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Abstract: Robotic arms for use aboard satellites continue to attract much research 
and development interest due to the vast range of potential applications, ranging 
from satellite servicing to debris removal. The challenges faced relate to the extent 
of the complexity of the system and the demands made. The Space Research Centre 
of the Polish Academy of Sciences, in collaboration with the Warsaw University 
of Technology, was engaged in research aimed at designing and constructing 
a robotic platform that was equipped with air bearings and operated on a granite 
table – thereby simulating 2D microgravity conditions. The paper describes the 
design process of the propulsion system for the platform, which is a new direction 
for cold-gas thrusters. The specific requirements regarding the propulsion system, 
solutions for design problems, and the measurement methods and instrumentation 
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were covered briefly. These were followed by presenting the facility configuration, 
evaluation methodology, representative results of single-engine performance, and 
platform-propulsive module integration mechanism. Finally, on-board propulsion 
test results were presented in which a comparison of two maneuvers was given, 
namely, the realization of the same trajectory by the platform in two distinct 
robotic arm configurations

Keywords: cold-gas propulsion, satellite propulsion, microgravity simulator, 
active debris removal, in-orbit servicing

1	 Introduction

On-Orbit Servicing (OOS) and Active Debris Removal (ADR) missions require 
the ability to perform autonomous capture maneuvers while in Earth orbit. OOS 
missions aim to prolong commercial and research satellites’ operational lifetime, 
e.g. performing in orbit repairs, replacing components or simply refueling [1]. 
ADR missions are required to prevent the growth of space debris in Low Earth 
Orbit. Space debris (e.g. spent rocket stages, defunct satellites, and collision 
fragments) poses a real threat to existing satellites. Studies show that the current 
debris population will increase due to collisions between existing debris, even 
if no new objects are put into orbit [2]. Removal of large space debris (which 
increases in number by several items a year) is needed to prevent the growth of 
the debris population [3]. 

Orbital capture maneuvers in OOS and ADR missions can be performed 
by a robotic manipulator mounted on an unmanned satellite (this method 
is considered in most of the missions proposed, e.g. [4-6]). Orbital capture 
maneuvers are challenging because the manipulator-equipped satellite must 
approach the target object and move into close proximity to it. Moreover, the 
motion of the manipulator affects the position and orientation of the satellite. 
Technologies required to perform orbital capture maneuvers with the use of 
a manipulator have been under development since the late 1980s, and to date, 
several technology demonstration missions have been performed to validate 
these (e.g. ETS-VII in 1997 [7], Orbital Express in 2007 [8]). However, many 
technologies, especially those required to capture an awkward target, are still 
at an early stage of development [9]. An uncontrolled target object may be 
tumbling. The e.Deorbit mission proposed in the range of 4 to 22 N in the past 
by the European Space Agency (ESA) aims to demonstrate ADR capabilities by 
capturing Envisat and removing it from orbit [10]. As Envisat is tumbling [11] it 
is proposed that the chaser satellite will use thrusters to synchronize its motion 
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with the rotational motion of Envisat [12]. Capture will then be performed with 
a manipulator and dedicated gripper [13]. This type of operation has never been 
attempted before. Thus, in the context of the planned e.Deorbit missions and 
other future OOS and ADR missions, a need arises for test beds that can carry 
out laboratory verification of technologies designed to perform orbital capture 
of an uncooperative, awkward, tumbling object. Manipulators are used in orbital 
missions for various purposes. Since the Space Shuttle entered service in 1981 the 
Shuttle Remote Manipulator System (SRMS) has been used to deploy, maneuver 
and capture payloads [14]. Several manipulators are operated on the International 
Space Station (ISS) to assist astronauts in maintaining position [15]. In Europe, 
the ERA arm was built to support activities on the European module of ISS [16], 
and in Deutschen Zentrums für Luft- und Raumfahrt (DLR), a 3rd generation 
of the arm was built [17]. The Space Research Centre of the Polish Academy of 
Sciences (CBK PAN) is developing the WMS LEMUR robotic arm for future 
autonomous orbital maneuvers [18].

Microgravity is an aspect of the space environment that is especially 
difficult to recreate on Earth. Yet, it is important for various devices, particularly 
manipulators and thrusters, during close proximity operations. Experiments 
performed in simulated microgravity conditions are needed to test engineering 
models of the proposed manipulators and thrusters and proposed control 
algorithms and to validate numerical simulations of the capture maneuver 
(contact occurring during the orbital capture maneuver is a highly nonlinear 
phenomenon, and it is difficult to obtain high fidelity models of contact [19]). 
There are several ways of simulating microgravity conditions on Earth [20]. 
Planar air-bearing microgravity simulators are especially well suited for 
validation of technologies related to OOS and ADR missions [21]. Using this 
approach, the test objects (e.g. satellite mock-up equipped with a manipulator) 
are mounted on planar air bearings, allowing almost frictionless motion in one 
plane (a friction coefficient of around 10‒5 can be obtained). Thus, microgravity 
conditions can be simulated in two dimensions. This limitation is acceptable in 
many applications. The more notable examples of experiments performed with 
planar air bearing microgravity simulators include formation flying experiments 
performed in relation to the SPHERES (Synchronized Position Hold Engage 
Re-orient Experimental Satellites) program developed at the Massachusetts 
Institute of Technology [22], experiments related to the proposed Orion mission 
performed at Stanford University [23] and experiments related to rendezvous 
between two satellites performed at the DLR Institute of Space Systems [24]. 
Several very recent studies, e.g. [25], focus on controlling a small manipulator-
equipped satellite (space robot) during the approach and capture of the target 
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object and relate directly to work on OOS and ADR missions. Besides robotic 
systems being used to capture the desired object, the propulsion system selection 
process is an important issue relating to OOS and ADR missions. Since many 
mission scenarios consider close approach maneuvers to objects that may be 
tumbling, it would be necessary for a propulsion system to allow precise position 
changes and velocity corrections would be necessary. 

Many different types of propulsion systems may be used on spacecraft. 
The types used are cold-gas thrusters and chemical and electric propulsion 
[26]. The most common options regarding chemical propulsion are liquid bi- 
and monopropellant thrusters. A single propellant is used in a monopropellant 
thruster, greatly reducing the system’s complexity. The working fluid passes 
through a catalyst bed, where a rapid, highly exothermal decomposition occurs. 
The products generated are accelerated in a conventional supersonic nozzle. 
Hydrazine is the chemical currently employed in the vast majority of cases. 
While hydrazine undoubtedly displays good performance and high stability, 
it suffers from a serious drawback: high toxicity [27]. Much effort is being 
directed into applying alternative “green propellants” [28]. Leading candidates 
are ammonium dinitramide (ADN), hydroxyl ammonium nitrate (HAN) based 
propellants [29-32], and highly concentrated hydrogen peroxide (High Test 
Peroxide, HTP) [33-35]. An additional propellant is used in a bipropellant thruster, 
making the system more complicated but greatly enhancing performance. Since 
bipropellant systems are also based on toxic, hypergolic compounds, there is 
also an increasing interest in developing alternative propellants [36-38]. Cold-
gas thrusters are the simplest form of rocket engine. Their main components 
are a valve and nozzle. Performance is low as only a high-pressure gas is used 
with these propulsion devices (gas is accelerated in the nozzle). Still, they enjoy 
major advantages: high reliability, repeatability and precision, simple design, 
and low cost [39]. Hydrogen, helium, nitrogen, argon, etc. may be employed as 
the working medium [26].

In an electrothermal thruster, the gas is heated before entering the nozzle 
[40, 41]. Resistojets and arcjets are two representative solutions in this group. 
Resistojets use a resistively heated element to increase the propellant temperature 
before the expansion process. In arcjet thrusters, an electric arc is generated in the 
flow path of the propellant. Other, more sophisticated solutions (not discussed 
here) include electromagnetic and electrostatic propulsion, which combine 
magnetic and electrostatic fields [42]. Figure 1 presents schematic views of four 
thrusters: resistojet, arcjet, monopropellant, and bipropellant.
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Figure 1.	 Schematic view of different types of thrusters: resistojet (a), arcjet (b), 
monopropellant (c) and bipropellant (d) (source of picture: [43])

The project undertaken by CBK PAN in collaboration with Warsaw 
University of Technology (and several Polish companies) seeks to develop and 
validate selected technologies required to perform the orbital capture maneuver 
using a small autonomous space robot equipped with thrusters and a manipulator. 
Within  the framework of this  project, a set of experiments in simulated 
microgravity conditions was performed on a planar air-bearing microgravity 
simulator at CBK PAN [44]. The following sections will cover the definition of 
requirements, thruster design, and an explanation of some design details. 

2	 Definition of Requirements and Control System 
Implementation

The study selected a 570 kg space robot with a 2.5 m robotic manipulator as 
a baseline solution. The  space robot is smaller than the one proposed in the 
e.Deorbit mission [10], but analysis showed that the smaller space robot could 
have numerous applications, including on-orbit servicing of satellites and removal 
of space debris (smaller than Envisat) from orbit. Due to the limited size of the 
test facility and the limited loads that can be carried by air bearings, scaled-
down mock-ups of real systems had to be used in the experiments. The planar 
air bearing microgravity simulator has a granite base plate measuring 2×3 m. 
Thus, a mock-up of the space robot had to be scaled down to fit into this area and 
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have enough space to demonstrate the capture maneuver (including the approach 
phase). To obtain the same dynamic behavior of the scaled-down system as the 
real system, scaling must be performed as per the scaling law [45]:

Ps = kwP� (1)

where Ps denotes the value after scaling, k is the scaling coefficient, w  is the 
scaling exponent, and P is the value before scaling. Several representative scaling 
exponents for specific physical properties are shown in Table 1. In contrast, 
in Table 2, the parameters of the proposed space robot are presented along with 
the parameters of the scaled-down mock-up of this robot.

Table 1.	 Physical properties with scaling exponents
Physical property Scaling exponent Physical property Scaling exponent

Distance 1 Inertia 5
Time 1 Velocity 0

Frequency ‒1 Acceleration ‒1
Force 2 Energy 3
Mass 3 Power 2

Table 2.	 Scaling of the space robot [46]

Parameter Real space robot 
(3D)

Space robot in CBK 
PAN (2D)

Total mass, mc [kg] 570 66.16
Mass of the base, mb [kg] 518.18 60.15
Mass of the manipulator, mm [kg] 51.82 6.01
Manipulator length, lm [m] 2.50 1.22
Base inertia, Ib [kg‧m2] ‒ 2.199
Ratio, mm/mb [-] 0.10 0.10
Ratio, mm/mc [-] 0.09 0.09
Scaling coefficient, k ‒ 0.4878

It is important to note that the duration of the experiment is also scaled. 
The results from a test performed with the scaled-down system can be re-scaled 
to the full-scale model and used for analysis. The space robot mock-up is shown 
in Figure 2, while a detailed description of the mock-up can be found in [46]. 
The main element of the space robot mock-up is the base platform, to which 
two high-pressure cylinders are attached (one cylinder contains pressurized air 
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to operate the air bearings, while the other contains gas used by the thrusters). 
The mock-up also carries batteries, control electronics, and a visual marker the 
external vision system uses. Additional mass cans are mounted at the bottom 
of the base platform to adjust the mass and inertia of the mock-up and allow 
experiments for differently scaled satellites.

Figure 2.	 The space robot mock-up

A two DoF manipulator can be mounted on one side of the base platform. 
In the selected solution, eight  thrusters are used to fully control the position 
and orientation of the space robot mock-up on the test bed. The requirements 
for the thrusters are based on the proposed mission scenario  (capture of 
an uncontrolled target) and on the scaled-down system’s parameters (including 
the experiment’s expected time of around 10-20 s). As found in [47], Reaction 
Control Systems  (RCS) for precise attitude and orbit control of a spacecraft 
operate with typical thrust in the 4 to 22 N range. The requirement for approx. 1 N 
thrust was set for the space robot mock-up (approx. mass 68 kg) since it gives 
4.2 N for the full-scale system upon rescaling with the chosen scaling coefficient. 
According to the limits of the test-bed size, the maximum velocity of the mock-up 
achievable with this thrust is around 0.3 m/s, given the assumption that the motion 
of the mock-up starts from stationary and is accelerated and decelerated with the 
use of thrusters only. The estimated duration of the experiment is around 20 s, 
which satisfies the technical requirements. The control system has to deal with 
the actuation problem because 8 cold gas thrusters influence only three outputs: 
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position x, position y, and orientation, since the motion is restricted to one plane. 
For  this purpose, a mapping matrix, A3x8, was  formulated, which  transforms 
forces on 8 thrusters to a resultant force and torque. The locations of thrusters 
on the mock-up are shown in Figure 3.

Figure 3.	 Schematic diagram of the base mock-up with thruster locations 
and numeration

Point B of the mock-up base is in the geometrical center of the base plate. 
Each  thruster is placed symmetrically with respect to point B at a distance 
of r = 0.2 m in both the x and y directions. The center of mass of the base is 
shifted by xm = 3.54‧10‒4 m and ym = ‒1.279‧10‒3 m from point B. The free-floating 
system of the base mock-up with 8 thrusters can be described as follows [45]:
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where f = [f1 … f8]T are forces acting on the eight cold gas thrusters, as per 
Figure 3, Fx and Fy are the resultant forces in  and  direction in the base reference 
frame (xB, yB), τz is the torque with respect to  axis and A3x8 is the mapping matrix 
transposing eight forces on cold gas thrusters to resultant force and torque. The 
mapping matrix is formulated as:
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The control of the base is formulated as:

𝑃𝑃𝑃𝑃𝑠𝑠𝑠𝑠 = 𝑘𝑘𝑘𝑘𝑤𝑤𝑤𝑤𝑃𝑃𝑃𝑃          (1) 

 

�
𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥
𝐹𝐹𝐹𝐹𝑦𝑦𝑦𝑦
𝜏𝜏𝜏𝜏𝑧𝑧𝑧𝑧
� = 𝐀𝐀𝐀𝐀3x8𝐟𝐟𝐟𝐟           (1) 

 

𝐀𝐀𝐀𝐀3x8 =

⎣
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎡−1
   0
   0

  
   0
−1
−1

  
(𝑟𝑟𝑟𝑟 − 𝑦𝑦𝑦𝑦𝑚𝑚𝑚𝑚)

(−𝑟𝑟𝑟𝑟 + 𝑥𝑥𝑥𝑥𝑚𝑚𝑚𝑚)
(𝑟𝑟𝑟𝑟 + 𝑥𝑥𝑥𝑥𝑚𝑚𝑚𝑚)

   1
   1
   0

  
   0
   0
   1

  
(−𝑟𝑟𝑟𝑟 + 𝑦𝑦𝑦𝑦𝑚𝑚𝑚𝑚)
(𝑟𝑟𝑟𝑟 + 𝑦𝑦𝑦𝑦𝑚𝑚𝑚𝑚)

(−𝑟𝑟𝑟𝑟 − 𝑥𝑥𝑥𝑥𝑚𝑚𝑚𝑚)
   0
−1     1   0  

(𝑟𝑟𝑟𝑟 − 𝑥𝑥𝑥𝑥𝑚𝑚𝑚𝑚)
(−𝑟𝑟𝑟𝑟 − 𝑦𝑦𝑦𝑦𝑚𝑚𝑚𝑚)⎦

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎤
𝑇𝑇𝑇𝑇

        (2) 

 

𝐟𝐟𝐟𝐟 = 𝐀𝐀𝐀𝐀# �
𝐹𝐹𝐹𝐹𝑥𝑥𝑥𝑥
𝐹𝐹𝐹𝐹𝑦𝑦𝑦𝑦
𝜏𝜏𝜏𝜏𝑧𝑧𝑧𝑧
�         (3) 

 

𝐷𝐷𝐷𝐷𝑖𝑖𝑖𝑖 = 𝑓𝑓𝑓𝑓𝑖𝑖𝑖𝑖
𝑓𝑓𝑓𝑓𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

∙ 100%         (4) 

� (4)

where A# is the Moore-Penrose pseudoinverse of the matrix A3x8.
The pseudoinverse operation finds a solution vector with a minimum 

Euclidean norm among all  solutions. The  benefit of this is that the desired 
effect of the control (e.g. moving the base to the reference position) is achieved 
with minimum expense of the gas medium. The pseudoinverse distributes the 
force equally to the thrusters. This means that to move the base in +x axis in an 
inertial frame, 4 thrusters are calculated to fire (instead of 2), which is impossible. 
Instead, the force on the thrusters pointed the right way is doubled, and the other 
is  rejected. The approach proved successful in simulation with an open loop 
trajectory realization, in which the force and torque were calculated from the 
reference trajectory.

A control scheme based on a PD controller was chosen for the base 
with feedback on position and  orientation. The  force and torque input 
[Fx, Fy, τz]T is replaced by three PD controller signals [PD(ex), PD(ey), PD(eθ)], 
where ex = (rx)ref – rx, ey = (ry)ref – ry, ex = (rθ)ref – rθ. The correcting gains in PD 
controllers are chosen experimentally.

The continuous force signal calculated with pseudoinverse has to be 
modulated due to the operational ON/OFF thruster mode. The portion of energy 
given by each thruster can only be controlled by its operational time. Therefore, 
Pulse Width Modulation  (PWM) was implemented to control the  thrusters, 
with the duty cycle calculated as follows:
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where Di is the duty cycle on a single thruster [%], fi is the required force on 
a single thruster and fmax the maximum thruster force.

As in the current approach, a duty cycle cannot be higher than  90%; 
the reference trajectories have to be designed considering the system’s limits 
and available thruster force.

3	 Thruster Design

The assumption was that the deviation between the thruster’s theoretical 
calculations and the experimental results would be acceptable. Hence, the 
decision was not to use any empirical correction factors when predicting the 
thruster’s performance. It was assumed that the goal thrust is T = 1 N and nozzle 
inlet pressure is 10  bar. Gaseous nitrogen was used as a working medium. 
Table 3 depicts the values used during the design process.

Table 3.	 Parameters used for the design process (p1 is the nozzle inlet pressure, 
and pe is the nozzle exit pressure)

Parameter Value Unit
Thrust 1 [N]
Pressure ratio across the nozzle, p1/pe 10 [-]
Specific impulse (sea level), Isp 542 [m∙s‒1]

Additionally, it was assumed that the nozzle’s convergence and divergence 
half angles are  22.5° and  15°. It  was decided that the nozzle would be 
manufactured as a separate component and would be screwed into the valve 
and sealed with an o-ring. A 3D model of the nozzle plus selected dimensions 
is shown in Figure 4.
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Figure 4.	 3D model of the nozzle used in the thruster (dimensions in mm)

4	 Platform Propulsion Evaluation

4.1	 Test facility and instrumentation
A key objective of this project was to design and build a thruster test facility that 
would provide a high-performance, low-cost solution. With that assumption in 
mind, it was decided to use a 300 bar composite tank (among other equipment, 
including a pressure regulator) and integrate it with a movable table placed 
on a linear guideway, enabling thrust measurement. The  process of filling 
and evacuating the working fluid in the tank is done using a three-way valve. 
The valve is connected with an industrial coupling on one side and a pressure 
regulator on the other. Figure 5 presents a schematic diagram of the facility setup. 

Much effort was put into deriving a way of measuring the principal parameters, 
which enabled a thorough examination of the thruster system. A few measurement 
sections were introduced to measure the pressure and the temperature of the 
working fluid. First, the temperature of the gas leaving the pressure regulator 
is measured. This allows the process of expansion occurring in the vessel to 
be  monitored when the thruster is  working. Secondly, absolute  pressure is 
measured upstream of the venturi tube. 
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Figure 5.	 Schematic view of the facility: 1 – force transducer, 2 – high-
pressure nitrogen tank, 3 – three-way valve, 4 – pressure regulator, 
5 – filter, 6 – thermocouple, 7 – pressure transducer (Ps1), 8 – venturi 
tube, 9 – differential pressure transducer (dP), 10 – solenoid valve, 
11 – thruster, 12 – pressure transducer (Pchamber), 13 – pre-load spring, 
14 – supporting structure, 15 – linear guideway, 16 – movable table, 
17 – data acquisition system

The self-designed venturi flowmeter was used as a low-cost, high-speed 
solution for accurate measurement of the mass flow rate of the gas. To measure 
the pressure difference in the flowmeter, a differential pressure transducer was 
used (Keller PD-23 series). The pressure port and transducer were placed in the 
thruster chamber. A Kistler 9205 force transducer was used and placed to measure 
the thrust value, as shown in Figure 5. The valve is the most important component 
of a cold-gas thruster. A conventional industrial valve (Parker 201LG series) was 
thoroughly tested to investigate whether this low-cost component meets project 
requirements. Before  testing, the valve was modified to reduce the system’s 
mass and dead volumes, thereby improving the dynamic characteristics of the 
thruster. The modification included an additional pressure port to monitor the 
pressure before the nozzle. Figure 6(a) depicts the first version of the test bench. 
Research showed the stiffness of the presented design to be insufficient, resulting 
in poor quality in terms of results and reproducibility. Therefore, it was decided 
to redesign the supporting structure, the upgraded version shown in Figure 6(b).
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(a)                                                          (b)

Figure 6.	 Thruster test facility (a) before and (b) after modification

4.2	 Thruster parameters validation experiments
As mentioned, pressure was measured at several points in the research. Static 
pressure and temperature upstream of the venturi flowmeter and differential 
pressure were used for mass flow rate calculation. Thrust was measured directly 
by the Kistler 9205 sensor using the classical, direct method. A typical experiment 
lasted about 1000 ms, delivering the output parameters shown in Figure 7.

Figure 7.	 Typical experiment parameters curves

The trigger signal was registered in the experimental data to calculate the 
valve response time and delays during its opening and closing. The opening 
delay time is extremely important because the high working frequency is a key 
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factor in a properly designed thruster. The valve was tested for more than 41.6 h, 
and about 150,000 full cycles were performed, with pressure in the chamber and 
duration time of a single experiment being treated as variables. It was proved that 
a change of parameters, such as the opening time or opening delay, is negligible. 
Detailed information on the testing procedure and results may be found in [48]. 
It was found that this thruster achieves 86% of the theoretical thrust value and 
can operate with a maximum frequency of 35 Hz. Since the main valve of the 
thruster is a simple on-off valve without any regulation, the only way to control 
the total impulse is to use the PWM mode [9]. Typical experimental data output 
recorded during PWM are presented in Figure 8. The trigger which controls the 
main valve is marked in black. The length of that signal and its frequency are 
selected in a way that allows the required duty cycle to be obtained. A control 
algorithm chooses the time shift between single pulses to evenly spread them 
within the required time of thruster operation. Thrust instabilities are readily 
visible at the beginning of every pulse for two reasons. The first is the very high 
gas velocity directly after the valve opening, which is brought about by the large 
pressure difference (between the gas tank and atmospheric conditions or vacuum 
– depending on the experiment) on the valve during the inactive state. The second 
is the electric and electromagnetic interaction between the fields generated by 
the electromagnetic coil with a piezoelectric force sensor. To calculate mean 
thrust, the initial range of every measurement, where the vibration has its highest 
amplitude, is omitted to limit the influence of the instabilities on the final results. 

Figure 8.	 Typical experiment for PWM working mode

As stated earlier, the project’s main goal is to deliver a set of thrusters 
dedicated to moving the robotic platform on a planar air-bearing microgravity 
simulator. In the proper configuration, eight thrusters may perform translations in 
a plane of the table (x and y axes) together with rotations around the axis normal 
to the table (z-axis). After the final version of the thruster was developed, eight 
pieces were manufactured to be integrated with the platform. Previously, every 
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one of them was tested on the thrust measurement stand to evaluate the main 
parameters. The result of this acceptance procedure is shown in Figure 9. The 
average value of thrust was found to be ±6%. Detailed information on thruster 
parameter measurement can be found in [48].

Figure 9.	 Measured thrust deviation for each thruster

4.3	 Propulsive module integration
To simplify the final integration of the propulsion system with a robotic platform 
and to make this process reproducible and flexible, every couple of engines was 
integrated into a single module. Each module was designed so that it is possible 
to rotate it around the axis normal to the platform. It is also possible to move 
every thruster along the holder axis. Those two features control the direction 
of the thrust vector generated by each module, allowing calibration with other 
modules and the platform center of mass to be carried out. Figure 10 shows the 
computer model of a single propulsive module. The position of the module’s 
rotation axis is fixed using a central pin. Additionally, a 1 µm filter was mounted 
before every set of engines to reduce the risk of the valve or nozzle becoming 
blocked with any particles from the high-pressure installation.
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Figure 10.	 CAD model of the propulsive module with a description of 
main components

5	 On-Board Propulsion Testing

5.1	 The microgravity test-bed
The microgravity test bed developed in CBK PAN [44] comprises several 
components. The key element is a 2×3 m granite table with a leveling system 
and a flat surface prepared for air bearings. The space robot mock-up has planar 
air bearings allow for a sliding motion. The  test  bed was recently upgraded 
by adding an external vision system provided by  OptiNav. It  detects visual 
markers and gives their state  (position, orientation) to the control system on 
the space robot  mock-up. The  microgravity test bed is shown in  Figure  11. 
The  vision system consists of 3  cameras with 5  MPx resolution and a PC 
with dedicated software, from which the space mock-up is also operated. The 
robot’s commands (e.g. trajectory realization) are sent from the PC by USB 2.0 
to a triggering device. The device passes the commands to the robot computer 
using a Bluetooth wireless connection between two STM32 electronic boards 
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with synchronized  processors, one  on the triggering device and one on the 
robot platform. The wire connection was replaced by Bluetooth to minimize 
the influence of external factors on the mock-up  (because a wire connection 
would hinder its movement). Another function of the triggering device is sending 
a triggering signal to the cameras with a given frequency.

Figure 11.	 The microgravity test bed: 1 – the air-bearing table, 2 – the space robot 
mock-up, 3 – vision system cameras, and 4 – the illumination system

The device also sends a unique time tag for every acquired image to the PC, 
which is then attached to the measurements to locate the time instant of the 
measurement precisely. The robot control system uses the data concerning the 
position and orientation of tracked markers from each frame obtained by the 
vision system to actuate 8 cold gas thrusters. The signal transfer in the test system 
is shown in Figure 12.
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Figure 12.	 Schematic diagram of the signal transfer in the test system

5.2	 Test results
Two exemplary tests in which the 2 DoF manipulator was attached to the base 
plate were conducted and compared. In both, the base was to perform a linear 
trajectory in the inertial frame of the granite table, while the manipulator stayed 
in its initial joint configuration. A visualization of the tests is shown in Figure 13. 
In the first test, the manipulator was in a deployed position, while in the second 
it was folded in a position close to the base. It is worth noting that the robot’s 
control system used parameters of the base only. This means that the presence 
of the manipulator introduced a disturbance to the control system since the mass 
of the test system increased by 10%.
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Figure 13.	 A visualization of the experiment: 1 – space robot, 2 – reference 
trajectory, 3 – initial position, 4 – final position, 5 – reference frame 
on the granite table

Moreover, the disturbance would be higher if the manipulator were deployed. 
At the same time, the position of the center of mass and the inertia of the test 
system should be subjected to even greater  change. Therefore, the  primary 
goal of the test activity was to check if the chosen control approach was valid. 
In contrast, the secondary goal was to assess the influence of varying unknown 
parameters of the test system on the quality of trajectory realization in two 
significantly different cases. During the test, the feedback on the position and 
orientation of the base from the vision system was sent at a frequency of 5 Hz. 
The joint positions of the manipulator are shown in Table 4, while the properties 
of the test system are shown in Table 2.

Table 4.	 Joint positions of the manipulator in two test cases

Test no. State of the 
manipulator

Joint position, θ1 
[deg]

Joint position, θ2 
[deg]

1 deployed 21.5 ‒32.2
2 folded 107.5 ‒151.4

The test trajectories were compared with the reference trajectory. 
Figures  14(a) and  14(b) show trajectory realization along the x and y axes, 
respectively, and Figure 14(c) shows the orientation of the mock-up. The errors 
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concerning position and orientation are shown in Figure 14(d). The test results 
showed successful trajectory realization tasks and applied control  schemes. 
The test led to several important conclusions. It can be seen that the base has 
some initial position and orientation errors at the start of the  experiments. 
This is because, during the phase preceding the trajectory realization, the base 
was not placed in the correct initial position by an external system but was moved 
to it by the thrusters. The error along the x-axis, perpendicular to the trajectory, 
is  kept within 50  mm. This  error may result from the control system using 
inaccurate base  parameters. The  error along the y-axis is larger and is kept 
within 100 mm. Given that a significant overshoot is visible, a higher derivative 
term in the PD controller is suggested for future experiments. An interesting 
point is that the trajectory realization is similar in both cases. This means that 
the applied control scheme is robust to uncertainties. Worthy of consideration is 
the orientation error, which is positive for the test with the deployed manipulator 
and negative for the folded manipulator. Intuitively, while moving along the 
positive y-axis, it should be more difficult to maintain the correct orientation for 
the first case because of higher inertia and higher uncertainty of the position of 
the center of mass (the position of the center of mass is located further away from 
the geometrical center of the platform for the first case). The observed behavior 
derives from the fact that in the folded  position, the  valve of thruster  no.  1 
was directed toward the first link of the manipulator. This led to a situation in 
which part of the thruster no. 1 force acted as an internal force, pushing the base 
and the manipulator in opposite directions and thereby restricting the effectiveness 
of orientation correction

(a)
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(b)

(c)

(d)
Figure 14.	 Trajectory realization: ‒ position in x axis (a), ‒ position in y axis 

(b), ‒ orientation (c) and errors of position and orientation (d)

The test described in this paper showed that the system is actuated properly. 
It is planned to improve the quality of the control and perform more difficult 
tasks involving manipulator trajectories.
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6	 Conclusions

♦	 A process of developing a simple propulsion system for a space robot 
platform is described. The propulsion is based on eight cold gas thrusters, 
and the platform will be operated on a 2D microgravity test bed.

♦	 Two-dimensional microgravity conditions were obtained using air bearings 
mounted on the platform and the high-precision granite plate on which 
it operates. 

♦	 The propulsion development process was thoroughly  described, 
including the definition of requirements for thrusters, facilities overview, 
experimental  characterization of  thrusters, design descriptions, and  final 
on-board platform testing.

♦	 Final testing was performed using a fully equipped robotic platform 
for two cases – with deployed and folded robotic arm  – and the results 
were compared. The cold-gas thrusters used commercially available valves 
modified to meet the project requirements regarding dimensions and 
working dynamics.

♦	 It was shown that the selected low-cost solution gave satisfactory effects 
and allowed for thorough system testing.
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