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Abstract

This thesis aims at defining the most suitable docking solution for surface ele-
ments applications.The paper will go through the state of the art of the already
existing technologies for soft hard docking solutions between surface elements
(i.e. manned rovers and surface habitats). These technologies are fundamental for
safe exploration of Moon Mars surface, when manned missions and outposts will
be deployed. The focus of this thesis is the Moon, due to the already established
Artemis missions.

Previous work had found which would have been the best mechanical structure to
provide the soft docking, what has been established is the Stewart platform which
will be later developed. The technical specifications of actuators, motors and
sensors (which will not be deeply analyzed here) were examined and a suitable
control architecture has been selected. In the end the final solution consists of a
central control system, where an Arduino MEGA board is the master controller
and the motors drivers (contained inside the linear actuators) are the slave ele-
ments.

This structure is part of the Artemis framework which already exists. This
work goes through the electrical and mechanical implementation of the Stewart
platform with a final Matlab ( Simulink ) simulation to prove the reliability and
feasibility of the model for future physical implementation.
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Chapter 1

Introduction

This thesis work starts from the need for an automatic control mechanism for
an existing mechanical plant for the docking between a land lunar rover and
any sort of entry port during the ARTEMIS missions on the moon, an example
could be another rover or a pressurized lunar module for human leaving routine,
pressurized laboratories etc . As already stated this electro-mechanical system is
part of the ARTEMIS research program done under the collaboration of Thales
Alenia Space.

The target of the thesis is to study the components and simulate them for an
existing project of a Stewart platform. The main objective of the simulation is to
test the inverse cinematic of the linear actuators considering already given both
the translation and angles of rotation, they are simulated as already given by a
sensor.

The result of the thesis will be subsequently implemented with hardware compo-
nents and mounted on the Roxy rover, the Alenia Space’s rover which is used to
test every implementation in a simulated Mars field.

This project, as mentioned, is based on previous research and aims to simulate
the system before a future hardware implementation. Looking at the system from
a broad perspective, it is composed of a Stewart platform built from 6 linear
actuators, each of which mounts a DC motor inside. Each linear actuator is
connected to an H-bridge which in turn is connected to a board called ”Arduino
MEGA”.
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8 CHAPTER 1. INTRODUCTION

Here a brief description of the chapters and the structure of the thesis is exposed,
without counting the introduction and conclusion, the remaining chapters are 4:

• in chapter 2 (State of the Art) the docking and already existing solutions
are studied. While giving the definitions of docking it is also presented the
evolution of the solutions adopted by the main space agencies.

• in chapter 3 (Mechanical Part) the Stewart platform, linear actuator and
inverse cinematic concepts will be explained.

• in chapter 4 (Electronic part) the concept of DC motors and H-bridge.

• in chapter 5 (Simulation Part) the inverse kinematic will be tested through
Matlab and Simulink, just to show the feasibility of that.

1.0.1 Complete circuit and brief explanation

A set of requirements on the relative displacements and rotations that the system
has to compensate was given: The system has to be able to recover a translational

Table 1.1: Requirements

misalignment of 10cm on the X and Y axes and a distance of 60cm on the Z axis.
Also, it must be possible to orient the platform with an excursion of +/-15 deg
for each coordinate axis.



Chapter 2

State of the Art

While until today the vision of docking was adopted only for the approach and
docking of two separate free-flying space vehicles, today with the advent of
space missions where the intent is to stabilize a small colony on the planet’s
surface, the docking technology become one of the main protagonists for dock-
ing between two non-flying object which stay on the planet surface. The first
example can be a rover which has to approach and dock with a pressurized module.

In this particular case, the docking technology will be used exactly for that
purpose, among possible rovers and pressurized modules on the Lunar surface, in
particular for the ARTEMIS missions.

Here are some definitions of free-flying object docking.

Two main operational technology during missions involving more than one space-
craft are Rendezvous and docking (or berthing) RVD/B:

• RENDEZVOUS: it is a set of orbital manoeuvres between two spacecraft
where the objective is to approach at a very close distance (e.g. within
visual contact). To achieve the correct position the rendezvous needs a
precise match of position vectors and orbital velocities of the two spacecraft.

• DOCKING: it is the act of approaching each other (generally one of the two
spacecraft remains steady concerning the orbital velocity) and the other
one modifies its velocity to reduce the remaining distance between the two
spacecraft.

• BERTHING: It is the act of ”putting” the passive spacecraft in mating
position through the usage of a robotic arm

9



10 CHAPTER 2. STATE OF THE ART

Looking at the history of space travel, the first situation in which a rendezvous
and docking between two spacecraft took place was on 16 March 1966, when Neil
Amstrong and Dave Scott manually performed rendezvous. The first automatic
RVD took place on 30 October 1967, thanks to the Soviets. [2].

Figure 2.1: Classic Docking System
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2.0.1 Flexible Electromagnetic Leash Docking system (FELDs)

Flexible Electromagnetic Leash Docking system (FELDs) is a technology demon-
strator whose main objective is to test an electromagnetic soft docking system
that guarantees a mechanical connection between two spacecraft through the
use of a flexible cable.Docking is performed by launching a ferromagnetic probe
towards the target, which attracts it with a static magnetic field.Since the con-
nection between the probe and the launching spacecraft is flexible, the system
is self-adjusting, with no need for precise positioning and attitude control; this
represents a significant advantage over the existing mechanical docking systems,
which require a high level of navigation accuracy.

The prototype comprises two main subsystems, the launcher (GUN) and the re-
ceiving interface (SEC).The design of the SEC is based on empirical measurements
and simulations of the magnetic field, as its effect on the probe is fundamental to
the docking.Load cells and dampers are placed on the SEC mountings, both to
reduce the effect of the impact and measure the system response [1].

Figure 2.2: FELDs
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Figure 2.3: SEC

Figure 2.4: GUN
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2.0.2 Gemini and Soyuz docking systems

The Gemini and Soyuz docking systems were the first two docking systems used
in space exploration history. A central architecture was used in both cases. The
mechanism in the Gemini mission consisted of a rigid male cone used as a probe
and a cup interface used as a drogue, which was linked to the target spacecraft by
seven shock absorbers to dampen the relative longitudinal and lateral velocities.
For reusability, the shock absorbers were outfitted with an orifice damper and
a parallel spring. The probe was used in conjunction with an alignment system
that included a v-shaped counterpart as a guide in the female cone.

Figure 2.5: SOYUZ mechanism

When this element is retracted, it compresses a coil and a Belleville spring and
causes an electromechanical brake to rotate. The capture was accomplished
through the use of two latches on the probe head that reached the female socket.
The end of the operation was confirmed by a transducer on the probe’s head.
The probe was retracted using the large ball screw, and the misalignment was
corrected by the female guides. This solution was first used in 1967 and is still
used today to create a transfer tunnel between the two satellites. The original
design was modified by incorporating the probe and drogue mechanisms into the
hatches and making the mechanism more compact. [3].
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Figure 2.6: GEMINI
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2.0.3 APAS

The ASTP mechanism inspired this docking mechanism. The first peripheral
and androgynous docking mechanism was developed as a result of collaboration
between American and Russian space agencies. The fact that it was androgynous
implies that both sides are designed to work actively or passively, implying
that if one of the two mechanisms fails, the other may be activated, increasing
the likelihood of success. The design concept includes a ring with guides and
capture latches mounted on movable rods that serve as attenuators and retracting
actuators, as well as a docking ring with peripheral mating capture latches and
a docking seal.” In terms of attenuation technology, the two countries chose
different approaches: the Americans used a hydraulic damper, while the Russians
used their own electromechanical brake. This technology evolved in 1989 with
the APAS-89 (Androgynous Peripheral Attachment System). The main changes
were the use of EMB attenuation technology, mechanical latches loaded with
springs for soft docking, and the redesign of the guide ”petals,” which went from
an outwards to an inwards configuration. The APAS was initially developed for
use on the Buran spaceship. Its subsequent versions were used in a variety of
significant missions, including the Shuttle-ISS (APAS-95) and the Chinese one.

Figure 2.7: APAS System
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Figure 2.8: APAS System
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2.0.4 IDSS

The international standard mechanism for spacecraft mating is the IDSS (Interna-
tional Docking System Standard). The first project was created in 2010 through
a collaboration of the major space agencies. The goal is to provide distinct basic
common design parameters that must be followed in order to create a mating
mechanism for use with the International Space Agency. It is a peripheral an-
drogynous system that allows cargo, crew, energy, and data to be transferred via
dedicated connections. It is made up of two identical elements. Each component
is made up of a ring that represents the mating surface, three guide petals, and a
set of guide pins for proper alignment. The soft capture system is represented by a
set of mechanical capture latches, whereas the hard capture system is represented
by a set of hooks placed along the mating surface. The NDS is an example of
an IDSS-compliant system (NASA Docking System). It is an evolution of the
previous APAS system. The ring contains electromechanical actuators that form
an active Stewart-Gough platform. ESA’s IBDM (International Berthing and
Docking Mechanism) is another example of an IDSS-compliant mechanism. This
mechanism must still be tested in space. [5] .

Figure 2.9: Coordinate system of docking objects (active and passive)
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Hardware Chapter

3.1 Mechanical Parts

3.1.1 Linear Actuator

What Is An Electric Linear Actuator and How does it work?l

An electric linear actuator is a device that converts an AC or DC electric motor’s
rotational motion into linear motion. The linear motion is created by rotating
the actuator’s screw via the motor. The screw turns either clockwise or counter-
clockwise, and this causes the shaft (which is a nut on the screw) to move in a line,
up and down, creating the push/pull effect for the load. A Direct Current (DC)
motor, is a rotary machine that converts electric energy into mechanical energy.
This functionality is based on the principle of induction – an electromagnetic
force created by input current, which in turn creates a rotational movement.

Chosen Linear Actuator

The Linear Actuator we’ve chosen is the Actuonix Linear Actuator of the Minia-
ture Linear Motion Series - L16, in Figure 3.3 the specifications are shown.

Figure 3.1: Options

18



3.1. MECHANICAL PARTS 19

For the scale realization we’ve chosen to take the 150:1 version since we decided
that the stroke of 140mm was what I needed.

This type of Actuator is designed to pull or push a load at its full stroke length.
As written in the datasheet the Actuator speed can be reduced or augmented by
modifying the drive voltage.

Figure 3.2: Load curves

In Figure 3.1 the options from which I could choose are shown. Because I needed
a bus to feed the feedback signal, the Actuonix actuator already had it so I’ve
chosen the Option P - Potentiometer position Feedback which gives me that
opportunity.

Figure 3.3: L16 Specifications
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Figure 3.4: linear actuator

Regarding the wiring these options gave me: a feedback Potentiometer negative
reference rail, a Feedback Potentiometer wiper, A Motor V+ (6V or 12V) con-
nector, a Motor V- (Ground) connector and a Feedback potentiometer positive
reference rail.

This configuration permits me to automatically control positioning system, which
is relevant in our application (due to inverse kinematics implementation), even
though the controller is not already inside the actuator and future work on the
project should implement custom. While the voltage is applied to motor power
pins the actuator extends, while instead if you invert the pin the actuator retracts.
This inversion can be implemented differently but what I’ve chosen is the usage of
H-bridge components.Pros of H-bridge will be discussed in the Electronic Chapter.
The stroke position can be monitored by the internal potentiometer.
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Figure 3.5: Data sheet
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3.1.2 Cardan and revolut design joint

Figure 3.6: Cardan and revolut joint

This joint also called a universal joint is a joint or coupling connecting rigid
shafts whose axes are inclined to each other. It is commonly used in shafts that
transmit rotary motion. It consists of a pair of hinges located close together,
oriented at 90° to each other, and connected by a cross shaft. The universal joint
is not a constant-velocity joint. Cardan joints are typically used with independent
and beam axles, and can accommodate high angles which are suitable for our
application and for the Stewart platform itself.
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3.2 Inverse Kinematics

To reach the desired position we need to calculate from the final position (in
coordinates) the precise Rotation matrix and translation matrix needed to move
correctly the actuators. To implement it is used the Inverse Kinematics.

In our case we will fake to already have calculated the two matrices and we will
start operating with them.

[There are three simple rotation matrices, one for every axis x,y, z] [A complete
rotation matrix is a succession of three rotations for which there are different
solutions]

To obtain the rotational matrix for the moving platform I used the Euler angles,
so that the rotation angles concerning z,x and y axes are carried out.

RB
P = Rz(γ)Ry(β)Rx(α) (3.1)

RB
P =

∣∣∣∣∣∣
c(β)c(γ) s(α)s(β)c(γ)− c(α)s(γ) c(α)s(β)c(γ) + s(α)s(γ)
c(β)s(γ) s(α)s(β)s(γ) + c(α)c(γ) c(α)s(β)s(γ) + s(α)c(γ)
−s(β) s(α)c(β) c(α)c(β)

∣∣∣∣∣∣ (3.2)

Then we can generalize coordinate position of the moving platform with respect
to the fixed one as follows.

q = [txtytzαβγ]
T (3.3)

The inverse kinematic theory stated that the length of the legs, in our cases of
the linear actuators, is found according to planned trajectories of the moving
platform position. As already stated before we will end up with six coordinates
of which three of them are rotational and three translational.
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Figure 3.7: Closed-Loop of one Leg

To study the length of the linear actuator of the Stewart platform, the closed-loop
of one leg is considered as shown in Figure 3.8 Two reference frames are needed
and they are the mass centre of the moving platform P (Xp, Yp, Zp), and the
second one is base platform B (X, Y, Z).

Li = qBi − bi (3.4)

Figure 3.8: Closed-Loop of one Leg

Here the equation of the ith upper junction point with respect to B:

qBi = t+RB
P qP i (3.5)
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After having substituted eq.() in equation () it results in :

Li = TB
P qPi − bi = t+RB

P q
P
i − bi (3.6)

Li = Lxi + Lyi + Lzi (3.7)

Now that we have the vectorial expression of the ith length we just need to apply
the Euclidian Norm to it resulting in the length module:

li =
√

(Lxi)2 + (Lyi)2 + (Lzi)2(3.8)

Once we have the length of our linear actuator we will know how and how much
to power up the DC motors to reach that length.

Figure 3.9: Schematic representation of the Stewart Platform
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Electronic Chapter

4.1 H-Bridge

Figure 4.1: H-bridge circuit

The H-bridge term comes from its typical structure as we can see in Figure
4.1. An H-bridge is built with four switches (solid-state or mechanical). When
switches S1 and S4 (according to the first figure) are closed (and S2 and S3 are
open) a positive voltage is applied across the motor. By opening the S1 and S4
switches and closing the S2 and S3 switches, this voltage is reversed, allowing the
reverse operation of the motor.

Using the nomenclature above, switches S1 and S2 should never be closed at the
same time, as this would cause a short circuit on the input voltage source. The
same applies to switches S3 and S4. This condition is known as shoot-through. An
H-bridge is used to supply power to a two-terminal device. By proper arrangement
of the switches, the polarity of the power to the device can be changed. Two
examples are discussed below, DC motor Driver and transformer of a switching
regulator. Note that, not all of the case of switching condition is safe. The
”short”(see below in the ”DC motor driver” section) cases are dangerous to the
power source and the switches.

26



4.1. H-BRIDGE 27

Figure 4.2: Options

Changing the polarity of the power supply to
the DC motor is used to change the direction
of rotation. Apart from changing the rotation
direction, the H-bridge can provide additional
operation modes, ”brake” and ”free run until
frictional stop”. The H-bridge arrangement
is generally used to reverse the polarity/di-
rection of the motor, but can also be used
to ’brake’ the motor, where the motor comes
to a sudden stop, as the motor’s terminals
are shorted. In shorted case, the kinetic en-
ergy of a rotating motor is consumed rapidly
in form of electrical current in the shorted
circuit. The other case, is to let the motor
’free run’ to a stop, as the motor is effectively
disconnected from the circuit. The following
table summarizes the operation, with S1-S4
corresponding to the diagram above. In the
table below, ”1” is used to represent the ”on”
state of the switch, ”0” to represent the ”off”
state [4].

Figure 4.3: H-bridge
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4.2 DC-motor

Figure 4.4: DC-motor

A DC motor is any of a class of rotary electrical motors that converts direct
current (DC) electrical energy into mechanical energy. The most common types
rely on the forces produced by magnetic fields. Nearly all types of DC motors have
some internal mechanism, either electromechanical or electronic, to periodically
change the direction of current in a part of the motor.

DC motors were the first form of motor widely used, as they could be powered by
existing direct-current lighting power distribution systems. A DC motor’s speed
can be controlled over a wide range, using either a variable supply voltage or by
changing the strength of the current in its field windings. Small DC motors are
used in tools, toys, and appliances. The universal motor can operate on direct
current but is a lightweight brushed motor used for portable power tools and
appliances. Larger DC motors are currently used in the propulsion of electric
vehicles, elevators and hoists, and drives for steel rolling mills. The advent
of power electronics has made the replacement of DC motors with AC motors
possible in many applications.



Chapter 5

Simulation

5.1 Purpose and Implementation

The purpose of the simulation is to study the feasibility of the inverse kinematics
and the correctness of the formulae. The simulation will be performed in a
Matlab environment using also Simulink ambient. Firstly in Matlab I address
the coordinate of the points and performed the length of the elongated legs of
the Stewart platform. Once the length are calculated I was ready to simulate the
kinematic of the solution in Simulink, the Simulation was performed with a closed
loop feedback controller using an already existing PID model of Simulink (a brief
explanation of a PID controller will be given later). A suitable representation of
DC motors and H-bridge was chosen to simulate approximately but accurately
what could have been the final output.

5.2 How a PID controller works and what is it

Figure 5.1: PID

To use in a simple way all these tools are usually to simplify in blocks specific
parts of the system. As we can see from Figure 5.1 we have PID and PLANT
blocks, the first one is our controller while the latter is the physical system
transformed in a mathematical (or a physical to Simulink as we will see) way for
better performance in a simulation, it also is the system we want to control.
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The signal entering the plant is called an ”actuating signal”, it is generated by
the PID controller which is fed by the error commonly called e(t) which is the
result of a subtraction among target value and feedback value as shown in the
figure. The simple way to see how it works is: ” We give a target value to the
PID, which sees which is the actual value and based on the error provides a signal
to the lant to reach the provided target value.

Figure 5.2: PID

Here in Figure 5.2 we can see what a complete PID looks like, it is also worth
it to mark that P stand for Proportional, i for Integrative and D for Derivative,
they are the fundamental actors of our controller and a brief explanation will be
given.

Looking at the previously mentioned figure we can see that for every block
(Proportional Integrative and Derivative) there are also some weighting factors,
that allow proper tuning to give more relevance to one block or the others. The
proportional action takes account of the so-called present error, relying on how
”much effort” is needed to reach the target value. the problem with (only) that
it is that we can occur on a steady state error. To mitigate it we operate also
with the Integral block, which takes account of the past error which in a certain
way calculate how many time the same error is counted, giving more effort in
the case the error is present for a long time. There are cases where significant
changes occur and the Integral keep adding error, to adjust that behaviour a
Derivative block is added, it takes into account the future error looking at how
fast the output is approaching the target value and slowing it down once the gap
is closing.
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Figure 5.3 shows an example of a case where our linear actuator for some
motivation cannot stretch and keeps, for a certain amount of time, the error
steady (pink line). In this case we can see as the integral command keeps growing
because it sees that the error doesn’t go down, consequentially the rpm command
continues growing until it reaches its limit (green line). The fact the rpm reaches
its saturation limit doesn’t stop the integral which keeps growing its error creating
an error which can become relevant if the error grows without control (thanks to
the derivative block we will be able to control it). Let’s imagine the case that
our actuator suddenly starts lengthening (knee of pink line) and the error will
start going down since the rpm command is high. As the figure show there will
be a period where the integral command will ask for an rpm higher than the
saturation point resulting in a non-decreasing rpm while approaching the target
position. It will end in an exaggerated lengthening of the actuator over the target
value.

Figure 5.3: PID behaviour
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5.3 Matlab code

5.3.1 Introduction

The Matlab platform is used as a base platform to carry out the algebraic accounts.
First I have defined the starting position characteristics for both the fixed and
the moving platform, the vector which relates the initial rest position of the
moving platform with respect to the fixed one. Then as the reader will be able to
see below, the different working values are depicted. These different situations
have been chosen to be able to depict every possible situation that the Stewart
platform could be called to actuate.

To be clear and complete there could be another situation where the centre of
rotation is not the centre of the moving platform even though generally it will
not be the case because of the fundamental request of simplicity and because of
the fact the translation a rotation itself can make up for that case (it is worth
mentioning that even the rover will be able to move and slide, correcting the
bigger translation gap to the objective final position.

5.3.2 Code Explanation

As shown in chapter 3 the Stewart platform is described with vectors of which
the description is done in the chapter mentioned before. Below we can see the
starting vector values representing the rest position for our platform.

For clarity beside the qpi has been added the position of the same joint concerning
the fixed base frame. Going forward the expression of t and q can be found, which
refer to the reciprocal position of the moving platform concerning the fixed one.

1 clear all

2 close all

3 clc

4

5 % STARTING POSITION

6 b_1 = [5; -33; 0];

7 b_2 = [26; 22; 0];

8 b_3 = [32; 11; 0];

9 b_4 = [-26; 22; 0];

10 b_5 = [-32; 11; 0];

11 b_6 = [-5; -33; 0];

12

13 q_p_1 = [25; -20; 0];

14 q_p_2 = [30; -11; 0];

15 q_p_3 = [4; 32; 0];

16 q_p_4 = [-4; 32; 0];

17 q_p_5 = [-30; -11; 0];

18 q_p_6 = [-25; -20; 0];

19

20 t_x = 0;

21 t_y = 0;

22 t_z = 16;
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23 t = [t_x; t_y; t_z];

24

25 ah_f = 0;

26 bh_f = 0;

27 gh_f = 0;

28

29 q=[t_x , t_y , t_z , ah_f , bh_f , gh_f]';
30

In the following code as the title already explain the working values and working
positions are completed. Three cases are illustrated:

• JUST TRANSLATION

• JUST ROTATION

• ROTATION AND TRANSLATION

In every case both ????Euler???? angles and translation values are shown, just
for sake of clarity.

During the simulation one can ”commentate” (and so make the code unreadable
for the coder) 2 of the 3 cases to apply only the remaining values to simulate.
Doing so the final rotation matrix Rbp will be filled with the wanted values.

1 %% WORKING VALUES

2

3 % JUST TRANSLATION

4 ah = 0;

5 bh = 0;

6 gh = 0;

7

8 t_s = [0,10,7];

9

10 % JUST ROTATION

11 ah = pi;

12 bh = pi/4;

13 gh = pi/8;

14

15 t_s = [0,0,0];

16

17 %ROTATION AND TRANSLATION

18 ah = pi;

19 bh = pi/4;

20 gh = pi/8;

21

22 t_s = [0,10,7];

23

24 % R_bp = R_z(gh)*R_y(bh)*R_x(ah)

25

26 R_bp = [cos(bh)*cos(gh), sin(ah)*sin(bh)*cos(gh)-cos(ah)*sin(gh),

cos(ah)*sin(bh)*cos(gh)+sin(ah)*sin(gh);
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27 cos(bh)*sin(gh), sin(ah)*sin(bh)*sin(gh)+cos(ah)*cos(gh),

cos(ah)*sin(bh)*sin(gh)+sin(ah)*cos(gh);

28 -sin(bh), sin(ah)*cos(bh), cos(ah)*cos(bh)];

29

Equations of moving platform joints with respect to the fixed one

1 %% q_i_b values

2

3 q_1_b = t + R_bp*q_p_1

4 q_2_b = t + R_bp*q_p_2

5 q_3_b = t + R_bp*q_p_3

6 q_4_b = t + R_bp*q_p_4

7 q_5_b = t + R_bp*q_p_5

8 q_6_b = t + R_bp*q_p_6

9

As shown in chapter 3.2 here are coded the length equation for every Stewart leg.

1 %% Length

2 L_1=t + R_bp*q_p_1 - b_1;

3 L_2=t + R_bp*q_p_2 - b_2;

4 L_3=t + R_bp*q_p_3 - b_3;

5 L_4=t + R_bp*q_p_4 - b_4;

6 L_5=t + R_bp*q_p_5 - b_5;

7 L_6=t + R_bp*q_p_6 - b_6;

8

9 l_1 = norm(L_1 ,2);

10 l_2 = norm(L_2 ,2);

11 l_3 = norm(L_3 ,2);

12 l_4 = norm(L_4 ,2);

13 l_5 = norm(L_5 ,2);

14 l_6 = norm(L_6 ,2);

15
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5.4 Simulink structure

5.4.1 Schematics

Figure 5.4: Overall view

As already said before Simulink has been used to simulate the system, Simulink is
a MATLAB-based graphical programming environment for modelling, simulating
and analyzing multidomain dynamical systems. Its primary interface is a graphical
block diagramming tool and a customizable set of block libraries [6]

Figure 5.4 shows the overall view of our system, six are the subsystem and six are
Stewart’s legs. The reason why different subsystems were made is only due to the
software. Since auto-tuning was used to have a better performance of the PID
controller there was a need to have a simple plant to make it easy to linearize.
So first a single system has been developed, tuned and configured and then the
same system was copied and pasted for the other five linear actuators, the only
thing that has changed for every linear actuator is the target value.

To make the final simulation useful six scopes have been added one for every
linear actuator. They will be used to see the simulation results. Every value was
taken from the MATLAB workspace with the code exploited before in chapter 5
section 5.4.
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Figure 5.5: Plant single leg

Figure 5.5 shows a single linear actuator system where it can be seen the target
value in the right square, the sum block performs the ”error”, the PID block has
been used in a discrete mode to simplify the calculations and at the end the Plant
which is shown in Figure 5.6.

Figure 5.6: Plant

Starting from the left, it can be seen that the actuating signal received by the
controller is received by two different blocks. The first at the top serves to
maintain only the positive value of this signal to work only on its module.The
second instead serves to ”extract” the sign of the actuating signal, it will serve
the H-bridge to invert the voltage to implement the extension and retraction of
the linear actuators. It will be discussed later. At the bottom left you can see a
switch used only for simulation purposes, it reacts to the change of sign of the
previously transformed signal by causing the required voltage to be changed from
positive to negative depending on the sign of the actuating signal.

On the right it can be seen the mechanical part.To simulate our linear actuator,
a toothed wheel was inserted to simulate the transmission ratio between the DC
motor shaft and the worm screw of the linear actuator whose task is to lengthen
or shorten the leg.
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5.4.2 Components explanation

Figure 5.7 shows the PID component, a specific explanation of how it works is
given in section 5.2, and from here the actuating signal is provided.

Figure 5.7: Prova

The PID component was set up like this:

Figure 5.8: PID settings

Discrete-time, Ideal form and no filter were used. In the main section you can
see all the weighting factors that characterize the final answer.

The auto-tuning was used, following these settings:

Figure 5.9: PID tuning settings
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Figure 5.10 shows the Controlled PVM Voltage, it must set the maximum pvm
at which our DC motor will work.

Figure 5.10: Controlled PVM Voltage

Settings:

Figure 5.11: Controlled PVM Voltage settings

Figure 5.12: H-bridge component



5.4. SIMULINK STRUCTURE 39

In Figure 5.12 the H-Bridge component is shown, it simulates the H-bridge
hardware component that will be implemented. Settings are shown down below.

Figure 5.13: H-Bridge settings

Last but not list the DC motor component and its settings

Figure 5.14: Prova
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Figure 5.15: DC motor settings



5.5. SIMULATION RESULTS 41

5.5 Simulation results

Here the simple result is depicted, they are expressed for some particular cases
such as just rotation, just translation and finally translation and rotation together.

5.5.1 Rest Position

The different situations were simulated and visualized, starting from the rest
position in which the maximum height of the Stewart platform is 16cm. As far as
the code I developed is constructed, to reproduce the correct output simulation
the height of the platform has to be inserted in the ”t” translation. For the
following implementation, the translation vector will start from 16 and the true
translation will be added.

Here’s the code about the working parameters:

1

2 t_x = 0;

3 t_y = 0;

4 t_z = 16;

5 t = [t_x; t_y; t_z];

6

7 ah_f = 0;

8 bh_f = 0;

9 gh_f = 0;

10

11

A 3D vision has been implemented with 3D calculator-Geogebra, the dimension is
in a scale of 1:3 to represent the small HW model which later will be developed.
As both the code and the model show the rest position height is 16cm.

Figure 5.16: Rest position
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Figure 5.17: Rest position other perspective

(a) (b)

Figure 5.18: (a) Joint coordinate (b) Leg values

In Figure 5.18 (a) the Matlab results are printed, those are the joint values
concerning the base frame representing the joint coordinates in the space. Those
results are the coordinate values represented in Figures 5.16 and 5.17.

Figure 5.18 (b) instead, shows us the leg length. For future analysis we can state
that the maximum starting leg extension is 38 cm while the minimum extension
is 28cm.
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5.5.2 Just Translation

A second simulation has been implemented, a simple translation of 5cm has been
executed since the z component of the translation vector has been increased to
21cm from 16cm.

1

2 t_x = 0;

3 t_y = 0;

4 t_z = 21;

5 t = [t_x; t_y; t_z];

6

7 ah = 0;

8 bh = 0;

9 gh = 0;

10

11

12

The results are shown down below.

Figure 5.19: Translation only



44 CHAPTER 5. SIMULATION

(a) (b)

Figure 5.20: (a) Joint coordinate (b) Leg values

As depicted in the previous simulation Figure 5.13 (a) shows the joint’s coordinate
values while 5.13 (b) shows the leg length.

Here we can see that every leg has increased its length as one can imagine. Con-
sidering the previous simulation the maximum stroke due to the 5cm translation
is 3 cm in leg 6.

Just here graphs results are shown, to depict how the system performs and how
the PID controller operates.

Figure 5.21: Linear actuator 1
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Figure 5.22: Linear actuator 2

Figure 5.23: Linear actuator 3
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Figure 5.24: Linear actuator 4

Figure 5.25: Linear actuator 5
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Figure 5.26: Linear actuator 6
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5.5.3 Rotation about X and Translation

The third simulation has been developed under the assumption of translation ( 5
cm as before ) and rotation around the x axis of π/8 . A semi-rotated view is
given in figure 5.27 a while a side-view is presented in Figure 5.28.

1

2 t_x = 0;

3 t_y = 0;

4 t_z = 21;

5 t = [t_x; t_y; t_z];

6

7 ah = pi/8;

8 bh = 0;

9 gh = 0;

10

11

Figure 5.27: Stewart translation and rotation about x

Figure 5.28: Stewart translation and rotation about x, side view

Looking at Figure ?? we can see that the plane formed by the moving platform
joints is perfectly flat meaning that the inverse kinematics works well and it is
representative of what could happen in real life, with real hardware.
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(a) (b)

Figure 5.29: (a)Joint coordinate (b) Leg values

As in the previous simulation, here in figure 5.29 we can see the joint coordinates
values (Figure 5.29 (a)) and the leg length values (Figure 5.29 (b)). It can be
observed as the results follow what the simulation hypothesis has guessed, the
joints which are in the rotation direction go down while the opposite ones go up,
due to the rotation around the x-axis. Here the maximum length reached is 40cm
while the lowest value reached from at least one joint is 27 cm.
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5.5.4 Rotation about Z and Translation

The last simulation has been done acting a translation (of 5cm) and a rotation
around the z axis of π/18. The rotation of π/18 has been chosen to show how
the platform work under both high and low values of rotation angles.

Down below are shown the parameters that are used for this simulation:

1

2 t_x = 0;

3 t_y = 0;

4 t_z = 21;

5 t = [t_x; t_y; t_z];

6

7 ah = 0;

8 bh = pi/18;

9 gh = 0;

10

11

Results shown with 3D calculator-Geogebra:

Figure 5.30: Prova
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(a) (b)

Figure 5.31: (a)Joint coordinate (b) Leg values

Figure 5.31 (a) shows the joint coordinate values, no particular characteristics
have to be discussed here. Figure 5.31 (b) shows the legs length.
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5.5.5 General results

All three simulations confirmed the expected results, reporting reliable and pre-
dictable values.

Here below there is a table in which every leg (numbered from 1 to 6 as shown
along the paper) is shown their stroke during every simulation (also numbered
from 1 to 3 referring to 1 for ”Just translation” with 2 for ”Rotation about X
and Translation” and 3 for ”Rotation about Z and Translation”), both positive
and negative.

LEG/SIMULATION 1 2 3
1 3.06 cm -0.63 cm 0.12 cm
2 2.43 cm -0.39 cm -0.14 cm
3 2.34 cm 8.78 cm 3.62 cm
4 3.04 cm 1.16 cm 5.33 cm
5 3.2 cm -0.19 cm 7.03 cm
6 3.06 cm -0.63 cm 5.87 cm

Table 5.1: Stroke for Legs and Simulations

As the table shows in simulation number 1, the one in which just the translation
has been implemented has only a positive stroke, due to the same vertical direction
that every leg follows.

Regarding the second simulation instead, it can be seen that, even if along the
z-axis some joints reach 13 cm and 16 cm the overall stroke of their leg has a very
small negative stroke, ranging from -0.19 cm to -0.63 cm. The same consideration
can be made for the last simulation



Chapter 6

Conclusions

This research aimed to identify an effective soft docking system for future Artemis
missions. Based on previous work, my research and based on the simulation
proposed it can be concluded that a Stewart platform based on six linear actuators
can be a suitable structure to safely apply all the strict requests the field of space
travel requires. A good hardware pick has been done and the PID controller
results are optimal for the final goal.
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Appendix A

A more complete PID explanation

Among all the possible types of controllers, the PID is the one I’ve chosen because
of its simplicity in terms of implementation, code and practicality. Since the
space applications need low velocity due to the strict precision required no other
control other than the ones the PID controller provides was needed.

As the first thing to define there’s the Plant, this is the system that we want to
control, or the system whose behaviour we want to affect. The input into the
plant is the actuated signal and the output is the controlled variable. Different
industries refer to these signals by various names, so you might hear them called
something else like plant input and plant output. The basic idea of a control
system is to figure out how to generate the appropriate actuated signal, the input,
so that our system will produce the desired controlled variable, the output. The
output we want goes under various names, here command or command variable
will be used (it can also be setpoint, the reference, or the desired value ).

The output of the system is called feedback control value, this signal is compared
to the command variable to see how far off the system is from where we want
it to be. This difference between the two is the error term. If the output was
exactly what we commanded it to be, then the error would go to zero and that is
what we want zero error. With a controller we take this error term and convert it
into suitable actuator commands so that over time the error is driven to zero.

The simplest version of a PID controller is the Proportional one, also called
Proportional Controller and abbreviated as ”P” controller, it can be said that it
keeps track only the present error value and, multiplying it by a particular value
which we will call ”weight” we have the actuating signal which will diminish with
time by its definition do to the error becoming smaller and smaller.

In a more sophisticated case like a quadcopter we want to fly, the actuating signal
made up only with a proportional controller doesn’t appear good because, right
when it would reach the objective the proportional weight would become zero
and so the actuating signal lets the drone would fall back to earth, so we will
need a constant speed just to keep it steady floating in the air, this situation
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can lead to errors called steady-state error. To prevent those types of errors
we let the controller use past information and the way we do it is by using an
integrator path in our controller that’s added alongside the proportional path.
An integrator sums up the input signal over time keeping a running total. Now
if the system gets to a steady-state below the desired value the error term is
nonzero and when a nonzero value is integrated, the output will increase and
as long as there’s an error in our system, the integral output will continue to
change, and this increased value will increase the actuating signal, which in the
quadcopter case will end up increasing the propeller speed.

Adding the integrator component can result, in some cases, in another error
because the integral has been summing values for longer than necessary for some
reasons. In this case to diminish the actuating signal the integral sum would need
to become negative and if it happens after the reference the system could get
over it.

to deal with that there’s a simple way which is to add a derivative path which
can ”predict the future” and respond to how fast we’re closing in on our goal. A
derivative produces a measure of the rate of change of the error that is how fast
the error is growing or shrinking Basically, our controller is using changing error
to determine that we are closing in on our goal way too fast and then prematurely
slowing down the actuating signal.

Just like a PID controller has been created, it is a versatile controller that uses the
present error, the past error, and a prediction of the future error to calculate the
appropriate actuator commands. It is able to do it using a particular ”block” that
uses the peculiar characteristics of a simple gain, derivatives and integrals. These
three blocks each contribute some amount to the overall output of the controller.
And is the designer’s objective to decide how to weigh each contribution.

Figure A.1: graph showing integral wind-up
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