + 1.5708 + 04 + 1.5708) = (14 % 0.3 % g % Ig + 5 * g x 1) (11

Joint 2 Gravity Comparison
80 f ' " [—SimMechanics Model Dynamics
60 F - = =Calculated Dynamics

Gravity Torque (Nm)

0 | 2 3 -+ 5
Time (seconds)

Figure 4. Comparison of dynamics [26].

3.1.3. Estimation of External Disturbance Torque due to Collision
Consider the following equation of SPO:

¥ = () +(G) + (AC(q, 9))+AI(q)) (12)

where T, is the external torque at each joint owing to collision (disturbance). G, AC, and
Al are the gravity, nonlinear, and unmodelled inertia and Coriolis force terms. The main
task of this research is to detect a collision inside the RVI. Inside the RVI, the speed of the
robot is slow. The allowed speed in the RVI is 0.025 to 0.05 m/s. Thus, we can neglect the
Coriolis and inertia term because in the current scenario, gravity plays main role in the
nonlinearity of the system (i.e., G >> AC, AI). The equation reduces to the following:

t.=%-G (13)

Assuming inertia (A I) and Coriolis (A C) are negligible due to low speed in the RVI. To
verify the above assumptions, we took a desired speed of 0.05 m/s and ran the simulations
for about 300 s and provided a simple trajectory to the robot so that perturbation and
gravity of the system could be observed.

As shown in Figure 5, at low speeds, the perturbation is virtually equal to the calculated
gravity. Based on Equation (13), if collision does not occur, then the external estimated joint
torque is zero.

3.2. Estimation of Force Using External Disturbance Torque

To detect collision, the reaction force must be considered. When the robot end-effector
collides with the surface of the RVI, then reaction force is generated by the wall as shown
in Figure 6. In this research, only the end effector reaction force is estimated. This force
can be used in further studies for impedance control (for hardware safety). This is because
if the reaction force is excessively high at the moment of collision, then it can damage
the hardware as well as the surrounding environment. The following formula is used to
estimate the end effector force [27,28]:

ta=]"xF (14)

£= (") st (15)
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where ] is the Jacobian matrix of order 3 x 5 and J7 is the transposition of the Jacobian.
(7 * indicates the pseudoinverse Jacobian and 7, is the estimated external torque calcu-

lated by the (SPO).

) Calculated Gravity and Estimated Perturbation at each joint

“Zd = T
g’

= Gra-Joint-1

-]

E == Gra-Joint-2

E -20 . : . === Gra-Joint-3 ||
= All Joints Gravity and Perturbation | EpSS
& except joint 2 = Gra-Joint-5
E 4 ' Pert. Joint-1| |
& = Pert. Joint-2
= Pert. Joint-3
= _60 " i
= === Pert. Joint-4
,E; 1 —— Pert. Joint-5
% 80 : : - 1 .
= Gravity and Perturbation )

= .

% _l()(] ait‘ImIL ! A1

© 50 100 150 200 250 300

Time (secs)

Figure 5. Comparison between calculated gravity and SPO.

Figure 6. Contact force impact on joints.

3.3. Obstacle Avoidance Using APF

The APF is a collision avoidance method that uses calculations of the repulsive (or
attractive) forces between obstacles and the body of the manipulator. The force between
body and obstacles is defined as a function of their distance [29]. Equations (16) and (17)

define an attractive potential according to a distance d (q, ‘7goal> between a current position
q of the robot and goal g4o-

0.5 % { * d? (q/ ngul)r d(q, Ggoal ) < R

(16)
R #d(q, ) —05+ xR, d(4,q0m) > R

Uatt(q) =
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where d(qr qgoal) = "7 ~ Hgoal |-
§*d<q, ngal) ’ d<q/ ngal> <R
vuatt(q) — R " g « (qfqgual) d(q q l) > R (17)
d(qrqgonl) ! 71304

Uy (q) is the “attractive” potential; ¢ = attractive constant.

In Equation (16), when the attractive potential is less than or equal to a set threshold
R, the quadratic potential of the distance is applied to slowly reach the goal. When the
distance is greater than the R, a conical attractive potential is applied to approach the
goal quickly. The gradient of this potential is the attractive force Fy = VU (q), which is
calculated in Equation (17). Similarly, Equation (18) shows that the repulsive potential is
applied when the distance between a robot’s current position and an obstacle position is
less than or equal to a set threshold R, otherwise it is zero. The gradient of this repulsive

potential, which is the repulsive force Frep = —VUyep(q), is calculated as follows:
05*17*(#_1)2 D(d, ) < R

urep (q) = ) D(qr%bs) R ’ rHobs) = (18)
0 D(q,q0ps) > R

where D(q, %bs) = Iq - %bs|‘

1 1 1 q—4obs
VUrep(q) = {17 ' (D(wabs) - F) #pz* ot D) <R (19)
0, D(q, qobs) >R

where R is the distance threshold and # is a repulsive constant. In Equations (18) and (19),
the distance between the robot end-effector and obstacle is very important for calculating
the repulsive force. The two-dimensional distance is considered in the RVI because the
robot is assumed as moving in x and y directions only. The distance between them is
calculated using the following formula. The same method is followed to calculate the
distance from the goal position.

D(q’qobs) = \/(xti - xqobs)z + (yq - yqobs)z (20)

where x;,y, are the coordinates of the robot current end-effector positions from the desired
Cartesian trajectory and x,,,., y4,, are detected obstacle position using the estimated
external torque while performing cutting/scanning in the RVI. Figure 7 provides a better
idea for understanding the artificial potential field. Total potential force Fp, is defined as

Fpot = Vuﬂtt(q) + Vurgp(q). (21)

s/uu

2

‘
'
1
!
!
1
1
t
t
!

NNONN

/
T |
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NN\

'
'
'
'
'
t
t
t
t
!

Figure 7. Attractive and repulsive potential field [30].
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In this study, the attractive potential of an artificial potential field is replaced by
Cartesian space trajectory. The polynomial trajectory from the initial position to goal is
planned in Cartesian space. Cartesian space trajectories relate to the motions of a robot
relative to the Cartesian reference frame. In Cartesian space, the joint values must be
repeatedly calculated through the inverse kinematic equations of the robot. The path
parametrization between two starting and goal points is defined as [31]:

q(te) = ‘7i+5(‘7f_‘7i>f (22)

where g; and ¢ are the initial and final known positions, respectively. Moreover, s = 0/L,
and o [0, L] is the arc length (which yields the current length of the path). L is defined as
I'1qf —q;1 |. The following equation shows the timing law in Cartesian space trajectory:

0.5 % ayay * 12 te [0, T
2
U’(t) = Umax * t — ZZQZLZM te [TS/ T— Ts] , (23)
0.5 (—amux*(t—T)2> + Oy x T — 29 e [T T,, T]
where a,,,;y and v, are known, and Ts; = % . The following Figure 8 graphically

represents the equation.

5(t) |_

— L
I 1 t
T TT, T

Figure 8. Timing law in Cartesian space trajectory.

To prevent the robot manipulator from being obstructed, the repulsive force from
the potential field is used. When the robot reaches the threshold area, then the trajectory
tracking equation for system is as follows

q(tr) = q(tc) — ax Vlep (24)

where « is the gradient descent rate, which determines the minima of the function. After a
series of simulations is performed using the foregoing equation, the following relationship
between the threshold radius and gradient descent is derived. The following equation
indicates that that the movement of the robot can be fast if its distance is considerable.

a= R YR > 0) (25)

Figure 9 shows the complete methodology used in this study. First, the desired end-
effector position is determined from the 3D haptic device, then the desired trajectory of
the robot end-effector is generated. The robot follows the trajectory using the inverse
kinematics of the system. It operates with the unstructured environment in which we do
not have any information about the obstacle. When the robot collides with an obstacle the
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contact force has an impact on each joint of the robot manipulator in the form of external
torque, which is estimated by the SPO. The end-effector reaction force is also estimated
using estimated external torque. After obstacle detection, an APF is applied to avoid
the obstacle.

Initial
and final
points

3D HAPTIC
Device
End-Effector

Desired Position

Collision Avoidance using
APF

Collision
detection
using Observer
estimated = Technique to
external estimate (SPO).
torque S

Contact Force
Estimation

Figure 9. Methodology.

End Effector
Trajectory in

Cartesian space

Contact F @enitlaall Unstructured
ontact rorce Environment

4. Simulations and Results
4.1. Estimation of External Torque Using SPO

All the simulations are performed in MATLAB, Simulink, and Simscape Multibody
toolbox. To implement the collision detection algorithm, Equation (12) is used to estimate
the external disturbance torque at each joint of the robot manipulator. When collision does
not occur, the sum of the estimated external torque at all joints is zero. The sum of these
torques at all joints considering different speeds can be seen in the no-collision case in
Figure 10.

Estimated External Torque at different speeds

Y
E T | ] d 1
z 0.5F 1
s | & =\ /
g : R
) l P L s
= 0 —+— v
g ’ ' "
e ' £ Fstimated External T
her £
o @ G
HEHR. |
8 -0'5 [ . ;é Estimated External Torque at different speeds H i
P . F Y | : 182 & 6 I8
M : 7 T - - “Time (seconds)
! Ea [ S
E : gas ,. —Vel o 0.05 l'l'l/S
Ha -1+ : Fa ".4_\—;" == Vel=0.1 m/s
£
E (R W T, B *==Vel=0.5 m/s
1 I I
wn
50 100 150 200

Time (seconds)

Figure 10. Estimated external torque at different speeds with no collision.

In Figure 10, deflection from zero can be observed at different speeds and periods.
Deflection occurs because the base of the robot manipulator is at the center of the RVI. To
perform cutting, the end-effector must be close to the wall of the RVI. The trajectory of the
end-effector causes slight deflection. The solution to this deflection is to set the threshold
value at different speeds. If the external estimated torque exceeds the set threshold, then
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collision has occurred. The deflection increases with the increase in speed because the inertia
and Coriolis force terms have been neglected. Nevertheless, deflection has a negligible
impact at low speeds, as discussed in previous section. In Figure 11, when the robot end
effector collides with the obstacle (RVI wall) twice, the estimated external torque exhibits
two spikes. Note that the obstacle is a wall and is considered a continuous obstacle.

Estimated External Torque

| | | | I |

Bl

530 B ” mm= Speed= 0.5 m/s n |
»n

P

=

g

3 20 - |
=

g

3 10 - |
><

D

Zo -

o

£

=

n

10 20 30 40 50 60 70
Time (secs)

Offset=0

Figure 11. Estimated external torque when collision takes place.

Next, the collision detection is considered as the end effector reaction force. At the
time of collision with the obstacle, the robot scans the obstacle and records its position.
Equation (15) is used at that moment to estimate the contact force for verification purposes.
The estimated force is also compared with the contact force library in the Simulink. Both
results were compared and found to be the same, which validates the contact estimation
algorithm. The Figure 12 shows the results of the estimated and toolbox force.

Comparsion between Estimated and Toolbox Force:

10+ 1
—Estimated
== Tool-box
8 L 4
—~
Z 6 <
)
o
Tt
S 4f ]
2 L 4

N U B S
10 20 30 40 50 60 70
Time (seconds)

Figure 12. Estimated force vs. force provided by toolbox.

4.2. Obstacle Avoidance Using APF

After detecting the obstacle using the SPO and estimating the end-effector contact
force, the next and final step is to avoid the obstacle. At the time of collision, the proposed
technique saves the robot end-effector position. The method used for collision in the current
study is APF. It generates a repulsive potential when it comes near (threshold value) to
the obstacle. The two different scenarios are presented, but for good understanding, let us
define the desired end-effector trajectory first. The following Figures 13 and 14 show the
desired end-effector trajectory for the five DOF robot manipulator in x and y directions.
In the RVI, the robot only moves in the x and y direction. Currently, we only consider the
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collision possibilities in the RVI. The collision can be either with the wall of the RVI or any
material that manipulator is cutting.

End Effector Robot Trajectory

—
T

et
h

>

s
w
T

-1

End Effector Y direction (m)

-15 : : -
-L5 -1 -0.5 0 0.5 1 15

End Effector X direction (m)

Figure 13. Robot end-effector trajectory. (a) The robot end effector’s starting position; (b) going left
and toward the wall of RVI; (c) completing the scanning of RVI; (d) after completing scanning of the
RV, it reverses direction and reaches its final position.

Desired Robot End Effector Position

™ V)
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/
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>

1
—
wn
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Figure 14. Robot end effector trajectory with time axis.

First, consider the obstacle at point (—0.986, 0.9452). In this instance, the obstacle
location is known, and APF is applied to avoid the point obstacle. Below, in Figure 15, the
repulsive force avoids the obstacle based on the predefined obstacle position in the RVL

Obs pt. (-0.986,0.9452) Obs pt. (-0.986,0.9452) Obs pt. (-0.986,0.9452)

Figure 15. Point obstacle avoidance scenario (a) before collision avoidance; (b) avoiding collision;
(c) following desired trajectory after collision avoidance.
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Figure 16 shows the outcome based on the robot end-effector position. When the
robot approaches the obstacle (threshold = 0.04 m), the repulsive force starts acting on the
robot end-effector and keeps it away from the obstacle. The reason is that it has turned a
corner sharply in avoidance because the threshold radius is very small, which leads to high
repulsive force. To counter it, the repulsive force is restricted to a constant value. Table 1.
shows the simulation parameters used to demonstrate the results.

I}osbot End Effector Trajectory in X and Y Direction

=Y
T

o
E]

©
(2]

0
-

End Effector Y direction (m)
(=)

[
-
[4)]

-1.5 -1 -0.5 0 0.5 1 1.5
End Effector X direction (m)

Figure 16. Point obstacle avoidance scenario.

Table 1. Simulation parameters.

Parameters Joint (1;2;3;4;5)
A (10;150;10;20;10)
€ LLL11)

o1 (1,10;1;1,1)
o (1,10;1;1;1)
R 0.04 m

Similarly, another scenario is of a solid obstacle of arbitrary shape in the RVI. The
obstacle has a sharp-turn corner. The proposed technique first detects the obstacle during
scanning and saves its location. The robot avoids it the next time it passes from the same
location. The whole process can be seen in Figure 17. The end-effector trajectory can be
seen in Figure 18.

Figure 17. Solid obstacle avoidance in simulator (end-effector). (a—c) Collision detection (scanning).
(d—f) Collision avoidance after scanning and saving obstacle position (on return).
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Figure 18. Sharp-turn corner obstacle avoidance trajectory (end-effector).

Third, the RVI wall is considered a continuous obstacle. The information regarding
the obstacle is unknown. Therefore, according to proposed technique, the robot first detects
and scans the obstacle position and records it, using the proposed estimated external
disturbance torque. When the robot passes the same position, a repulsive force acts to
change the trajectory and avoid collision. In Figure 19, the first figure shows the result
when only the collision detection algorithm is implemented so it detects and scans the
obstacle at time 25.86 s to 31.3 s and again detects the obstacle when it comes to the same
position at time 59.5 s to 64.9 s. The second figure shows the outcome when collision
detection and avoidance algorithms are implemented at the same time. First the collision
detection algorithm detects and scans the obstacle (25.86 s to 31.3 s) from the estimated
external disturbance torque and then, using the artificial potential field, obstacle collision is
avoided. This is why the estimated external torque is zero from time 59.5 s to 64.9 s, which
is a good sign for our system.

Estimated External Torque Estimated External Torque
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éSﬂ o t %30 L
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! & =@ 4 & o W E & 0 20 30 4 s 6 70
o=t Time (secs) .
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With Collision detection only With Collision detection and Avoidance

Figure 19. Continuous obstacle detection and avoidance scenario.

Figure 20 shows the results of avoiding the obstacle using the artificial potential field
on the nuclear power plant virtual simulator. Figure 21 shows the robot end effector
trajectory in circular shape inside RVI. When the robot is near to this continuous obstacle,
or when robot is 0.04 m away from the obstacle, repulsive force is generated to keep the
robot away from that obstacle. The avoidance trajectory can be seen in Figure 18, which is
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not very smooth due to nonoptimized parameter selection (R and «) of the potential field
parameter. Figure 21 shows the different trajectories offered by the artificial potential field
to avoid a detected obstacle.

obstacle

Desired Speed of
End Effector
=0.5 m/s

The yellow arrows
shows the
direction of the
end effector

Figure 20. Continuous obstacle avoidance in simulator (end-effector); (a—c) collision detection
(scanning); (d—f) collision avoidance after scanning and saving obstacle position (on return).

s End Effector Trajectory Robot Manipulator
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End Effector Trajectory Y direction (m)

_1.5 1 1 1 1 1
-1.5 -1 -0.5 0 0.5 1 1.5

End Effector Trajectory X direction (m)

Figure 21. Continuous obstacle avoidance trajectory (end-effector).

Figure 22 shows the desired robot end-effector trajectory with respect to the time axis,
before and after collision avoidance.
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Figure 22. Continuous obstacle avoidance trajectory versus time. WTC = without collision avoidance.
WTCA = with collision avoidance.

5. Conclusions

This study aimed to estimate the external disturbance torque to detect obstacle col-
lisions in an unstructured environment without the use of additional expensive sensors.
The technique used the nonlinear observer SPO and gravity model to estimate the external
disturbance torque. Collision occurred if the sum of all external disturbance torques ex-
ceeded the set threshold. This technique was evaluated at different speeds. With increasing
speed, the error in the estimation increased because the nonlinear inertia and Coriolis
force terms were ignored. The end-effector contact force was also estimated based on the
estimated external torque and verified using the contact force in the Simulink toolbox. An
APF integrated with a desired Cartesian trajectory was employed to avoid the obstacle. A
repulsive force was applied to the Cartesian trajectory space when the robot approached
the recorded obstacle position. During obstacle avoidance, the contact force and estimated
external torque became zero, validating the avoidance. The relationship between the thresh-
old radius and gradient descent was formulated by performing several simulations. The
proposed technique can also be applied to existing systems. In the APF, parameter selection
(such as the threshold radius and gradient descent rate) plays a key role in smooth collision
avoidance. In the future, an optimized parameter selection using APF will be investigated
to improve collision avoidance. The implementation of hardware in the proposed technique
is also suggested for future work.
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