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Abstract. There is an increasing interest in robotic manipulators for orbital applications. This kind of unmanned robotic
spacecraft can be used for maintenance and removal of satellites in orbit, for docking, for berthing, etc. Researchers
often do experiments of space proximal operations to validate their control and navigation algorithms. In this context, a
modern development process dictates that, before doing their experiments, they need to create a high fidelity simulator
of the robotic system. A high-fidelity simulator reduces the gap between the real and virtual world. Researchers may
execute different tests with the virtual robot without running the risk of damaging equipment. A fidelity simulator allows
a good control system gains tuning. The robot belonging to the Space Robotics Laboratory (LRE) of Aeronautics Institute
of Technology (ITA) consists of a manipulator’s arm with five degrees of freedom coupled to a free-float base. The
movement of the robotic arm is provided by servomotors, whereas the movement of the base is provided by a compressed
air propulsion system using six nozzles. The Space Robots Laboratory has the equipment to do experiments with space
robot manipulators but has not yet a reliable space robot simulation model. This work contributes by developing a
space robot simulation model using the Gazebo simulator. The model’s interface uses the Robot Operating System (ROS)
framework, which is largely used by the robotics community. Robot parts were modeled in an CAD software using the
real dimensions. Mass properties were previously obtained through a balancing table. The physical parameters of the
servomotors were obtained by system identification techniques. After implementation, this simulator can be used for
virtual twin, training reinforcement learning algorithms or testing control laws and navigation algorithms applied in
space robotics experiments.

Keywords: space robotics, simulator, gazebo, robot operating system, robotics.
1. INTRODUCTION

Space robots with manipulators for orbital applications are a growing field of research due to their importance in the
space environment. There are many applications for this kind of spacecraft, from satellite maintenance (Beyer et al.|
2018)) to space debris removal (Reiner et al., 2017} Nishida and Kawamoto, 2011), passing through berthing (Fonseca
et al., [2017)), dispose malfunctioned satellites (Reintsema et al., 2011)), on-orbit refueling operations (Liu et al., 2020),
and removal of spent launchers’ stages (Felicetti et al., [2016)).

Researchers usually use free-floating base robots to do their ground-based testbeds of space systems (Wilde et al.|
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2016} [Zappulla ef al.,2017; Bevilacqua et al., [2011}; |Tsiotras}, 2014} Zappulla ef al.,2016). But, before starting an experi-
ment of guidance, navigation, or control with a complex system such as a free-floating base with a robotic manipulator, it
is a requirement to develop a simulator that faithfully represents the system under analysis. Using a simulator, researchers
prevent accidents and equipment damage. Gazebo (Koenig and Howard, 2004) is a heavily used simulator for robotic
systems.

Gazebo is a physics simulation engine for complex multi-robot simulations (Joseph and Cacace, |2018)). It is designed
to accurately reproduce the dynamic environment around the robot. All objects in the environment have mass, velocity,
friction, and other physical parameters that make the robot’s behavior realistic. A robot in Gazebo is made by rigid bodies
connected via joints. Forces and torques can be applied to joints and surfaces to generate motion and interact with others
elements of the simulation (Koenig and Howard, 2004). Gazebo also has a good interface with the Robot Operating
System (ROS) (Quigley et al.,2009). ROS is a robotic middleware that helps developers to program robotic applications,
providing various tools and libraries to write robotic software (Joseph and Cacace, [2018). Gazebo and ROS are already
used to program and simulate complex space robots, such as NASA’s robots Robonaut 2 (Badger ef al.| 2016)), Astrobee
(Smith er al.,[2016}; |[Bualat ez al.|[2018)), RS (Hambuchen et al.|[2017), Valkyrie (Wonsick et al.,[2019), and the new lunar
rover VIPER (Stukes et al.l[2021)).

Our contribution in this paper is to develop a simulator for the free-floating space robot of the Space Robotics Labora-
tory (LRE), using Gazebo and programming the robot with ROS. We will implement all necessary parameters for a high
fidelity simulation, as servomotor dynamics, sensors, and mass properties.

The remainder of this paper is organized as follows. Section[3. describes the main components of the robotic system,
Section[j. explains the implementation of the space robot in Gazebo, Section[§. presents and discusses the results, finally,
Section [§. concludes the paper.

2. SPACE ROBOT OVERVIEW

This section has the objective of introducing the main elements of the robot used in this work. Fig. [T] describes the
main components of the space robot. The robotic arm (I) is a five degrees of freedom robotic manipulator that uses six
MG995 servomotors to provides its motion. The arm can be used for many tasks, such as grasping objects, aid in docking,
and berthing. The air bearings (II) reduce the friction between the robot and the surface where the robot will actuate,
creating an effect of a free-floating base robot. In the case of LRE, we use a glass table to do the experiments. The robot
has six nozzles (II), three on the left and three on the right. The nozzles ejects compressed air to exert forces on the
robot’s base. The two-cylinder of compressed air (IV) provides air for the nozzles and the air bearings. The solenoid
valves (V) control the movement of the robot’s base from the escape of the compressed air through the nozzles. The
pressure regulator (VI) controls the pressure of the air through the nozzles and air bearings. The electronic control board
(VID) is the device that controls the electromechanical components of the robot.

Legend
I Robotics Arm
I Air Bearing
111 Nozzles
IV | Compressed Air Cylinders
A\ Solenoids Valves
VI | Pressure Regulator Valves
VII | Electronic Control Board

Figure 1. Robot Description.

3. SIMULATION

This section aims to detail the implementation of the space robot in the Gazebo environment. We divide it into the
following: Subsection [3.]l presents the main elements of the simulation, Subsection [3.2 shows how to implement a
servomotor’s dynamics in Gazebo, Subsection detail the modeling and configuration of the mechanical elements,
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Subsection B} describes the operation of the reaction propulsion system, and Subsection 3.5 explains the computer
vision algorithm based on ArUco markers for pose detection.

3.1 Simulation Overview

Glass table M

Origin of Gazebo
world frame

Object to grasp

Robot

Figure 2. Gazebo simulation.

The simulation aims to get as close as possible to the LRE environment. The main elements of the experiment are: the
space robot, a Kinect V2 sensor (Fankhauser et al.l 2015}, [Santana ez al [2016)), a glass table, and an object that serves as
a target.

3.2 Servomotor

The Gazebo simulator does not have a way to implement an electric servomotor model. So, this impedes us from
modeling a back electromotive force. But, Gazebo provides a revolute joint with viscous damping to simulate motors. In
terms of dynamical system behavior, the back electromotive effect can be equivalently included by configuring the joint

with the following damping 2017) :

N K}
R )
where b, is the motor’s viscous friction, 7 is the gearbox efficiency, N is the gear ratio, K is the motor’s torque constant,
and R is the motor’s resistance.
Another important behavior characteristic of an electric servomotor is the voltage saturation V. How Gazebo permit
to configure the motor’s torque, the voltage saturation can be modeled as an equivalent torque saturation 7, which cannot

exceed the stall torque 7447 of the servomotor 2017)

b= by + M

'f]NKt
s——— . 2
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The MG995 parameters were estimated using system identifications methods, based on ideas of[Okuyama ef al| (2013));
Maximo et al.|(2017), but adapting the procedures to account for the particularities of this servomotor, especially due to the
fact that the datasheet of the MG995 lacks many important parameters. In this simulation we use b = 0.8545 N'ms/rad
and 7, = 2.63 Nm.

Servomotors with large reduction gear ratio changes, in a considerable way, the inertia by the term .J,,,7N? , and the
motor inertia effect can not be neglected (Sciavicco et al. [1995}, [Chenl, [1989). The MG995 servomotor has this problem
because has a large gear ratio. Unfortunately, to the best of our knowledge, there is no way to simulate this effect directly
in Gazebo.

An approximation to model the motor inertia effect is to add an inertia of .J,,7N? in the corresponding rotating axis
to the body part the rotor (i.e. the rotating part of the motor) was attached to (Kajita ef al,[2014; Maximol, 2017).

For more details about modeling and servomotor implementation in Gazebo, we recommend reading (2017).

—Tstall § Ts S Tstall =
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3.3 Mechanical modeling

We use CAD software to model all parts and equipment of the robotic system using real measurements. Gazebo is not
compatible with part files generates by Solidwork, so we use Blender to convert the Solidworks files to Collada files.

All configurations of the robot were written in Xacro files. In these Xacro files, we configure the joint positions,
sensors, Gazebo plugins, and ROS controllers (Chitta ez al.l 2017).

We add odometry sensors to the base and gripper, as also collision sensors to the arm links. The physical device does
not have these sensors, but this data is a requirement for training reinforcement learning algorithms (Sutton and Barto|
2018; [Ibarz et al.l,[2021)). These sensors can also be important for collision avoidance simulations.

For an accurate simulation, the Gazebo simulator requires the implementation of mass, inertia matrix, and the position
of the center of mass for each link, 7. e., robot’s base and each link of the arm. These mass data were obtained previously
by |Unfried (2017). In our case, we change the inertia tensor of each link by adding the term .J,,,n N2 to simulate the motor
inertia effect.

3.4 Propulsion System

As mentioned in the previous section, the solenoid valves control the robot’s base motion. If a nozzle is on, a force
perpendicular to the exit of the nozzle is applied.

In this simulation, we set the force of each nozzle to 2 IV, but we can change this value because the system has a
pressure regulator. The cylinders used in this robot provide a maximum pressure of 3000 ps:.

Table [T] describes the logic to turn on the nozzles for the desired action. Fig. [3] shows the nomenclature for each
actuator.

Table 1. Nozzles logic.

Action Nozzles ON
Go Forward N4 and N3
Go Backward | N1 and N6
Rotate Left N3 and N6
Rotate Right | N4 and N1
Go Left N2
Go Right N5

Figure 3. Reaction propulsion system.

3.5 Pose Detection using ArUco Markers

To identify the current robot position in the image provided by the RGB camera of the Kinect sensor, we attached
an ArUco (Garrido-Jurado er al.| 2015; Romero-Ramirez et al., [2018]) fiducial marker on top of the robot. ArUco is a
computer vision library for pose detection of fiducial markers (Fig. f). This library is widely used for pose detection of
mobile robots by its characteristics as robustness in marker detection, high speed, and accuracy (Romero-Ramirez et al.,
2018).

Figure 4. Example of a ArUco fiducial marker.

Gazebo simulator publishes a ROS node with the Kinect’s image data. Before using the ArUco, we need to convert
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the data generated by the Gazebo simulator to a format compatible with OpenCV. This can be done using the ROS library
cv_bridge.

ArUco processing yields the position and the orientation (in Rodrigues vector) of the marker with respect to the camera
frame. ROS and Gazebo work with quaternion. Therefore, we convert the Rodrigues vector to quaternion orientation. We
can convert a Rodrigues vector b to a quaternion q using the following procedure:

Let the Rodrigues vector be given by

b=[bs by, b.] . 3)

Then, the rotation angle defined by b is

a= /b2 + b2+ b2, @)

so, the quaternion g can be written as

(
— sin (%) ' 5)
(

Now, we have the position and orientation of the marker in the camera frame, to covert this pose to other reference
frames, as the Gazebo world reference frame, we use the ROS library tf. These final data are published using a ROS topic.

4. RESULTS AND DISCUSSIONS

This section aims to demonstrate the robot’s performance using a simulation in an environment that resembles with
one found in the Space Robot’s Laboratory. The objective of the space robot in this simulation is to use the nozzles to
navigate through waypoints from an initial position to a desired position, move its arm joints to arrive at the end-effector’s
desired position, and grasp a target. All the results are expressed in the Gazebo world coordinate system. The simulation
can be seen here: [Simulation.

The Navigation starts in the base’s position = 1.00 m and y = —0.5 m, so the robot goes to a waypoint located at
the position x = 1.00 m and y = 0.10 m. After arriving at the waypoint, the robot starts to rotate the base from the current
angle (approx. 90°) to 180° and go to the objective base’s position (0.0, 0.0). The desired linear and angular velocity
configured to the simulation are 0.05 m/s and 0.25 deg/ s, respectively. Tableexplicits the trajectory’s order.

Table 2. Waypoints navigation.

Platform’s Base Trajectory Plan
Order | Description | Position x (m) | Position y (m) | Heading (deg)
1° Start 1.00 —0.50 90.0
2° Waypoint 1.00 0.10 90.0
3° Rotation - - 180.0
4° Objective 0.00 0.00 180.0

After arriving at the desired base’s position, the robot’s arm starts its movement to carry the gripper to the location
where it will grasp the target. We can divide the arm movement into three distinct parts: open the gripper, move the
end-effector to the objective and close the gripper. We use Moveit!(Coleman ef al.l2014)) for the arm trajectory planning.
Configuring the desired joint positions, Moveit! generates the code for the trajectory control, forward, and inverse kine-
matics. We also configure the velocity of the actuator to make the movement slowly, we use 10 percent of the servo’s
maximum speed.

Figure [5|shows the detected ArUco. The lines displayed on the detected markers represent their orientations. We can
see that the computer vision algorithm is working as expected.


https://youtu.be/C2qaLEpkxFE
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Figure 5. ArUco markers detected from the Kinect’s image.

Analyzing the plots of Fig. |6l we can see that the robot passed by all the pre-determined positions. The orientation
angle also has the expected behavior. There is considerable oscillation in orientation angle when the robot arrives at the
base objective. This oscillation correlates with the beginning of the arm’s movement, where the torques generated by the
arm’s servomotors disturb the base. However, this can easily be solved using a control law algorithm.

The base’s velocities showed in Fig. [7]remained within the previously defined range.

Figure [§] illustrates the trajectory realized by the robot. It shows the positions of the waypoint, start, and objective.
The robot goes through all points with no large displacement between the reference and actual positions. It is also easy to
see the effect of the 90 degrees rotation motion. Even with the oscillations generated by the arm, the base remains in its
position to grasp the target.

The plots of Fig. |9 show the movement of the arm’s joints to arrive at the grasp position. We can see on the last, the
time where the gripper was open and closed.

Finally, Fig. [T0]illustrates the positions of the end-effector. Notice that the end-effector arrives at the location to grasp
the target, i.e., around z = —0.2 m and y = 0.0 m.

Base Pose

0 10 20 30 40 50 60 70 80

0 10 20 30 40 50 60 70 80

0 10 20 30 40 50 60 70 80
Time (s)

Figure 6. Space robot’s base pose.
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Figure 7. Space robot’s base velocities.
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Figure 9. Movement of the arm’s joints.
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Figure 10. End-effector position.

5. CONCLUSION

Space robots with manipulators for orbital applications is a growing field of research. Many researchers do ground-
based testbeds with free-floating base robots to validate their guidance, navigation and control algorithms. However,
before test their algorithms on a physical device, it is a good practice to validate these new algorithms in a fidelity
simulator of the system. In this paper, we developed a high-fidelity simulator for the free-floating base space robot of the
Space Robotics Laboratory. We chose the Gazebo physics engine to be our simulator. Gazebo is largely used by roboticists
to simulate complex robots and sensors. Gazebo also has a good interface with ROS, facilitating robot programming and
simulation. For a good fidelity of the system, we implement an approximated dynamics of the servo motor MG995. All
mass properties are included in the Gazebo model. We also implement a Kinect sensor to estimate the robot and target
poses. From the results, the simulator proved to be a powerful tool for testing guidance, navigation and control algorithms.
The robot managed to follow a predetermined trajectory and grabbed onto the target. For future works, we recommend
trying other trajectories with more focus on docking or berthing simulations. We also intent to test control algorithms
for the base and the arm, and use the simulator for training the robot as an intelligent agent with reinforcement learning
algorithms.
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