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Sammanfattning 
Denna rapport beskriver ett masterexamensarbete inom maskinkonstruktion. Arbetet har utförts på 

konsultfirman Svea Teknik med DataPath som kund. 

Rapporten beskriver utvecklingen av ett koncept för en stabiliserande plattform till en 

satellitantenn för mobil applikation, i detta fall på en bil, för att kunna behålla satellitkontakten 

medan fordonet rör sig. Antennen som skulle appliceras var en tvådelad panelantenn som sänder 

inom Ka-frekvensbandet. Plattformen ska kunna användas både på vägar och i terräng med 

chocklaster upp till 6g, ha en maximal felpekning på 0,4°. Den ska även klara av chocklaster på 

upp till 30g utan att gå sönder. 

Den övergripande funktionen delades upp i tre moduler, elevation-separation av antennpanelerna, 

en glidmekanism för en av panelerna samt rotation av hela panelsystemet. Koncept genererades 

för de tre modulerna separat. Efter att ha utvärderat koncepten valdes ett koncept från varje modul 

för vidare utveckling där komponenter dimensionerades utefter några definierade lastfall. Alla 

komponenter togs sedan fram och sattes ihop till en CAD-modell.  

Resultatet blev en elevation-separationsmekanism bestående av två EC-motorer med 

kuggremsdrift som driver elevationen av panelerna och en EC-motor med kulskruv som driver 

separationen av panelerna. Glidmekanismen är lagrad med två linjärstyrningar sammankopplade 

med en tvärslå. Rotationsmekanismen drivs av en EC-motor med en hypoidväxel och en 

kuggremsdrift.  

Felpekningen då systemet utsätts för högsta möjliga acceleration och chocklaster på en och samma 

gång var 0,295° i elevationsled och 0,158° i azimutled. Detta ger en total felpekning på 0,335° 

vilket är lägre än den maximala tillåtna felpekningen. Men den beräknade felpekningen tar bara 

utböjning och flexibilitet i komponenterna samt eftersläpning på grund av för långsam acceleration 

i beaktning och inte reaktionshastigheten och noggrannheten i motorer och kontrollsystem. Detta 

på grund av att kontrollsystemet inte har behandlats i detta projekt. Den slutgiltiga felpekningen 

kunde därför inte beräknas. 

Slutkonceptet uppfyllde de viktigaste av kraven enligt de definierade lastfallen men fler och 

fördjupande studier behöver göras för att säkerställa att komponenterna är tillräckligt snabba i 

kombination med kontrollsystemet. 

Nyckelord: Satellitkommunikation, SOTM, stabiliserad plattform, platt antenn 
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Abstract 
This report describes a master thesis project work in machine design. The work has been done at 

the consulting firm Svea Teknik with DataPath as the customer. 

The subject of the project was to design a concept for a stabilized platform for a satellite antenna 

in an on-the-move application. The antenna that was to be implemented was a dual flat array 

antenna operating at the Ka frequency band. The platform should manage to operate both on roads 

and in terrain with shock loads up to 6g without exceeding 0.4° of pointing error and manage shock 

loads up to 30g without collapsing. 

The overall function was divided into three modules, elevation-separation of the panels, a sliding 

mechanism for one of the panels and a rotation mechanism for the whole panel system. Concepts 

were generated for the three modules separately. After evaluating the concepts one concept for 

each module was selected for further development where components were dimensioned by 

defining some load cases. All the components were then created and assembled in a CAD model. 

The result was an elevation-separation mechanism consisting of two EC motors with timing belts 

driving the elevation of the panels and an EC motor and a ball screw driving the separation of the 

panels. The sliding mechanism was guided by two linear guideways connected with a crossbar. 

The rotation was driven by an EC motor geared by a hypoid gear and a timing belt. 

When analyzing the pointing error when the system is subjected to the highest accelerations and 

shock loads at the same time the pointing error was 0.295 in the elevation plane and 0.158 in the 

azimuth plane, which gives a total angular error of 0.335° when combining elevation and azimuth 

errors. The pointing errors are lower than the required maximum pointing error. Though this error 

is only due to deflection and flexibility in the components and delay due to slow starting 

acceleration, no reaction rates and accuracies of the motors and control system were considered 

since no study of the control system was done in this project. The final pointing error could 

therefore not be calculated. 

The final concept does satisfy the most important requirements according to the defined load cases, 

though more studies need to be done to make sure the components are fast enough in combination 

with the control system. 

Keywords: Satellite communication, SOTM, stabilized platform, flat array antenna 
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NOMENCLATURE 

In this section parameter names and abbreviations used in the report are explained. 

 

Notations 

Symbol Description 

a6g Acceleration due to shock load of 6g [m/s2] 

acurve Acceleration in curve [m/s2] 

atrans Acceleration of translational motion [m/s2] 

CCRB Rated dynamic load of crossed roller bearing [kN] 

C0 Static load rating of linear guideway [kN] 

Dp Pitch diameter of crossed roller bearing [m] 

E Young´s modulus [Pa] 

F Force [N] 

Ff Friction force [N] 

Flg Force on linear guideway [N] 

Fa Axial force on crossed roller bearing [N] 

Fr Radial load on crossed roller bearing [N] 

G Shear modulus [GPa] 

g Gravitation constant, 9.81 [m/s2] 

i Total gear ratio [-] 

ibelt  Transmission ratio of timing belt [-] 

ihypoid Gear ratio of hypoid gear [-] 

J Moment of inertia [kgm2] 

K Cross section factor off the shear stiffness [m4] 

L Panel height [m] 

Larc Length of arc between horizontal road and slope [m] 

Lcog Distance between system rotation point and system center of mass [m] 

LRCB Rated life time of crossed roller bearing [million revolutions] 

l  Pitch of ball screw [mm] 

lshaft Length of panel shaft [m] 

M Moment [Nm] 

Mlg Moment on linear guideway [Nm] 

Mp Rated moment of linear guideway in rail direction [Nm] 

mpanel Mass of one panel with amplifier [kg] 



  

mrot Mass of the rotating system [kg] 

P Power [W] 

PCRB Dynamic equivalent load of crossed roller bearing [kN] 

nbs Rotational speed of ball screw [rpm] 

rarc Radius of arc between horizontal road and slope [m] 

rcurve Radius of 90° curve [m]  

s6g Distance moved when subjected to a shock load of 6g during 11 ms [m] 

serror Translational positioning error [mm]  

t0.3 Time it takes to turn 0.3° [s] 

Tbs Ball screw torque [Nm]  

Tm Motor torque [Nm] 

vcurve Velocity in curve [m/s] 

vslope Velocity in slope [m/s] 

vtrans Velocity of translational motion [mm/s] 

x Ideal distance between panels [mm] 

X Radial load coefficient of crossed roller bearing [-] 

y Height of shading in rear panel [mm] 

Y Axial load coefficient [-] 

att Deformation angle of panel attachment [°] 

error Total pointing error in elevation plane  [°] 

platform Deformation angle of platform [°] 

shaft Torsion angle of panel shaft [°] 

βerror Total pointing error in azimuth plane [°] 

βrotshaft Torsion angle of rotation shaft [°]  

att Maximum deflection of panel attachment [mm] 

platform Maximum deflection of platform [mm] 

 Angle in azimuth plane [°] 

error Pointing error in azimuth plane due to delay in acceleration  [°] 

bs Efficiency of ball screw[-] 

hypoid Efficiency of hypoid gear [-] 

 Coefficient of friction [-] 

 Angle in elevation plane [°] 

error Pointing error in elevation plane due to delay in acceleration [°] 

bs Angular velocity [rad/s] 

 



  

Abbreviations 

 

BLDC Brushless DC motor 

CAD Computer Aided Design 

DC Direct Current 

EC Electronic Commutation 

GPS Global Positioning System 

QFD Quality Function Deployment 

Satcom Satellite Communication 

SOTM Satellite Communication on-the-move 

 

 

 



  

TABLE OF CONTENTS 

 

1  INTRODUCTION 1 

1.1  Background 1 

1.2  Purpose 1 

1.3  Delimitations 2 

1.4  Method 2 

2  FRAME OF REFERENCE 5 

2.1 Satcom 5 

2.1.1 Satellites 5 

2.1.2 Antenna properties 6 

2.1.3 Array antennas 8 

2.2 Competing products 10 

2.3 Components 10 

2.3.1 Motors 10 

2.3.2 Linear bearings 12 

2.3.3 Ball screws 13 

2.3.4 Timing belts 13 

2.3.5 Hypoid gears 14 

2.3.6 Crossed roller bearings 14 

3  IMPLEMENTATION 15 

3.1 Requirements 15 

3.2 Concept generation 16 

3.2.1 Elevation - separation mechanism 17 

3.2.2 Sliding mechanism 21 

3.2.3 Rotation mechanism 23 

3.3 Concept evaluation 24 

3.4 Further development of chosen concept 25 

3.4.1 Elevation - separation mechanism 25 

3.4.2 Sliding mechanism 34 

3.4.3 Rotation mechanism 36 

3.5 Verification of pointing error 41 



  

4  RESULTS 45 

5  DISCUSSION AND CONCLUSION 49 

5.1 Discussion 49 

5.2 Conclusion 50 

6  FUTURE WORK 51 

 7  REFERENCES 53 

APPENDIX A: QFD 55 

APPENDIX B: ROTATION AXIS POSITIONS 59 

APPENDIX C: PUGH’S DECISION MATRICES 69 

APPENDIX D: EC MOTOR 70 

APPENDIX E: LINEAR GUIDEWAY 71 

APPENDIX F: CROSSED ROLLER BEARING 72 

APPENDIX G: HYPOID GEAR 73 

APPENDIX H: MATLAB CALCULATIONS 74 

 

 



  

  



1 

 

1  INTRODUCTION 

In this chapter the background and purpose of the project are described as well as the 

delimitations and methods used in the implementation. 

1.1 Background 

The company DataPath designs satellite communication technology for use in remote and extreme 

environments. For example they have developed modular, portable antennas that quickly can be 

assembled and connected manually to its satellite. Common usage for these types of antennas are 

broadcasting, emergency services and military operations. 

The company has earlier, together with Saab, developed a stabilization platform for using a 

parabolic antenna on the move, for example on a car or a boat. The antenna can then keep 

connected to the satellite while moving. This product had high precision with a very accurate 

navigation system and a 4 axis stabilization mechanism, see Figure 1, though it resulted to be too 

large and expensive, why it was hard to sell. The product was soon removed from the assortment. 

 

Figure 1. Stabilized platform developed by DataPath and Saab. 

The application areas for motion stabilized platforms have increased from mostly being a military 

product to be used for broadcasting, emergency service and for trains and airplanes in order to 

offer internet connection to the passengers. It has also become more common to use flat array 

antennas instead of discs. Flat antennas makes it possible to make smaller products with lower 

profile, which is suitable for the applications where low air resistance is important, for example on 

airplanes, or when a small and discrete product is needed, for example in military applications. 

1.2 Purpose 

The purpose of this project was to generate concepts for a stabilized platform for an on-the-move 

antenna as a pre study for an eventual future design project at DataPath. 

The antenna that was to be integrated was a dual flat panel antenna operating on the Ka frequency 

band (26.5-40 GHz) with the dimensions 430x150x100 mm, including amplifier, and with a weight 

of 5 kg each. The platform has to counteract the movements of the vehicle so that the antenna is 

constantly aiming at the satellite with a maximum pointing error of 0.4°. The platform should be 

able to operate during shock loads up to 6g. When subjected to larger shock loads, up to 30g the 

system does not have to keep the contact with the satellite but should not collapse. The platform 

has to stabilize the movements of a vehicle driving up to 110 km/h on a road or 50 km/h in terrain. 
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1.3 Delimitations 

 Only the mechanical aspect of the concept was considered, no control technology aspects 

were studied. The antenna unit also needs to know where to aim, why a navigation system 

is needed. Neither this was studied in this project. 

 The result is on a conceptual level, presented as a virtual CAD model. No physical 

prototype was manufactured.  

 Not all components were selected specifically, some are just hypothetical. It is not proven 

that the chosen components are the best available for the application, only that they manage 

the requirements. There might be components better suiting, but not all components could 

be studied. 

 The interface between the concept and the vehicle roof has not been designed. Neither has 

the radome that will enclose the system. 

 No vibration analysis of the system was made. 

 The analysis of the terrain application was limited. Focus has been on finding a concept 

that will work in a road applications. 

1.4 Method 

To implement the project several methods have been used. The methods were used to help 

structuring up the project work, to identify the requirements on the product, and to generate and 

evaluate concepts. The methods used are described in the following section. 

Stage gate model 

The project was structured according to a Stage-Gate plan. The work was divided into stages that 

all ended with a gate. The gates were meetings where the work done was reviewed and it was 

decided if the work was approved and the project could proceed to the next stage or if changes had 

to be done. Before the results of a stage had been approved the work on the next stage could not 

begin since there might have been unsolved problems that could change the conditions for the rest 

of the project. The Stage-Gate plan made for the project can be seen in Figure 2. 

 

Figure 2. Stage-Gate plan of the project. 
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QFD and requirements specification 

When designing a product it is important to make sure it will fulfill the expectations of the 

customer. A way to do this is to make a QFD (Quality Function Deployment) where all the 

customer requirements are listed and weighted by their importance. The customer requirements 

are then translated into technical, measurable requirements, each with a target value which makes 

it possible to determine if the product fulfills the requirement or not. The QFD can also be used to 

compare how well the competing products already existing on the market fulfill the same criteria 

and from that find what market segment to place the new product. 

The technical requirements stated in the QFD could be listed in a requirements specification that 

can be used as a checklist to see what requirements are fulfilled. 

Literature review  

To gain knowledge about the application of the product a literature review was made. Articles and 

books about antennas, satellite communication and stabilization methods were found using KTHB 

Primo, Google scholar and Google Patents. 

Market research 

To see what solutions and competing products from other companies are already existing, a market 

research was made. Since there are competing products existing on the market it is important to 

find out what can be done differently and better to find what market segment to place the new 

product in. 

Function analysis 

Calculations and analysis of the function and loads acting on the system, were performed using 

the calculation software Matlab (MathWorks, 2015).  

Concept generation: Morphology 

With the results from the function analysis, and the result of the QFD in mind new concepts were 

generated. In the concept generation phase a morphology was used. In this method all the 

subfunctions of the product are identified and solutions to these subfunctions are brainstormed. An 

overall concept was then formed by combining solutions from each subfunction. (Ullman, 2010) 

Pugh’s matrix 

When concepts had been generated and studied they had to be evaluated. This was be done by 

using a Pugh’s decision matrix. The concepts were evaluated by how well they fulfilled the 

requirements stated in the requirements specification. To get a fair picture of which concept was 

most suitable the requirements were weighted so that a concept fulfilling a more important criteria 

got a higher score than a concept fulfilling a less important criteria. The concept with the highest 

score was selected for further development and analysis. (Ullman, 2010) 

CAD modelling and deformation analysis 

The concepts were visualized by making CAD models in the software Creo Parametric (PTC Inc., 

2013). With the 3D-models it was also made sure that the concepts fit in the interface with the 

antenna and that no interference occurred between any parts. Creo’s simulation application was 

used to perform FEM analyses of the deflection of some of the components to see how stiff the 

whole system was.  
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2  FRAME OF REFERENCE 

In the frame of reference knowledge that is necessary to understand the background problem of 

the assignment is presented. So is also basic information about components used in the 

implementation to get a better understanding of the generated concepts. 

2.1 Satcom 

Satellite communication, Satcom, is a way of transferring information from one location on earth 

to another by using satellites orbiting around the planet, see Figure 3. The communication is 

transmitted and received by antennas, with the satellite as an intermediator, and can be one-way 

or two-way. The satellite can either just passively forward the signal from the transmitter to the 

receiver or amplify it before forwarding it.  

 

Figure 3. Basic function of satellite communication. 

Some common applications for satellite communication are broadcasting, weather tracking, 

emergency communication and military applications. (Minoli, 2015) 

For satellite communication to work there must be a line of sight between the antenna and the 

satellite. This means that there will be disturbances in the connection if objects come between the 

satellite and the antenna. 

In the following sections satellites and antennas are described along with the actual application of 

this project, satellite communication on-the-move. 

2.1.1 Satellites 

A satellite is an object orbiting around a planet or star. Artificial satellites orbiting around Earth 

play an important role in society today. Among other things they make it possible to communicate 

between widely separated locations, forecast the weather and navigate with GPS systems. 

The satellites can be located at different distances from Earth, which requires different velocities 

to keep in orbit. Depending on the distance they are classified as low, medium, high or 

geostationary orbit satellites. (Maini, 2014). 

Geostationary satellites 

Geostationary satellites are satellites orbiting around the equator at a distance of 42164.2 km from 

the center of the Earth. At this distance the orbit time is equal to the time it takes for one rotation 
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of the Earth around its own axis. As a result the satellites get a stationary position in the sky. (Li, 

2014) 

The advantage of this type of satellite is that it is simple for an antenna to keep connection without 

needing to move, since the satellite has a permanent position. Therefore geostationary satellites 

are often used for satellite communication. 

Azimuth and elevation 

When describing the location of a satellite, angles in two planes are used. The azimuth angle 𝜙 is 

the angle given when rotating around the vertical axle and the elevation angle θ is the angle 

between the pointing direction and the horizontal plane, see Figure 4. Together with the distance 

from the origin, r, any point in space can be described by these angles. (Balanis, 2008) 

 

Figure 4. Spherical coordinate system describing azimuth and elevation angles. 

When using the terms azimuth and elevation in the implementation of this project it is referred to 

the angle of the panels, which for the elevation is opposite from the elevation angle of the satellite 

since the signal from the satellite should be orthogonal to the panel. This means that when the 

satellite is straight over the panel, in zenith, which would be a satellite elevation of 90° the panel 

has an elevation angle of 0°.  

2.1.2 Antenna properties 

Antennas are devices used for receiving and transmitting electromagnetic signals in the radio wave 

range. The antenna converts electrical current to electromagnetic waves and vice versa when 

transmitting respectively receiving signals (Graf, 1999). These devices are widely used for 

broadcasting and communication such as radio, television, telephones and radars.  

Theoretically an antenna could be isotropic, that is radiating equally in all directions. This is not 

possible to achieve in reality, but all antennas are to some degree directional. This means that they 

receive and transmit more efficiently in certain directions. These directional antennas are used 

when the signal has to be concentrated to one source, for example when aiming at a satellite. A 

special case of the directional antenna are omnidirectional antennas that are nondirectional in one 

plane while directional in the orthogonal to this plane. These are used when the signal doesn’t need 

to be transmitted or received in any particular direction, which for example is the case of a radio 

antenna of a car. 
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The radiation pattern of an antenna describes the spatial distribution of radiation and is often 

presented as a two- or three-dimensional plot. Examples of antenna patterns for directional and 

omnidirectional antennas can be seen in Figure 5. 

 

Figure 5 Antenna pattern of a directional and omnidirectional antenna. (Balanis, 2010) 

The antenna radiates portions of signals in different directions; these portions are referred to as 

lobes. The lobe in the direction of the maximum radiation is called major lobe while the rest of 

them are called minor lobes regardless of the size. Depending on the direction of the minor lobes 

they can be classified as side or back lobes, see Figure 6. 

 

Figure 6. Definition of lobes in radiation pattern. (Balanis, 2008) 

The beam width of an antenna is defined as the angle between two equal points on the opposite 

sides of the beam maximum in a plane. There are several different beam widths that can be 

measured since these two points can be chosen in many ways, but the most commonly used is the 

half-power beam width, also called -3dB beam width. The half-power beam width is the angle 

between the two points between which the radiation intensity is half of the total beam intensity, 

see Figure 6. The beam width partly depends on the aperture size of the antenna, where a larger 

aperture gives a narrower beam. A narrow beam width is good since it gives the antenna a higher 

resolution. (Balanis, 2008) 
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2.1.3 Array antennas 

The larger an antenna is the fainter signals it can detect and the narrower the beam width becomes, 

which is desirable. But the larger the antenna gets the harder it is to move mechanically. A way to 

make larger and mobile antennas is to combine several small antenna elements that work together. 

This is called an array antenna. (Haupt, 2010) 

This results in the possibility to make flat antennas with the same performance as a parabolic 

antenna, but with a smaller aperture. An example is a 430x300 mm flat antenna which corresponds 

approximately to the performance of a 600 mm parabolic dish antenna. (PathFinder Digital, 2015) 

Flat antennas are often rectangular in shape. Since the beam width of the antenna depends on the 

aperture size in the given cross section of the antenna the beam width will differ in different planes 

unlike for a disc antenna that has the same diameter in all cross sections. 

Flat array antennas can be divided into several, commonly two, smaller panels to reduce the height. 

The panels are placed in front of to each other and the size of the antenna is thus the size of the 

projection of the panels in a plane orthogonal to the incoming signal, see Figure 7. 

 

Figure 7. Comparison of single and dual panel with the same aperture size. 

If the front panel shades the rear panel, see Figure 8a, the aperture size in the elevation cross section 

decreases. This results in a larger beam width in the elevation plane, which is bad for the pointing 

precision. If there is instead distance between the projected panels, see Figure 8b, interference 

between the panels will occur. This causes the signal to be uneven, which is not good for the signal 

quality. The distance between the projected panels should not be larger than half a wavelength.  

 

Figure 8. a) Shading of rear panel. b) Distance between projected panels. 

The panels are sensitive to objects getting too close to the transmitting/receiving surface. Even if 

an object is located beside the panel and does not in fact shade the panel it can disturb the signal. 

Therefore the panels need free space around the active surface. 
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2.1.4 Satcom on-the-move (SOTM) 

Most common use of satellite communication is stationary, with the antenna in a fixed position 

aiming at the satellite. Though sometimes mobile connection is needed. The most common 

application for on-the-move antennas is military operations where there is need to communicate 

encrypted information. Though it is becoming more common with SOTM on trains and airplanes 

to be able to offer internet connection to the passengers (Orbit, 2016).  

Most on-the-move terminals use geostationary satellites due to their fixed coordinates in the sky. 

Since the satellites in geostationary orbit are located up to just a few degrees from each other there 

is a risk of disturbing adjacent satellites when a pointing errors occur. Too much pointing error 

can also disturb the satellite at which the antenna is aiming since the signal strength gets irregular. 

There are regulations and standards addressed to minimize the interference between satellites with 

operation requirements on all the terminals using satellites. 

If problems disturbing adjacent satellites occur the terminal can be forced to decrease its 

transmission power with lower data rate as a consequence. To get a well-functioning SOTM 

system it is therefore important to keep within the required pointing error. (Cuevas & Weerackody, 

2011)  

As mentioned earlier the beam width in a plane depends on the aperture size in that cross section. 

For example, a wide antenna gives a narrow azimuth beam. Depending on where on earth the 

antenna is used and where the satellite is located the beam width in elevation and azimuth varies 

in importance. If the antenna is located far north (or south) the satellites will appear in an arc some 

degrees above the horizon, see Figure 9. For this situation it is more important to have a good 

precision in the azimuth plane than elevation plane in order not to disturb adjacent satellites.  

 

Figure 9. Satellite arc over the horizon from a position far north/south. 

If the antenna is located at the equator instead, as described in Figure 10, the precision in the 

elevation plane is more important. 
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Figure 10. Satellite arc viewed from the equator. 

2.2 Competing products 

There are several SOTM solutions on the market today. Many of these have parabolic antennas, 

which requires a different stabilization mechanism than for flat array antennas. Most of the SOTM 

solutions for flat antennas are designed for a single antenna, where the mechanism is simpler with 

only one panel to elevate and no solution to avoid shading the rear panel. Therefore these have not 

been studied. 

The products that are interesting for this project are SOTM with dual flat antennas, but some of 

the dual antennas are used to be able to transmit at two different frequency bands, why also these 

are excluded from the study. 

Only two dual flat antenna SOTM (where the dual antenna was used for only one frequency band) 

were found. One of these, ND Satcom, seemed to be a prototype since only a test video could be 

found and no information about it on the company web site. The video shows the prototypes 

performance applied on a car driving in an urban area (ND Satcom, 2012). The other, Panasonic 

Avionics’ eXConnect (Panasonic, 2016) is an antenna used on aircrafts.  

Both of these SOTM solutions seemed to have only elevation and rotation mechanisms and no 

mechanism minimizing the shading of the rear panel, for example a separation mechanism. 

Though this was hard to tell since it is mostly the antenna performance that is described and not 

the platform mechanism. 

2.3 Components 

Several machine components were investigated for the concepts of the stabilized platform such as 

motors, gears and linear transmissions. The functions of these components are described in the 

following section for basic knowledge and better understanding of the concepts. 

2.3.1 Motors 

Three types of motors were studied, rotational EC motors, linear EC motors and linear stepper 

motors. In this segment a short description of each type can be found. 

Rotational EC motors 

EC, or BLDC motors are brushless DC motors. The behavior of the EC motor is similar to the 

common DC motor, but the main difference is that EC motors have electronic commutation while 
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DC motors have mechanical commutation by using metal brushes. Since the EC motors are not 

limited by the mechanical commutation and does not have the abrasive contact of the brushes they 

tend to manage higher speeds and have longer lifespans. 

EC motors have permanent magnets in the rotor, and windings in the stator since there is no way 

of transmitting current to a rotating winding without a brush system. The magnetic fields from the 

windings in the stator and the permanent magnets in the rotor strive to align so by keeping 

switching the current through the windings the rotor is kept spinning. The highest torque is 

obtained when the magnetic fields of rotor and stator are perpendicular. The switching, or 

commutation, is done in specified angular intervals and to know exactly when to commute Hall 

sensors, giving feedback on the angular rotor position, are used. 

A series of EC motors from Maxon motors called EC-i series have slotted, external windings and 

internal rotor, which gives a high torque relative to the mass inertia of the rotor since the rotation 

mass is close to the center. This gives a dynamic motor with fast acceleration. An example of an 

EC-I motor can be seen in Figure 11. (Maxon motor, 2012) 

 

Figure 11. Example of a Maxon EC-i motor. (Maxon motor, 2016) 

 

Tubular linear motor 

The tubular linear motor can be seen as an unrolled rotational motor. It consists of a steel rod 

containing magnets and a forcer with series of three phase windings, see Figure 12. When exciting 

the windings they induce a magnetic field that interact with the magnets of the rod which causes a 

linear force and gets the forcer to move along the rod. (Dunkermotoren, 2015) 

 

Figure 12. Schematic figure describing the rod and forcer of a tubular linear motor (Dunkermotoren, 2015). 

Tubular linear motors can get to a velocity of 5.9 m/s and an acceleration of 586 m/s2 and manage 

continuous forces from 6 to 276 N and peak forces up to 1860 N depending on size and 

configuration. (Dunkermotoren, 2015) 

Linear stepper motors 

A linear stepper motor is a combination of a rotary stepper motor and a precision nut and lead 

screw instead of a motor shaft, converting the rotary motion to linear motion directly in the motor. 
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This configuration results in high resolution and high accuracy motion suitable for applications 

requiring high precision motion. The stepper motor, compared to conventional rotary motors, has 

the ability to rotate in exact angular steps with every electrical impulse with a resolution up to 0.9°. 

The motor can provide both high forces and velocities but since the motor power is calculated as 

the linear velocity times the force, both parameters cannot be high at the same time without 

requiring a high power motor. A graph of the force-speed dependence can be seen in Figure 13. 

(Haydon Kerk) 

 

Figure 13. Graph of force-speed dependence of linear stepper motors. (Haydon Kerk) 

2.3.2 Linear bearings 

To get a smooth linear motion with low friction linear bearings can be used. Two types of linear 

bearings will be described, linear ball bearings and linear guideways. 

Linear ball bearings 

Linear ball bearings are used for a smooth motion with low friction along a shaft. They are 

bushings with balls as rolling elements in the contact with the shaft. There are simple and 

integrated bearings and they can either be closed or open to enable shaft support, see Figure 14. 

(Aratron, 1999) 

   

Figure 14. Example of integrated linear bearings, in open and closed configurations. (Aratron, 1999) 
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Linear guideways 

Linear guideways are sliding components consisting of rails and blocks containing recirculating 

rolling elements reducing the friction in the sliding motion, see Figure 15. The rolling elements 

allow very precise motion at high speeds, due to low friction. The linear guideways can take high 

loads in both vertical and horizontal direction and has low wear, which gives a long component 

lifetime. (Hiwin, 2013) 

 

Figure 15. Linear guideway. 

2.3.3 Ball screws  

Ball screws are components, consisting of a high precision screw and a nut with recirculating balls, 

which main function is to translate rotational motion to linear motion, see Figure 16. The ball 

screw provides low friction motion and an efficiency up to 90% due to the rolling elements in the 

contact between screw and nut. 

Both the linear velocity and the driving torque depend on the rotational speed and the lead of the 

screw but in different directions. With a larger lead the linear velocity increases but the ball screw 

can take lower loads. With a smaller lead higher torques can be managed but the velocity is lower.  

(Hiwin, 2012) 

 

Figure 16. An example of a ball screw. (Hiwin, 2012) 

2.3.4 Timing belts 

Timing belt is a transmission method similar to belt drives but with toothed pulleys and belt. The 

teeth make the transmission form dependent instead of friction dependent, which makes the motion 

more accurate and repeatable than the common belt drive since the teeth prevents the belt from 

slipping. The timing belt does not need pre tensioning or lubrication and provides a high speed 

and low noise transmission with an efficiency up to 98 %. 

There are backlash free timing belts which is a desirable property in a high precision application. 

(Aratron, 2016) 
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2.3.5 Hypoid gears 

A hypoid gear is a type of spiral bevel gear used when the rotational motion needs to be turned 

90°, or any other angle. Instead of straight teeth as in common bevel gears hypoid gears have 

helical teeth, which provides a smoother motion with less vibration and noise.  

A single stage hypoid gear can have a gear ratio of 3-15, an efficiency up to 96 % and is space and 

weight efficient. The hypoid gear can be considered a hybrid of a bevel gear and a worm gear. It 

provides larger gear ratio in comparison to size than a bevel gear and is more efficient than a worm 

gear. An example of a hypoid gear can be seen in Figure 17. (Graessner, 2016) 

 

Figure 17. Example of a hypoid gear. (Graessner, 2016) 

2.3.6 Crossed roller bearings  

A crossed roller bearing consists of an inner ring and an outer ring, each with a triangular shaped 

groove, wherein rollers are placed, see Figure 18. All the rollers are perpendicular to the adjacent 

rollers which gives this type of bearing high load and moment capacity in all directions, almost as 

a double row bearing, and still has a very compact design. (Hiwin, 2014) 

 

Figure 18. Cross section of a crossed roller bearing. 
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3  IMPLEMENTATION 

In this chapter the implementation of the project is described. Firstly the requirements for the 

product are defined, thereafter the concept generation and evaluation is described. Also the 

further development of the chosen concept and analysis of its function is described. 

3.1 Requirements 

To make sure the product meets the expectations of the intended customer all possible 

requirements were specified and inserted into a QFD house of quality, see Appendix A. The 

customer requirements such as stable connection and long lifetime were translated into measurable 

technical requirements. The technical requirements were given target values to be able to easily 

determine if the product fulfilled the requirement.  

The most important customer requirements were that the concept should ensure a stable and high 

quality connection between the antenna and the satellite. The stability is ensured by keeping the 

pointing error low. The maximum pointing error is the maximum allowable angular deviation from 

the nominal pointing direction, not to confuse with the pointing accuracy, which is the required 

resolution of the components of the system in the unloaded condition. The pointing error is a result 

of the stiffness of the system structure, and the rapidity and backlash of the motors, gears and 

control systems. The system should be able to produce a stable connection to the satellite while 

subjected to the operational shock load, and manage the survival load without collapsing. Values 

of pointing accuracy and shock loads can be seen in the requirements specification, Table 1.  

A high quality signal means low fluctuation in the signal strength and a uniform shape of the signal 

lobe. Two factors that affect the signal quality are the aperture size and the interference between 

the two panels. The aperture size is defined as the size of the panels projected in a plane orthogonal 

to the incoming signal. If the front panel shades the rear panel the aperture size will decrease. 

When the panels are separated too far there will be a distance between the panel projections. If this 

distance is too large, interference between the two panels will occur and the signal will become 

irregular. The distance between the projections of the panels should not be larger than half a 

wavelength. The wavelength at 30 GHz, a frequency within the Ka-spectra, is approximately 10 

mm. Therefore the distance between the projected panels should not be larger than 5 mm. 

Another thing that might affect the quality of the signal is if components are placed too close to 

the antenna panels, especially in front of, causing shading but also at the sides. Objects located at 

panel height should be avoided to minimize the disturbance of the antennas. 

The range for the elevation angle was set to 0-90°. Usually the satellites are not located lower than 

10° from the horizon, which corresponds to an elevation angle of 80° for the panels. But if the 

vehicle is to drive in a slope the relative elevation angle of the satellite might be lower and panel 

elevation up to 90° can be needed. 

The angle range of the rotation in the azimuth plane was 360°. But the rotation mechanism should 

be able to rotate infinitely in both directions to avoid needing to rewind the mechanism when 

reaching the end point. 

It is also important that the concept has a low profile. One reason for this is not to disturb the 

mobility of the vehicle (possibility to drive under obstacles etc.). Another reason is that it should 

be discrete, either for aesthetic reasons or for safety reasons. If the product is used in a military 

application it would be disadvantageous to have a large, easily spotted antenna on the vehicle roof. 

This would make it easy to target the vehicle with the antenna to knock out the means of 

communication. 
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The product should not be too large in size since there is a limited space on the vehicle roof and 

the customer might want to have other equipment there as well. 

The whole antenna system will be kept inside a radome, a shell that protects the antennas and 

components from rain and dust but lets through the electromagnetic signals. Therefore no 

environmental requirements such as waterproof or dust insensitive are included. 

The requirements from the QFD were summarized along with their target values, in a requirements 

specification, see Table 1. 

Table 1. Requirements specification. 

Requirement Target value Comments 

Pointing accuracy  < 0.1° Azimuth and elevation 

Maximum angular error < 0.4° Azimuth and elevation 

Elevation angle range 0-90°  

Azimuth angle range 360°  

Rotation more than 360° ∞, both directions No need to “rewind” 

Maximum weight < 50 kg  

Operational load  6 g during 11 ms 3 directions, half sine 

Survival load  30 g during 11 ms 3 directions, half sine 

Withstand vibrations -  

Low profile < 300 mm  

Maximum size < 900x900 mm  

Minimized shading of rear panel -  

Minimized distance between projection of panels < 5 mm Half a wave length, 

30GHz 

Low complexity  -  

Low cost - Not specified 

Rotation speed 20°/s  

Elevation angular speed 20°/s  

Life span - Not specified 

3.2 Concept generation 

The overall function of the concept could be broken down into subfunctions for which concepts 

could be generated as separate modules.  The subfunctions identified were elevation-separation of 

panels, a sliding mechanism for the moving panel, and rotation of the whole panel system. When 

the concepts for each module had been generated and evaluated they could be combined into an 

overall concept for the whole function. 

The advantage of a modular design is that a module can be changed or substituted without need of 

changing the whole system. If substituting a module with another solution some interfaces might 

need to be changed but no drastic changes are necessary. 

The concepts generated for each of the subfunctions are described in the following section. 
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3.2.1 Elevation - separation mechanism 

The goal with this mechanism, except for controlling the elevation angle of the panels, is to 

minimize the shading, y, of the rear panel see Figure 19, when the elevation angle increases. To 

do this the panels have to be separated. Though due to the requirement of no distance between the 

panels projected in the plane orthogonal to the incoming signal, the panels cannot be placed at a 

fixed distance from each other. Instead a solution combining elevation and separation is necessary. 

 

Figure 19. Front panel shading rear panel the distance y. 

To avoid both shading of the rear panel and separation in the panel projection they should be 

separated with what will be called the ideal distance, x, where x is a function of the elevation angle 

θ.   

When a line, orthogonal to the panels, touches the upper edge of the front panel and the lower edge 

of the rear panel, the panels are separated the ideal distance x, see Figure 20. If the separation is 

smaller than x shading will occur and if larger than x there will be separation in the projection. 

 

Figure 20. Ideal distance, x, to avoid shading of rear panel. 

When both panels rotate around the lower edge, as in Figure 20, the ideal distance of the 

translational motion is described by Equation (1) where L is the panel height. The ideal distance 

can is also presented as a plot in Figure 21. 

 𝑥 =  𝐿 (
1

cos 𝜃
− 1) (1) 
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Figure 21. Graph describing ideal distance between two panels with rotation axis at the lower edge. 

As can be seen in Figure 21 the translational motion increases nonlinearly with the elevation angle 

of the panel, θ. The curve has an asymptote at 90 since it is impossible to avoid shading of the rear 

panel at θ = 90°. To get a better idea of the characteristics of the curve at lower angles the distance 

axis in the plot has been limited, otherwise it would have been hard to distinguish the form of the 

curve. 

It should be kept in mind that the panel elevation 90° corresponds to a satellite elevation angle of 

0° since the satellite signal is orthogonal to the panel. A satellite elevation of 0° is when the satellite 

is at the horizon.  

To satisfy the requirements of minimized shading and no distance between the panel projections 

the separation concepts had to be able to follow this curve as accurately as possible. 

Three main concepts, with different variations were found: 

1. Linear actuator 

2. Cam mechanism 

3. Four-bar mechanism 

All concepts have the elevation solution in common. Each panel will have a motor and gearing 

controlling the elevation. Ideas of how to elevate both panels with the same motor have been 

investigated but no reasonable solutions have been found since the distance between the panels 

vary. 

The three concepts with some variations are described in the following section.  
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Concept 1. Linear actuator 

A simple way to solve this problem was to add another motor that takes care of the translational 

motion, see Figure 22. 

 

Figure 22. Concept 1: Linear actuator. 

There are some different types of linear motors, such as linear stepper motors and linear EC motors 

that could be coupled directly to the panel, pushing and pulling it according to the ideal distance 

curve. The advantage of using a linear motor directly connected to the panel is that no intermediate 

components such as gears or linear transmissions are needed which decreases the risk of elasticity 

or backlash in the system. A more accurate movement is obtained.  

In the occasion of not finding a suitable linear motor a rotational motor combined with a linear 

transmission such as rack and pinion, ball screw or a belt drive could be used. As mentioned above 

this could increase the elasticity and backlash of the system. 

This is a very simple solution which is good, often the simplest solutions are the best. Though this 

concept requires an extra motor with eventual gearing or linear transmission which could make 

the final product more expensive than a purely mechanical solution. Furthermore this extra motor 

needs to be controlled to run after the ideal distance curve, which complicates the control system. 

Concept 2. Cam mechanism 

A mechanical way to achieve a nonlinear translational movement is by using a cam mechanism. 

The cam can be designed to follow a desired curve which would be useful in this application. The 

basic idea of this concept is that the cam should be connected to the same rotation axis as the front 

panel and thus driven by the same motor as the elevation. While rotating the cam pushes on a cam 

follower that in turn is connected to the rear panel, moving it back and forth.  

To be able to achieve relatively large translational motions but keeping the cam small the 

mechanism is geared. To achieve an accurate translational motion the cam has to be scaled 

according to the gear ratio, it is therefore important to know the exact magnitude of the ratio. There 

are different possibilities to gear up the motion. 

Common spur gears can be used in one or several levels, depending of desired ratio. The cam 

follower is connected to a gear rack that drives one or several levels of gears, gearing up the speed 

which is then translated into translational motion by the upper rack, see Figure 23. The upper rack 

is connected to the rear panel which will move according to the system. The cam follower is spring 

loaded with enough force for it to follow the cam also in the other direction. 



20 

 

 

Figure 23. Cam mechanism with spur gears. 

Instead of the common gears shown in Figure 23, a planetary gear could be used, see Figure 24. 

The function would be the same as with common gears but with a planetary gear larger gear ratios 

can be obtained with a more compact gear unit. If the required gear ratio is so large that two or 

more levels of common gear pairs are needed a planetary gear could be a good alternative. 

 

Figure 24. Cam mechanism with planetary gearing. 

Another way to scale up the translational motion is by using a lever arm, see Figure 25. When the 

cam rotates the cam follower interacts with the shorter end of the lever. The longer end of the lever 

arm on the other side of the rotation point pushes or pulls the rear panel. The rotation point has to 

be spring loaded to follow the motion of the cam in both directions. This solution is lighter without 

gears and racks with no need of lubrication, but would probably require larger space in the vertical 

direction to be able to achieve the same upscaling of motion as the gears. Since a low profile is an 

important requirement, this solution might not be suitable. 
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Figure 25. Cam mechanism with lever arm. 

The cam concept is purely mechanical and does not need an extra motor. Though since one of 

the elevation motors is to drive both the elevation and the separation a stronger motor might be 

needed. The concept includes several different parts that have to interact smoothly, which 

requires a careful design. With more components the risk of backlash and elasticity in the system 

is higher. All the parts have to be rigid enough which might result in a heavy, oversized system. 

Concept 3. Four-bar linkage 

A four-bar linkage would be a simple purely mechanical solution without heavy and bulky 

components such as cams or gears. There are several four-bar linkages used to get a motion along 

a straight, or approximately straight line that could be used as inspiration. Though none of the 

mechanisms found have a distance propagation resembling the curve of the ideal distance, which 

is slowly increasing in the beginning and drastically increasing at higher elevation angles.  

Since this is already a well investigated subject with no solutions close to the wanted curve, it was 

decided early on that this was not worth investing time in, why no real concept can be presented. 

3.2.2 Sliding mechanism 

The function of the sliding mechanism is to guide the translational motion of the rear panel. It is 

important that the sliding motion has low friction to avoid large friction forces counteracting the 

translational motion. It is also important that the mechanism has small clearances to avoid 

backlashes, vibrations and jamming effects. 

For this mechanism three concepts were generated. These solutions are described below. 

Concept 1. Linear ball bearings 

In this concept the rear panel is connected to two linear ball bearings moving along two sliding 

shafts, see Figure 26. This concept is a straightforward solution with existing modules, only the 

interface with the panel shaft needs to be designed and the bearings and shafts need to be 

dimensioned. The ball bearings can take moderately large loads and provide low friction motion. 

The problem with this concept is that the shafts might deflect when subjected to shock loads and 

it does not provide a very low profile. 
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Figure 26. Concept 1: Linear ball bearing. 

Concept 2. Linear guideways 

This concept contains two linear guideways, each consisting of a rail and a block. Panel 

attachments will be fixed to the blocks to be able to slide along the rails, see Figure 27. 

 Linear guideways do like the linear ball bearings provide a low friction motion due to the rolling 

elements in the contact between the block and rail. The linear guideways can take larger loads than 

linear ball bearings, they have a lower profile and do not risk to deflect due to shock loads since 

the whole length of the rail is in contact with the platform.  

 

Figure 27. Concept 2: Linear guideway. 

 

Concept 3. Wheel in rail 

This concept uses the principle of kitchen drawer with wheels rolling in a rail, see Figure 28. 

The load can be distributed over more than two wheels if need be. The more wheels the larger 

loads can be managed and the less risk for the mechanism to jam. The principle is simple but it 

needs to be well designed to manage the requirements on the sliding mechanism. 

This solution is less reliable than both the linear ball bearings and the linear guideways and would 

withstand lower loads. If not designed properly there is risk of too large clearances which may 

cause vibrations and backlash but if the clearances are too small the wheels might get stuck.  
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Figure 28. Concept 3: Wheel in rail. 

3.2.3 Rotation mechanism 

The rotation mechanism has to rotate the mass of the panel system including motors and gears 

counteracting the motion of the vehicle in the azimuth plane. The mechanism should be able to 

rotate infinitely in both directions to avoid the risk of getting stuck at an end point and then need 

to rewind. This would result in undesired loss of connection and time.  

The rotation should be as stable and accurate as possible and, as for the rest of the modules, it 

should have a low profile. 

The rotation will be driven with a motor with some kind of gearing to get higher torque and lower 

speed than the motor provides by itself. The three following concepts provide different ways of 

gearing.  

Concept 1. Gears 

One way of gearing the motion is by using gears with a suitable gear ratio. The gears can either be 

common spur gears or bevel gears. These two configurations give different possible placements 

of the motors, see Figure 29. Gears are not a very good solution when transmitting motion between 

distant shafts, which might be the case in this application to be able to fit the motor without shading 

the panels or disturb the rotating platform. Furthermore they have to be lubricated to run smoothly. 

 

Figure 29. Concept 1: Gear transmission with a) spur gears and b) bevel gears. 

 

Concept 2. Belt drive 

A mechanism that is better for transmitting rotation between distant shafts is the belt drive, see 

Figure 30. This is a simple and cheap solution that does not need lubrication or maintenance and 

has a low noise level.  

The problem with a belt drive is that it needs pre tensioning and that there is a risk uneven angular 

velocity due to slip.  
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Figure 30. Concept 2: Belt transmission. 

Concept 3. Timing belt 

A way to avoid the problems with the common belt drive is using a timing belt drive with geared 

belt and pulleys, see Figure 31 In this way the transmission becomes form based instead of friction 

based why no pre tensioning is needed and no slippage will occur. There are belt types that allow 

backlash free transmissions which would be good for this application since it requires high 

accuracy.  

 

Figure 31. Concept 3: Timing belt transmission. 

3.3 Concept evaluation 

The concepts were evaluated separately for each module. The evaluation method used were Pugh’s 

matrices where the requirements relevant for each module were listed as criteria and weighted 

depending on importance. The weighting of the criteria was made so that when the weight of each 

criteria were summed the sum equaled 100.  

One of the concepts was used as datum, which means that all the other concepts were compared 

to this concept on how well they fulfill the criteria. If the concept is equally good as the datum it 

was given a 0, if better +1 and if worse -1. In the end a weighted sum could be calculated. The 

Pugh’s matrices for the three modules can be seen in Appendix C. 

The results of the evaluation were: 

 A linear actuator should be used for the separation motion since it is least complex, most 

stable and it will be able to follow the ideal distance curve and thus minimize the shading 

and separation of the projected panels. 

 Linear guideways should be used to guide the sliding motion of the rear panel due to its 

low friction, low profile and ability to manage high loads. 

 A timing belt should drive the rotation mechanism due to its high precision, low weight 

and ability to transmit motion between two widely separated shafts. 
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3.4 Further development of chosen concept 

When a concept for each module had been chosen it had to be further developed. The main part of 

this development was to dimension motors and gears and to find a suitable way to assemble all the 

components. This is described, module by module, in the following section. To verify the pointing 

error an analysis of component stiffness and angular error was performed.  

3.4.1 Elevation – separation mechanism 

For the elevation – separation mechanism the location of the panel rotation axis had to be chosen. 

Furthermore the elevation motors and gearings had to be dimensioned as well as the linear actuator 

for the translational motion.  

Placement of rotation axis 

The ideal separation distance depends on where on the panels the rotation axes are located. To 

evaluate some different positioning alternatives, equations for the ideal distance were derived and 

plotted in Matlab. Simple animations were also made to verify the ideal distance and the shading 

for the different positioning alternatives. The Matlab code can be found in Appendix B. The five 

positioning combinations evaluated were: 

1. Both panels rotating around the lower edge. 

2. Front panel rotating around lower edge, rear panel around center. 

3. Front panel rotating around lower edge, rear around upper edge. 

4. Front panel rotating around center, rear around upper edge. 

5. Both panels rotating around center. 

A panel rotating around the center axis is placed half a panel height up and a panel rotating around 

the upper edge is placed a whole panel height up, see Figure 32. In this way all the combinations 

have the same maximum height, which is one panel height.  

 

Figure 32. Explanation of rotation axis position alternatives. 

Explaining images and equations describing ideal distances for these positioning alternatives can 

be found in Appendix B. 

The behavior of the ideal distance for all the different positioning alternatives is similar. All 

equations have asymptotes at 90° since it is impossible to avoid shading of the panel at that angle. 

Thus the ideal distance increases rapidly when the elevation angle approaches 90°. The ideal 

distances for the five cases evaluated can be seen as plots in Figure 33. The equations are plotted 

up to 80° to be able to distinguish the different plots at lower elevation angles. As can be seen in 

the plot some positioning alternatives require larger ideal distances and others smaller. The 

alternative with the front panel rotating around the lower edge and rear around the upper edge 

(yellow line in plot) even has a partly negative ideal distance, i.e. the panels need to approach each 

other before separating.   
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Figure 33. Ideal separation distances for the five positioning alternatives. 

The mechanism cannot be infinitely large, the separation has to be limited to some point. At some 

angle the panels need to stop separating and at this point the front panel will start shading the rear 

panel.  

Studying the graphs in Figure 33 it can be seen that the ideal distance increases rapidly at higher 

elevation angles. At some point it will not be worth continuing the separation, the mechanism will 

get too large without gaining very large angles, and the accelerations required to follow the curve 

will increase drastically. 

Since the required separation distances vary for the positioning alternatives they also require 

different amount of space to perform the elevation motion. To be able to make a fair and 

unambiguous comparison of the shading of the different alternatives, the dimensions of the 

maximum allowed motion space for the rear panel had to be decided.  

This resulted in, as can be seen in Figure 34, the shading beginning at different angles and increases 

at different rates for the five cases. 
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Figure 34. Height of shading on the rear panel as a function of elevation angle for the five cases. 

It is clear that the alternative where the front panel rotates around the lower edge and the rear panel 

rotates around the upper edge (yellow line in Figure 34) gives the least shading, while both panels 

rotating around the center axis gives most shading (green line in Figure 34). The difference in 

angle when the shading starts between these two is approximately 10° which is significant. With 

respect to the shading it would therefore be more suitable to place the rotation axes at the lower 

edge and upper edge respectively for the front and rear panel. 

Though, the placement of the rotation axis affects the motor torque needed since an increased 

distance to the center of gravity gives an increased torque from the mass. To investigate the 

influence of rotation axis position two free body diagrams for the case of a panel rotating around 

the edge and center respectively, were made, see Figure 35. The largest torques the motors have 

to endure occur when the panels are at an elevation angle of 0° and the system is subjected to a 

shock load of 6g. 

 

Figure 35. Free body diagrams of panels rotating around edge respectively center axis. 

Assuming the motor is directly coupled to the panel, the required motor torque, Tm, was calculated 

according to Equation (2) , 

 𝑇𝑚 = 6𝑚𝑝𝑎𝑛𝑒𝑙𝑔 ∙ 𝐿𝑐𝑜𝑔 + 𝐽�̈� (2) 

where mpanel is the mass of one panel with amplifier, Lcog is the distance from the rotation axis to 

the center of gravity, J is the moment of inertia and �̈� is the angular acceleration. The moment of 
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inertia was given from the CAD model of the panel. The inertia values were Jedge = 0.041 kgm2 

and Jcenter = 0.012 kgm2. Lcog_edge is half the panel height while Lcog_center is zero assuming the center 

of gravity is located in on the center axis. As long as the acceleration is moderate the moment due 

to inertia will be small in comparison to the moment from the center of gravity. Assuming an 

angular acceleration of �̈� = 20 rad/s2, just as a calculation example, the required motor torques 

were given as Tm_edge = 22.4 Nm and Tm_center = 0.23 Nm.  

The conclusion of these calculations were that rotation around the edge requires approximately 

100 times larger motor torques and therefore a larger motor, alternatively a larger gear ratio of 

eventual gearing. With respect to the motor it would be more suitable to place the rotation axis in 

the center of the panel. 

Apparently the ideal placement of rotation with respect to minimized shading and dimension of 

motor do not coincide. 

When analyzing the position of rotation axes theoretically in Matlab, the panels were assumed to 

be thin plates. In reality they are rectangular blocks with a thickness of 56 mm with an amplifier 

of 44 mm thickness attached on the back side. When modelling the panels in CAD it was clear that 

what theoretically should be the same height, differed quite a bit in reality, see Figure 36. 

 

Figure 36. Heights needed for panels rotating around edges respectively around center axis. 

To sum it up, the alternative where the rotation axis is at the center of the panel enables a lower 

profile and requires a smaller motor and gear constellations, but gives more shading than the edge 

rotation alternative. Though the shading can be decreased by increasing the separation while there 

is no way to decrease the height without increasing the shading. Therefore the rotation axis will 

be placed in the center of the panel.  

It was decided that the rear panel should separate up to 60° of elevation which gave a maximum 

separation distance of 150 mm from the starting point. 

Dimensioning of elevation motors 

Since the rotation axis is placed in the center of the panel, where the center of gravity is assumed 

to be located, only the moment due to inertia of the panel affects the motor torque. The panel 

shaft will be mounted in bearings for a smooth rotation. The friction torques in the bearings are 

assumed to be low enough to be negligible. The moment of inertia of the panel, J, is constant, 

why it is the angular acceleration that decides the magnitude of the torque as in Equation (3). 

 𝑇𝑚 = 𝐽�̈�  (3) 

Two load cases were studied when dimensioning the elevation motors. The case with the highest 

angular acceleration would give the highest required motor torque, and would therefore be chosen 

as the dimensioning case. 
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In the first load case the vehicle is subjected to a shock load of 6g during 11 ms in the vertical 

direction, see Figure 37. 

 

Figure 37. Load case: vertical shock of 6g during 11 ms. 

With this acceleration during this period of time the system moves a distance of s6g = 3.5 mm 

according to Equation (4). 

 𝑠6𝑔 =
𝑎6𝑔𝑡2

2
 (4) 

The elevation angle due to this shock load was calculated to be θ = 0.075°. The angular acceleration 

was calculated to �̈� = 21.0 rad/s according to Equation (5) 

 �̈� =
2𝜃2

𝑡2
 (5) 

In the second load case the vehicle drives over the edge to a 10° slope at the speed of 50 km/h, 

see Figure 38.  

 

Figure 38. Load case: vehicle going from a horizontal road into a 10° slope. 

The transition from the horizontal road into the slope was assumed to be arc shaped with a radius 

large enough for the vehicle to drive with a centripetal acceleration of 0.5g. The arc radius is 

derived from Equation (6). 

 𝑎 =
𝑣𝑠𝑙𝑜𝑝𝑒

2

𝑟𝑎𝑟𝑐
 (6) 

The arc radius would in this case be rarc = 39.3 m. The length of the arc would be 10/360 of a circle 

which gives an arc length of Larc = 6.86 m. The time it takes the vehicle to drive this distance is t 

= 0.49 s which gives an average angular speed of 20.2°/s.  

 

The maximum pointing error is 0.4°, but if possible it would be better if the system could follow 

the motion of the vehicle with a smaller error to leave some safety margin for eventual deflections 
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or backlashes in other components. It was therefore decided that the elevation mechanism had to 

accelerate from 0°/s to 20.2°/s during the time it takes the vehicle to turn 0.3° to never fall further 

behind than 0.3°. This time was calculated to t0.3= 0.0148 s. The required angular acceleration was 

given as �̈� = 47.6 rad/s. 

Since the second load case gave the highest angular acceleration, this acceleration was used for 

dimensioning the motors. The required torque to manage this acceleration was calculated 

according to Equation (3) and the result was Tm = 0.553 Nm 

To verify that the angular error would not be too large during the described acceleration the 

position of the vehicle and the panels were compared. The resulting angular error can be seen in 

Table 2. 

Table 2. Elevation angle of panel in comparison to elevation angle of vehicle when accelerating during 0.3°. 

𝜽𝒗𝒆𝒉𝒊𝒄𝒍𝒆 [°] 𝜽𝒑𝒂𝒏𝒆𝒍 [°] 𝜽𝒆𝒓𝒓𝒐𝒓[°] 

0.00 0.00 0.00 

0.033 0.0037 0.030 

0.067 0.015 0.052 

0.10 0.033 0.067 

0.13 0.059 0.074 

0.17 0.093 0.074 

0.20 0.13 0.067 

0.23 0.18 0.052 

0.27 0.24 0.030 

0.30 0.30 0.00 

The angular error never gets larger than 0.074°, which is smaller than the maximum pointing error.  

The motor chosen for this application was EC-i 52 from Maxon motors. The motor data sheet can 

be found in Appendix D. The motor has a nominal torque of 0.366 Nm for which the motor can 

run continuously without overheating. It can provide higher torques, up to its stall torque of 15 

Nm, during limited time. The required torque is larger the continuous torque of the motor but since 

it is only approximately 4 % of the stall torque and acts for a very short period of time, this should 

not be a problem for the motor.  

The motor cannot be directly coupled to the rotation shaft of the panel. It would not be a good 

location partly because it would be space consuming with need of extra material for attachment, 

and partly because it would increase the inertia of the system having mass far away from the 

rotation center. Instead the elevation motors will be placed behind respective panel and belt drives 

will transmit the motion from the motor to the panel shaft. Even though the motor can manage the 

overload of 0.553 Nm without problem a transmission ratio can be added in the belt drive to ensure 

that no overload of the motor will occur. 

The placement of the motors and timing belts can be seen in Figure 39. 
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Figure 39. Elevation motors with timing belt drives. 

Dimensioning of translational motion 

To dimension the linear actuator driving the translational motion, the same load case as for the 

elevation was used. The translational motion is to follow to the ideal distance curve up to 60° 

where it should stop. Due to the increasing shape of the curve the fastest accelerations the motor 

needs to do is right before reaching 60°. 

Assume that the panels are elevated 59.7° right before going into the 10° slope in the load case. 

While the elevation motors will accelerate up to a constant angular velocity of 20.2°/s during the 

time it takes for the vehicle to turn 0.3°, the linear actuator has to accelerate enough to move the 

last distance before it reaches the end point at 60°. During the time it takes to rotate the last 0.3° 

the rear panel needs to move 2.7 mm, see Figure 40, which gives an average translational speed of 

vav = 18.2 mm/s. Since the panel is supposed to stop at 60° the motor also has to deaccelerate to 

zero during this time, which gives a velocity profile that can be seen in Figure 41. 

 

Figure 40. Distance travelled the last 0.3° when following the ideal distance curve. 
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Figure 41. Acceleration, velocity and distance profile. 

This implies that the motor needs to accelerate up to double the average speed and deaccelerate 

back to zero during the time it takes to turn 0.3°. This gives an acceleration/deceleration of atrans = 

49.1 m/s2.  

The force needed to accelerate the panel is given as the mass times the acceleration. Assuming the 

mass of the moving parts is approximately 7 kg the force was calculated to F = 337.6 N 

With the required force, linear speed and acceleration in mind an evaluation of which linear 

actuator would suit the application best was made. The linear actuators that were studied for the 

application of the translational motion were linear stepper motors, linear EC motors and the 

combination of a rotational EC motor and a ball screw. 

As mentioned when describing the concepts it would be suitable to have a linear motor running 

the translational motion directly to avoid backlash and flexibility in other components. Though the 

linear motors studied were not suitable for this application. 

The power of a linear stepper motor is proportional to both torque and speed why these parameters 

cannot be large at the same time without requiring very high power. It is not possible to obtain the 

both the required speed and torque, why this motor type was excluded from further consideration.  

A linear EC motor can be both fast and strong which is suitable for this application, though it 

would be large and heavy, with forcer dimensions of approximately 70x120x250 and a mass of 

approximately 3 kg. Furthermore it is an expensive motor type with a unit price around 14 000 

SEK. Due to its size and price this motor could be excluded from further consideration. 

The alternative left was a combination of a rotational EC motor and a ball screw. The motor and 

the ball screw can be dimensioned to fit the application with the required velocity and torque. 

The translational velocity that the ball screw provides depends on the rotational speed of the ball 

screw nbs and the lead of the screw l, see Equation (7). 

 𝑣𝑡𝑟𝑎𝑛𝑠 = 𝑛𝑏𝑠𝑙 (7) 
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The rotational speed needed to reach the maximum velocity vmax = 36.4 mm/s was nbs = 4370 rpm, 

which corresponds to an angular velocity of ωbs = 458 rad/s.  

The torque on a ball screw was calculated using Equation (8) 

 𝑇𝑏𝑠 =
(𝐹 + 𝐹𝑓)𝑙

2𝜋𝜂𝑏𝑠
 (8) 

where 𝐹𝑓 is the friction force in the linear guideway and ηbs is the efficiency of the ball screw . The 

torque needed to move the mass at this acceleration was Tbs = 0.299 Nm. 

The power needed to perform this motion with the given speed and torque was calculated as in 

Equation (9) 

 𝑃 = 𝑇𝑏𝑠𝜔𝑏𝑠 (9) 

with a result of P = 137 W. The chosen motor can provide 180 W so this would work. 

The positioning error of the translational motion, which is the deviation from the ideal distance 

during the acceleration is presented in Table 3. 

Table 3. Panel position in comparison to the ideal position when accelerating the last 0.3° up to 60°. 

Ideal position [mm] Panel position [mm] Positioning error [mm] 

147.3 147.3 0.00 

147.6 147.4   0.23 

147.9 147.6 0.33 

148.2 147.9 0.30 

148.5 148.4 0.13 

148.8 148.9 -0.14 

149.1 149.4 -0.30 

149.4 149.7 -0.34 

149.7 149.9 -0.23 

150.0 150.0 0.28 

The positioning error never gets larger than approximately ±0.34 mm which gives a shading or 

separation between projected panels of 0.17 mm. It should be noted that this is the worst case, 

where the panel has to go from standing still, accelerate up to the largest acceleration, deaccelerate 

and stop moving 2.7 mm during 0.0148 s. When at lower elevation angles the velocities and 

accelerations are smaller, and the errors should get smaller too. 

It would have been preferable for the load distribution between the linear guides if the linear force 

would have been applied in the center of the panel. The risk for jamming would also have been 

minimized. But due to lack of space the motor and ball screw driving the translational motion was 

placed at one end of the rear panel, see Figure 42. 
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Figure 42. Placement of EC motor and ball screw driving the separation of the rear panel. 

3.4.2 Sliding mechanism 

For the sliding mechanism the type of linear guides had to be chosen and dimensioned. A linkage 

between the two linear guides had to be designed for stability and minimizes risk of jamming. Also 

one elevation motor was supposed to follow the movement of the panel why a mounting location 

was needed. 

Dimensioning of linear guideways 

The load used for dimensioning the linear guideways was calculated assuming the translational 

moving mass was subjected to a shock of 6g in any direction. The maximum force applied on one 

linear guideway block would then be Flg = 200 N assuming the load is equally distributed on two 

guideways with one block each. The moment on a block was calculated to be Mlg = 17 Nm where 

the height of the panel attachment is the moment arm. These values were used when dimensioning 

the linear guideways. 

There are several types of linear guideways with different properties. Most of them are large and 

heavy and can take very large loads. In this application the loads are rather small and the 

components of the mechanism should be as small and light as possible. Hiwin has a series, MG, of 

miniature linear guideways that provides light components with low profile which would be 

suitable for this application. Comparing the applied load and moment with the rated loads and 

moments of the linear guideways the size could be dimensioned. The chosen guideway, MGN 9H, 

has a static load rating of C0 = 4.02 kN and a static rated moment in the direction of the rail of Mp 

= 18.62 Nm. Both of these values are larger than the applied load and moment why this size should 

work in this application. It can be noted that the static load rating is approximately 20 times larger 

than the applied load, which is a large safety factor. Though the static rated moment is only 1.1 

times larger than the applied moment, why the moment is the dimensioning parameter in this case. 

The datasheet for the chosen linear guideway can be seen in Appendix E. 

Design of connection between linear guideways 

The rear panels sliding mechanism will be pushed by the ball screw at one of the linear guides. To 

avoid jamming of the linear guideways and stress in the panel when transmitting the motion to the 

second linear guide, the guiding blocks should be connected. A way to make this connection 

without claiming too much space from the panel was to make a crossbar following the shape of 

the linear guide and the platform instead of just a straight bar, see Figure 43. 
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Figure 43. Crossbar connecting the linear guideway blocks. 

At the rotation center of the platform there will be a hole where all the cables will go through to 

the vehicle. To make sure the crossbar does not clamp the cables it was designed with a bend, 

leaving the cable hole free, see Figure 44. 

 

 

Figure 44. Bent crossbar. 

The elevation motor of the rear panel has to follow the translational motion why a location for a 

motor attachment was needed. Also an attachment to the ball screw nut was needed, this could be 

integrated in the crossbar, see Figure 45. To ensure the stability of this protrusion without needing 

to make it very thick an extra guide block was added to support the motor. 

 

Figure 45. Crossbar with space for motor and ball screw nut. 
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3.4.3 Rotation mechanism 

The rotation mechanism will consist of a motor running a timing belt connected to the rotation 

shaft of the panel system. The rotation shaft will need a bearing to run smoothly and be able to 

manage the upcoming forces and moments due to movements and loads on the panel system. 

Signal and power cables from the antennas and motors will need to go down from the panel system 

to the vehicle, why the shaft is hollow. A sketch of the rotation mechanism is shown in Figure 46. 

 

Figure 46. Sketch of rotation mechanism. 

Since the aim is to get a small and compact assembly with no components in the panel height, due 

to risk of shading or disturbing the antennas, it would be best if the motor and gearing could be 

fitted in the space below the panel system and not above as in Figure 46. To make this possible an 

angular gearing between the motor and timing belt drive would be suitable. 

Dimensioning of motor and gears 

The rotation mechanism will be driven by a brushless DC motor geared by a hypoid gear and a 

timing belt. A scheme of the mechanism can be seen in Figure 47. The total gear ratio of these two 

gears needs to be large enough to give the torque needed at the panels but small enough for the 

motor to manage the speed and acceleration needed. 

 

Figure 47. Simplified scheme of rotation mechanism. 

The motor and gears of the rotation mechanism were dimensioned assuming the vehicle would be 

driving with constant speed through a 90 curve from a straight road, see Figure 48. The car was 

assumed to drive with a centripetal acceleration, acurve = 0.5g and at a speed of vcurve = 50 km/h. 

To manage the curve with the given speed and acceleration the smallest possible curve radius was 

rcurve = 39.3 m according to Equation (6). This radius gave a curve length of Lcurve = 61.8 m. The 

time it would take the vehicle to drive this distance at the speed of 50 km/h would be t = 4.45 s 

and thus the constant angular velocity �̇�2 = 20.2/s. 
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Figure 48. Load case for rotation mechanism. 

When driving on a straight road and going into this arc shaped curve the rotation has to accelerate 

from �̇�2 = 0/s to �̇�2 = 20.2/s as fast as possible. In the same way as for the elevation the rotation 

mechanism should be able to manage this acceleration during the time it takes the vehicle to turn 

0.3. 

The time it takes to turn 0.3 is t0.3 = 0.0148 s. Assuming zero initial angular velocity the distance 

traveled is described in Equation (10). 

 𝜙2 =
�̈�2𝑡2

2
 (10) 

Inserting the values of 𝜙2 = 0.3 = 0.0052 rad and t0.3 = 0.0148 s the value of the acceleration was 

calculated to �̈�2 = 47.6 rad/s2. This is the angular acceleration needed for the rotation of the system 

in order to follow the movement of the vehicle and still be pointing steadily at the satellite. 

The torque acting on the panel system, T2, while driving in the given curve is a combination of the 

moment of inertia of the system and the moment due to the acceleration of the center of gravity 

while the center of gravity does not coincide with the rotation axis. This is explained in Equation 

(11). 

 𝑇2 = 𝐽𝑠𝑦𝑠𝑡𝑒𝑚�̈�2 + 𝑎𝑐𝑢𝑟𝑣𝑒 ∙ 𝑚𝑟𝑜𝑡𝐿𝑐𝑜𝑔 (11) 

where mrot is the mass of all rotating parts, and Lcog is the distance between the rotation axis and 

the center of gravity. The moment due to the displacement of the center of gravity will in most 

cases, if the mechanism works correctly, work in the same direction as the motor. The rotation 

mechanism is meant to counteract the rotation of the vehicle, which the acceleration of the center 

of gravity does automatically. But if the rotation mechanism for some reason is starting from the 

wrong position and has to accelerate to the correct direction the motor needs to work against also 

this moment. As a worst case it is assumed that the motor needs to counteract both these moments, 

as in Equation (11).  

 Jsystem and Lcog vary for the different elevation angles due to the separation of the panels and should 

be largest at one of the end points. The two different moments will therefore vary. The parameter 

values, the partial moments and the total load torque, T2, for the end positions, 0 and 90, are 

presented in Table 4.  
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Table 4. Moment of inertia, center of gravity and torque values at the panel end positions. 

Position Jsystem [kgm2] Lcog [m] 𝑱𝒔𝒚𝒔𝒕𝒆𝒎�̈�𝟐 [Nm] 𝒂𝒄𝒖𝒓𝒗𝒆 ∙ 𝒎𝒓𝒐𝒕𝑳𝒄𝒐𝒈 [Nm] T2 [Nm] 

0 0.917 0.0499 43.7 6.3 50.0 

90 1.077 0.0214 51.3 2.3 54.0 

As can be seen in Table 4 the moment due to inertia is significantly larger than the moment due to 

acceleration of the center of gravity. Since the total load torque is larger when the panels are in the 

90 position, this was chosen as the dimensioning torque. 

If the motor should run under the limit of continuous torque the total gear ratio of the hypoid gear 

and timing belt, i, would need to be very large for the system to be able to achieve the required 

torque. Though it should be noted that this high torque only is needed for the short period of time 

that the motor is accelerating up to the constant speed, then the torque will decrease drastically. 

This means that the motor will need to provide torques over the limit for continuous torque, but 

under stall torque, for short periods of time, which should be possible unless it gets overheated. 

The required motor torque depends on the moments of inertia of both the motor itself, the gears 

and the system. A principle sketch and a free body diagram describing the torques acting in every 

step of the mechanism can be seen in Figure 49. Here J1 represents the inertia of the motor and 

gears and J2 the inertia of the panel system. Tm is the required motor torque and TL is the moment 

due to acceleration of the center of gravity. 𝜂ℎ𝑦𝑝𝑜𝑖𝑑 is the efficiency of the gear. 

 

Figure 49. Principle sketch and free body diagram of rotation mechanism. 

 

The equations derived from the free body diagram are as follow in Equation (12)-(14). 

 𝐽1�̈�1 = 𝑇𝑚 − 𝑇𝑔 (12) 

 𝐽2�̈�2 = 𝑖𝜂ℎ𝑦𝑝𝑜𝑖𝑑𝑇𝑔 − 𝑇𝐿 (13) 

 �̈�2 =
�̈�1

𝑖
 (14) 

Substituting �̈�2 from Equation (14) in Equation (13) and combining (12) and (13) an expression 

for the required motor torque is given as: 

 𝑇𝑚 = �̈�1 (𝐽1 +
𝐽2

𝑖2𝜂ℎ𝑦𝑝𝑜𝑖𝑑
) +

𝑇𝐿

𝑖𝜂ℎ𝑦𝑝𝑜𝑖𝑑
 (15) 
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Inserting the known values assuming a total gear ratio i = 30, where ihypoid = 10 and ibelt = 3, the 

required motor torque was given as Tm = 2.38 Nm which is over the continuous torque but well 

under the stall torque of 15 Nm. The motor acceleration, was calculated to be �̈�1 =1429 rad/s2. To 

make sure that this acceleration did not exceed the maximum rotation speed of the motor the angle 

the motor would move during this short acceleration was calculated according to Equation (10) 

used earlier. This gave 𝜙1 = 0.16 rad during 0.0148 s which gives a rotational speed of n = 101 

rpm which is well below the maximum speed of the motor. 

To verify that the angular error did not get too large the angle of the vehicle and the panel were 

compared. The results of this comparison can be seen in Table 5. 

Table 5. Comparison between vehicle and panel azimuth angle when accelerating. 

𝝓𝒗𝒆𝒉𝒊𝒄𝒍𝒆 [] 𝝓𝒑𝒂𝒏𝒆𝒍 [] 𝝓𝒆𝒓𝒓𝒐𝒓 [] 

0.00 0.00 0.00 

0.033 0.00370 0.0296 

0.0667 0.0148 0.0519 

0.10 0.033 0.0667 

0.133 0.0593 0.0741 

0.167 0.0926 0.0741 

0.20 0.133 0.0667 

0.233 0.181 0.0519 

0.267 0.237 0.0296 

0.30 0.30 0.00 

The maximum angular error of the panels in the azimuth plane is approximately 0.074°, which is 

lower than the maximum pointing error. 

Location of motor and gear 

The motor and gear should be placed in a location that occupies as little space as possible. The 

best would have been to place them below the rotating platform but the hypoid gear was too large 

to fit. The rotation pillar could have been made higher so that the gear would fit but then the total 

system height would have gotten higher than the required maximum height. Instead the motor and 

gear were placed outside rotation area of the platform, see Figure 50. Due to the height of the 

hypoid gear it was not possible to fit with the timing belt without a shading of 2 mm on a small 

part of the front panel when positioned at 90°. Though this was assumed not to be a big disturbance 

for the performance. The height of the rotation axis could be decreased if a smaller gear could be 

implemented or placed differently. 
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Figure 50. Rotation motor and gear placement. 

Rotation of cables 

The panels and the motors require power to work. The panels communicate with a computer 

through signal cables and the motors need cables to have contact with the control systems. All in 

all there are several cables that need to go from the rotating panel system down to the vehicle. To 

avoid complications with twisted cables while turning the vehicle a rotating cable coupling is 

needed. Such couplings are called swivels and come in variations with different amounts of 

channels. These can be custom made to fit the application with the right amount of power and 

signal cables, which should be done in this case. The outer diameter of a swivel with approximately 

the needed amount of channels is 100 mm. 

Bearing selection 

To get a smooth and stable motion with low friction a bearing to guide the rotation was needed. 

The bearing would need to take both axial and radial loads as well as moments. It should also have 

low profile. A bearing type that would fit this application was crossed roller bearings due to its 

low profile and ability to take high loads and moments in all directions.  

In this application the outer ring of the bearing would be fixed to the base of the whole platform 

while the inner ring would rotate with the panel system.  

The dimension of the bearing was chosen so that the cable swivel would fit inside of the inner ring. 

The swivel had a diameter of 100 mm and the smallest bearing with an inner diameter larger than 

the swivel was CRBD 11528 A from Hiwin. The data for the bearing can be found in Appendix F. 

The maximum loads that the bearing should manage to withstand without breaking would be if the 

panel system would be subjected to a shock load of 30 g in any direction. This would give an axial 

and radial load of approximately 7.65 kN and a moment load of 1867 Nm. If these three loads 

would happen simultaneously, which is unlikely, a worst case dynamic equivalent load PCRB could 

be calculated according to Equation (16), 

 𝑃𝐶𝑅𝐵 = 𝑋 (𝐹𝑟 +
2𝑀

𝐷𝑝
) + 𝑌𝐹𝑎 (16) 

where X = Y = 0.67 are the radial respectively axial load coefficient, Fr is the radial load, Fa is the 

axial load, M is the moment load and Dp is the pitch circle of the bearing. This gives and equivalent 

load of PCRB = 10.26 kN.  

The basic rated life time LCRB could be calculated according to Equation (17) 

 𝐿𝐶𝑅𝐵 = (
𝐶𝑅𝐶𝐵

𝑃𝐶𝑅𝐵
)

10
3

 (17) 
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where CRCB is the rated dynamic load. This gave a life time of LCRB = 696 million revolutions. 

(Hiwin, 2014) 

Integration 

Depending on the application and the importance of low profile, parts of the rotation mechanism 

can be integrated into the vehicle roof. The panel assembly still needs to be above the roof to not 

be disturbed by the surrounding material but approximately 117 mm of the total height can be 

integrated in car roof, see Figure 51.  

 

Figure 51. Height of the part of the system that can be integrated contra total height. 

3.5 Verification of pointing error 

To verify the pointing error of the system the deflection and stiffness of the components have been 

studied. The angular error in the elevation plane and azimuth plane have been studied separately. 

Also the positional error in the translational motion of the rear panels has been analyzed. 

Elevation angular error 

The parts affecting the elevation angle are backlash, accuracy and reaction rate of the components 

driving the elevation of the panel, namely, the elevation motor and the timing belt drive, the 

deflection of the components supporting the panels such as panel attachment and panel shaft, but 

also the deflection of the whole platform. 

When it comes to the motor it is impossible to tell the accuracy and reaction rate without knowing 

the resolution of the control system and sensor components. Though, as has been discussed earlier, 

the delay of the panel due to acceleration has been estimated. The maximum delay was 𝜃𝑒𝑟𝑟𝑜𝑟 = 

0.0741 

There are clearance free timing belts that give very precise motion without backlash. This type of 

belt will be used in this application, why the timing belt transmission between the elevation motor 

and panel does not affect the angular precision. 

When experiencing a horizontal shock load of 6g on the panels the panel attachments are subjected 

to a force at the bearing where the panel shaft is mounted. It is also subjected to the force from the 

timing belt drive, see Figure 52. 
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Figure 52. Explanation of load and deflection on panel attachment 

This load case was studied in Creo Simulate, a simulation application to Creo Parametric. The 

material was set to aluminium, the bottom surface of the component was constrained to be fixed 

and the force was applied as a bearing load, see Figure 53a. The maximum mesh size was 10 mm, 

smaller mesh sizes were tested but gave the same result. The load resulted in a maximal deflection 

of 0.013 mm, see Figure 53b, which corresponds to an angular deflection of 𝛼𝑎𝑡𝑡  = 0.009.  

 

Figure 53. a) Mesh, load and constraint b) Deformation result 

When the elevation motors accelerate the panel shaft is subjected to a moment in the pulley end 

that is to be transmitted to the panel. This will result in a torsion of the shaft. The torsion angle 

was calculated as in Equation (18). 

 𝛼𝑠ℎ𝑎𝑓𝑡 =
𝑇2𝐿𝑠ℎ𝑎𝑓𝑡

𝐺𝐾
 (18) 

Lshaft = 58 mm is the length of the shaft, GK represents the shear stiffness of the shaft where G = 

78.8 GPa is the shear modulus of structural steel and K = 2.04∙10-9 m4 is the cross section factor 

of the shear stiffness. The torsion angle of the shaft was calculated to 𝛼𝑠ℎ𝑎𝑓𝑡 = 0.011  
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The platform forming the base of the panel system has the dimensions 548x440 mm. The platform 

should be as light as possible but still stiff enough to not deflect too much when subjected to shock 

loads. 

The platform, which will be made of aluminum, consists of a thin plate where all the panel system 

components can be attached. The plate is supported by 30x30 mm hollow beams around the edges 

for higher stiffness. For even more stability there are stiffeners going from the edge beams to a 

circle in the center of the platform where the rotation shaft is to be fixed, see Figure 54a. 

 

Figure 54. a) Structure of the platform b) Constraint and load for deformation analysis. 

The deflection analysis of the platform, together with the rotation shaft, was made similarly to the 

analysis of the panel attachment. The model was constrained with a fixed support at the bottom 

surface of the rotation shaft and a force corresponding to the shock load of the panel system mass 

subjected to 6g was distributed over the edge of the short side of the platform, see Figure 54b. This 

gave a maximum deflection of 0.769 mm, see Figure 55. This resulted in a deflection angle of 

𝛼𝑝𝑙𝑎𝑡𝑓𝑜𝑟𝑚 = 0.20. 

 

Figure 55. Deflection of the platform when subjected to shock load. 

Summing up the angular error, assuming all these accelerations and shock loads occur at the same 

time, the total elevation error would be 𝛼𝑒𝑟𝑟𝑜𝑟 = 0.295.   
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Translational motion error 

The parameters affecting the error in the translational motion is the motor response rate, which 

also here is unknown, and the positioning error when accelerating, as has been discussed earlier, 

and the precision of the ball screw. 

The maximum positioning error was 0.335 mm. The chosen ball screw has an axial play of 0.07 

mm but can be preloaded to decrease the axial play. 

If these two would work in the same direction the total positioning error would be serror = 0.405 

mm. This results in a shading or distance between projected panels of 0.2 mm. 

Azimuth angular error 

The angular error in the azimuth plane depends on the unknown response rate of the motor and 

control system, the backlash of the hypoid gear and the torsion of the rotation shaft. 

The backlash of the hypoid gear is 5 arcmin = 0.0833. The torsion of the rotation shaft was 

calculated in the same way as the torsion of the panel shaft. The result was 𝛽𝑟𝑜𝑡𝑠ℎ𝑎𝑓𝑡 = 5.03∙10-4.   

The total angular error in the azimuth plane was 𝛽𝑒𝑟𝑟𝑜𝑟 = 0.158 assuming all the maximum errors 

occur at the same time. 
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4  RESULTS  

In this section the partial results from the module development in the implementation chapter are 

summarized together with some overall results for the whole concept. 

 

The resulting concept consists of three modules, an elevation-separation mechanism, a sliding 

mechanism for the translational motion of the rear panel and a rotation mechanism. The whole 

system can be seen in Figure 56. 

 

Figure 56. Final over all concept. 

The elevation-separation module uses two Maxon EC-i 52 motors and backlash free timing belt 

drives, with a transmission ratio of 3, to drive the elevation of the panels, see Figure 57. The 

translational motion of the separation is driven by an EC-i 52 motor and a ball screw, see Figure 

58. The panels separate up to 150 mm which corresponds to an elevation angle of 60°. At higher 

elevation angles the front panel starts shading the rear panel. 

 

Figure 57. Motors and timing belts running the elevation motion of the panels. 
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Figure 58. Motor and ball screw running the separation motion. 

The sliding mechanism module consists of two Hiwin MGN 9H linear guideways connected with 

a crossbar. The crossbar is designed with a bend to avoid clamping the cables and with place to 

attach the elevation motor and the ball screw nut, see Figure 59. 

 

Figure 59. Linear guideways connected with a crossbar designed with a bend and location for motor and ball screw 

nut. 

The rotation mechanism module is driven by an EC-i 52 motor with a hypoid gear, DynaGear 

D37 from Graessner, and a timing belt transmission with a transmission ratio of 3. The rotation is 

guided by a crossed roller bearing, Hiwin CRBD 11528 A. The rotation mechanism can be seen in 

Figure 60. The mechanism allows the panel system to rotate infinitely in both directions. 
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Figure 60. Rotation mechanism driven by motor, hypoid and timing belt. Guided by crossed roller bearing. 

The whole system has a height of 300 mm and occupies an area of 732x826 mm, see Figure 61. 

The total mass of the system is 33 kg. 

 

Figure 61. Top view of the assembly showing the space needed. 

At shock loads and maximum accelerations according to the load cases described in the 

implementation chapter the system has an elevation angular error of 𝛼𝑒𝑟𝑟𝑜𝑟 = 0.295, a translation 

position error of serr = 0.405 mm and an azimuth angular error of 𝛽𝑒𝑟𝑟𝑜𝑟 = 0.158. The total angular 

error, the elevation and azimuth angles combined, is then 0.335°. The angular errors are below the 

maximum pointing error of 0.4. 
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5  DISCUSSION AND CONCLUSION 

In this chapter a discussion about the implementation and result is presented along with the 

conclusion of the project. 

5.1 Discussion 

In the analysis of the best location for the panel rotation axis only the end points and the center 

point were considered. If the rotation axis would instead be somewhere between these extreme 

points benefits from the two could be obtained. A location on the panel where the required torque 

still is reasonable with less shading as a consequence could be found. Furthermore the center of 

gravity can be moved closer to the rotation axis, either by moving antenna components where 

possible or by adding counterweights. This would increase the mass of the panels but decrease the 

required torque. 

When designing the elevation-separation mechanism the separation was limited to the point where 

the elevation angle of the panel was 60. If the panels were allowed to separate even further the 

shading would start at larger elevation angles, which would be better for the antenna performance. 

Though the size of the mechanism would increase which is not desirable. The design has to be a 

tradeoff between size and shading. The separation distance can be changed as preferred if a smaller 

mechanism or less shading is wanted. 

When deciding the dimensioning load cases several situations were considered. The situation 

generating the largest loads and accelerations was wanted for dimensioning, then the system would 

manage all other situations. But what is a reasonable load case? When looking at really short 

timespans accelerations become immensely large, which lead to very large loads. If dimensioning 

after a load case too extreme all the components will be oversized for the continuous load case.  

The load cases used in this project were defined by logical reasoning. Sometimes the accelerations 

or loads got unreasonably high, whereupon the load case was changed a bit to get more reasonable 

answers. There might be standards for how to define load cases when designing these kinds of 

products, but no such standard has been found. 

The components have been dimensioned assuming a road application, this due to problems 

defining the terrain load case and lack of time. Since possibility to use the product in terrain was 

a requirement, this is something that need to be analyzed. 

The same motor model is used for all the motions in the system. The reason was that the model 

fitted all the applications reasonably well and it would be more complicated to have three different 

motors for the different motions. With this choice the motors might be a bit oversized for the 

elevation motors. The motors can, as well as the rest of the components, be replaced by other 

similar components for further optimization of the system. The components selected in this work 

were shown to manage the requirements but are not proven to be the best alternative available.  

The results of the analysis of the pointing error were made assuming all maximum accelerations 

and shock loads happen simultaneously. This is not very likely to happen, but gives a safety margin 

to the calculations. As can be seen in the results the angular errors are lower than 0.4° which was 

the required maximum error. Though the speed and reaction rate of the control system has not 

been considered so it cannot be determined if the maximum pointing error would be managed or 

not. 
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5.2 Conclusion 

The final concept is smaller and lighter than the requirements stated in the requirements 

specification. According to the calculations made with the assumed load cases the final concept 

can operate without exceeding the maximum allowable pointing error. Though studies of terrain 

application have to be made to be sure the system would work off road.  
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6  FUTURE WORK 

In this section the work that needs to be done in the future if the project is to continue is described. 

This work includes assignments outside of the scope of this project but also verification and deeper 

analysis of the results. 

 

If the project of developing this stabilization platform will continue there are several things that 

need to be studied and developed. 

To be able to really analyze the performance of the concept it needs a control system. The reaction 

rate and precision of the control system has a large impact of the overall performance. The control 

system also needs to communicate with a navigation system to know the position of the satellite 

at all times so a navigation system also needs to be integrated. 

Attachments, bearings and couplings between components have to be dimensioned. The parts in 

the CAD model are just constrained to keep their places, but no screws are keeping the components 

together. 

Calculations of how the system would manage a shock load of 30g have to be made. As for now 

only some of the components have been verified to manage the survival load. Some components 

might need to be increased in dimension. To save motors and gears overload clutches that slip 

when loaded over 6g can be used. 

Further studies of what material to use for different components could be made. Some components 

might need to be stiffer while others could be made of a weaker material or scaled down without 

losing too much strength. In this way the strength and weight can be optimized. 

A vibration analysis of the system would need to be done to see that the eigenfrequencies do not 

coincide with the frequency occurring in the vehicle due to irregularity in the terrain. It should not 

coincide with the eigenfrequency of the control system either. If the frequencies would coincide 

the system could start to oscillate which would both be harmful for the mechanism and decrease 

the pointing stability of the antenna. 
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APPENDIX A: QFD 

Appendix A shows the QFD house of quality. First an overview of the QFD is presented, then 

enlarged sections, A, B and C for better readability. 

 

Overview of QFD. 
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Section  A of the QFD 
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Section B of the QFD 
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Section C of the QFD 
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APPENDIX B: ROTATION AXIS POSITIONS 

Appendix B shows explaining figures of the five alternative positions of the rotation axes for the 

two panels. For each alternative the function for the ideal distance x is presented. This appendix 

also includes Matlab code used to verify the ideal distance and shading functions by making simple 

simulations. 

 

1. Both panels with rotation axes at lower edge: 

 
Ideal distance x1: 

𝑥1 = 𝐿 (
1

cos 𝜃
− 1) 

 

 

2. Front panel rotating around lower edge, rear panel around center: 

 
Ideal distance x2: 

𝑥2 = 𝑎1 + 𝑎2 −
𝐿

2
 

where a1 and a2 are defined as: 

𝑎1 = 𝐿 (
1

cos 𝜃
− 1) 

𝑎2 =
𝐿

2
(

1

cos 𝜃
− tan 𝜃) 
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3. Front panel rotating around lower edge, rear around upper edge: 

 
Ideal distance x3: 

𝑥3 = 𝑎1 + 𝑎2 − 𝐿 

where a1 and a2 are defined as: 

𝑎1 = 𝐿 (
1

cos 𝜃
− 1) 

𝑎2 = 𝐿 (
1

cos 𝜃
− tan 𝜃) 

 

 

4. Front panel rotating around center, rear around upper edge: 

 
Ideal distance x4: 

𝑥4 = 𝑎1 + 𝑎2 −
𝐿

2
 

where a1 and a2 are defined as: 

𝑎1 = 𝐿 (
1

cos 𝜃
− 1) 

𝑎2 =
𝐿

2
(

1

cos 𝜃
− tan 𝜃) 
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5. Both panels with rotation axes at center: 

 
Ideal distance x5: 

𝑥5 = 𝑎1 + 𝑎2 −
𝐿

2
 

where a1 and a2 are defined as: 

𝑎1 =
𝐿

2
(

1

cos 𝜃
− 1) 

𝑎2 =
𝐿

2
(

1

cos 𝜃
− tan 𝜃) 

Matlab code describing the simulation of the separation and shading of the five positioning 

alternatives: 

L = 150;            %mm 

theta = 1:0.5:90;     %deg 

set(0,'defaultAxesFontSize', 15)  

%% 1. Ideal distance, both panels rotating around lower endpoint 

x1= L*(1./cosd(theta)-1); % Ideal distance 

% Simulation of panel separation up to 300 mm 

d=0; 

b=300; 

x_max1 = x1(119); 

for i=1:length(theta) 

   if d<= x1(140) 

    % Coordinates for first panel  

    x11 = [0 L*cosd(theta(i))];  

    y11 = [0 L*sind(theta(i))];  

    % Normal to first panel 

    x11n= [L*cosd(theta(i)) L*cosd(theta(i))+ b*sind(theta(i))]; 

    y11n= [L*sind(theta(i)) L*sind(theta(i))-b*cosd(theta(i))];   

    % Coordinates for second panel 

    x21 = [L+x1(i) L+x1(i)+L*cosd(theta(i))]; 

    y21 = [0 L*sind(theta(i))];  

    % Plotting the motion 

    figure (1) 

    h=plot(x11,y11, '-', x21, y21, '-', x11n,y11n,'-'); 

    set(h(1),'linewidth',5, 'color',[0    0.4470    0.7410]); 

    set(h(2),'linewidth',5,'color',[0    0.4470    0.7410]); 

    set(h(3),'linewidth',1); 
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    axis equal 

    axis([-10,400,0,200]) 

    title('Separation and shading 1. Lower, 2. Lower') 

    xlabel('[mm]') 

    ylabel('[mm]') 

    hold on 

    pause(0.0000000000001) 

    i=i+1; 

    d = x21(1); 

    hold off 

   else % Second panel stops when the rotation point reaches 300 mm 

     

    x11 = [0 L*cosd(theta(i))]; 

    y11 = [0 L*sind(theta(i))]; 

    x11n= [L*cosd(theta(i)) L*cosd(theta(i))+ b*sind(theta(i))]; 

    y11n= [L*sind(theta(i)) L*sind(theta(i))-b*cosd(theta(i))]; 

    x21 = [d d+L*cosd(theta(i))]; 

    y21 = [0 L*sind(theta(i))]; 

    x21s = [d d+(x1(i)-x_max1)*cosd(theta(i))*cosd(theta(i))]; 

    y21s = [0 (x1(i)-x_max1)*cosd(theta(i))*sind(theta(i))]; 

     

    h=plot(x11,y11, '-',  x21, y21, '-', x11n,y11n,'-',  x21s, y21s,'-'); 

    set(h(1),'linewidth',5,'color',[0    0.4470    0.7410]); 

    set(h(2),'linewidth',5,'color',[0    0.4470    0.7410]); 

    set(h(3),'linewidth',1); 

    set(h(4),'linewidth',5, 'color', [0.6350    0.0780    0.1840]); 

    axis equal 

    axis([-10,400,0,200]) 

    title('Separation and shading 1. Lower, 2. Lower') 

    xlabel('[mm]') 

    ylabel('[mm]') 

         

    hold on 

    pause(0.00000001) 

    i=i+1; 

    d = x21(1); 

    hold off 

   end    

end 

  

%% 2. Ideal distance, front panel rotating around lower end point, rear panel around 

center point placed L/2 up 

a1 = L./cosd(theta)-L; 

a2 = L./(2*cosd(theta))-L/2*tand(theta); 

x2 = a1+a2-L/2; % Ideal distance 

%Simulation 

d=0; 

b=375; 

x_max2=x2(121); 

for i=1:length(theta) 

    if d< x2(147) 
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    x12 = [0 L*cosd(theta(i))]; 

    y12 = [0 L*sind(theta(i))]; 

    x12n= [L*cosd(theta(i)) L*cosd(theta(i))+ b*sind(theta(i))]; 

    y12n= [L*sind(theta(i)) L*sind(theta(i))-b*cosd(theta(i))]; 

    x22 = [3/2*L+x2(i)-L/2*cosd(theta(i)) 3/2*L+x2(i) 3/2*L+x2(i)+L/2*cosd(theta(i))]; 

    y22 = [L/2-L/2*sind(theta(i)) L/2 L/2+L/2*sind(theta(i))]; 

     

    figure(2) 

    h=plot(x12,y12, '-',  x22,y22, '-', x12n, y12n, '-'); 

    set(h(1),'linewidth',5,'color',[0    0.4470    0.7410]); 

    set(h(2),'linewidth',5,'color',[0    0.4470    0.7410]); 

    set(h(3),'linewidth',1); 

    axis equal 

    axis([-10,400,0,200]) 

    title('Separation and shading 1. Lower, 2. Center') 

    xlabel('[mm]') 

    ylabel('[mm]') 

    hold on 

    pause(0.00000001) 

    i=i+1; 

    d = x22(2); 

    hold off 

    else 

    x12 = [0 L*cosd(theta(i))]; 

    y12 = [0 L*sind(theta(i))]; 

    x12n= [L*cosd(theta(i)) L*cosd(theta(i))+ b*sind(theta(i))]; 

    y12n= [L*sind(theta(i)) L*sind(theta(i))-b*cosd(theta(i))]; 

    x22 = [d-L/2*cosd(theta(i)) d d+L/2*cosd(theta(i))]; 

    y22 = [L/2-L/2*sind(theta(i)) L/2 L/2+L/2*sind(theta(i))];    

    x22s = [(d-(L/2)*cosd(theta(i)))   (d-(L/2)*cosd(theta(i)))+(x2(i)-

x_max2)*cosd(theta(i))*cosd(theta(i))]; 

    y22s = [(L/2-(L/2)*sind(theta(i)))  (L/2-(L/2)*sind(theta(i)))+(x2(i)-

x_max2)*cosd(theta(i))*sind(theta(i))]; 

    h=plot(x12,y12, '-', x22,y22, '-', x12n, y12n, '-', x22s,y22s, '-'); 

    set(h(1),'linewidth',5,'color',[0    0.4470    0.7410]); 

    set(h(2),'linewidth',5,'color',[0    0.4470    0.7410]); 

    set(h(3),'linewidth',1); 

    set(h(4),'linewidth',5, 'color', [0.6350    0.0780    0.1840]; 

    axis equal 

    axis([-10,400,0,200]) 

    title('Separation and shading 1. Lower, 2. Center') 

    xlabel('[mm]') 

    ylabel('[mm]') 

    hold on 

    pause(0.00000001) 

    i=i+1; 

    d = x22(2); 

    hold off 

    end 

end 
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%% 3. Ideal distance, front panel rotating around lower end point, rear panel around 

upper end point 

a1 = L./cosd(theta)-L; 

a2 = L./cosd(theta)-L*tand(theta); 

x3=a1+a2-L; %Ideal distance 

% Simulation 

x_max3=x3(128); 

d=0; 

b=375; 

for i=1:length(theta) 

    if d<x3(153) 

    x13 = [0 L*cosd(theta(i))]; 

    y13 = [0 L*sind(theta(i))]; 

    x13n= [L*cosd(theta(i)) L*cosd(theta(i))+ b*sind(theta(i))]; 

    y13n= [L*sind(theta(i)) L*sind(theta(i))-b*cosd(theta(i))];   

    x23 = [2*L+x3(i) 2*L+x3(i)-L*cosd(theta(i))]; 

    y23 = [L L-L*sind(theta(i))]; 

    

    figure (3) 

    h=plot(x13,y13, '-', x23,y23, '-', x13n,y13n,'-'); 

    set(h(1),'linewidth',5,'color',[0    0.4470    0.7410]); 

    set(h(2),'linewidth',5,'color',[0    0.4470    0.7410]); 

    set(h(3),'linewidth',1); 

    axis equal 

    axis([-10,400,0,200]) 

    title('Separation and shading 1. Lower, 2. Upper') 

    xlabel('[mm]') 

    ylabel('[mm]') 

    hold on 

    pause(0.00000001) 

    i=i+1; 

    d = x23(1); 

    hold off 

    else 

    x13 = [0 L*cosd(theta(i))]; 

    y13 = [0 L*sind(theta(i))]; 

    x13n= [L*cosd(theta(i)) L*cosd(theta(i))+ b*sind(theta(i))]; 

    y13n= [L*sind(theta(i)) L*sind(theta(i))-b*cosd(theta(i))]; 

    x23 = [d d-L*cosd(theta(i))]; 

    y23 = [L L-L*sind(theta(i))]; 

    x23s = [d-L*cosd(theta(i)) (d-L*cosd(theta(i)))+cosd(theta(i))*(x3(i)-

x_max3)*cosd(theta(i))]; 

    y23s = [L-L*sind(theta(i)) (L-L*sind(theta(i)))+sind(theta(i))*(x3(i)-

x_max3)*cosd(theta(i))]; 

    h=plot(x13,y13, '-', x23,y23, '-', x13n,y13n,'-', x23s,y23s,'-'); 

    set(h(1),'linewidth',5,'color',[0    0.4470    0.7410]); 

    set(h(2),'linewidth',5,'color',[0    0.4470    0.7410]); 

    set(h(3),'linewidth',1); 

    set(h(4),'linewidth',5, 'color', [0.6350    0.0780    0.1840]; 

    axis equal 

    axis([-10,400,0,200]) 

    title('Separation and shading 1. Lower, 2. Upper') 
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    xlabel('[mm]') 

    ylabel('[mm]') 

    hold on 

    pause(0.00000001) 

    i=i+1; 

    d = x23(1); 

    hold off 

    end 

end 

  

%% 4. Ideal distance, front panel rotating around center point, rear panel around upper 

end point 

a1 = L./cosd(theta)-L; 

a2 = L./(2*cosd(theta))-L/2*tand(theta); 

x4 = a1+a2-L/2; %Ideal distance 

%Simulation 

x_max4= x4(110); 

d=0; 

for i = 1:length(theta) 

    if d<=x4(149) 

    x14 = [L/2-L/2*cosd(theta(i)) L/2 L/2+L/2*cosd(theta(i))]; 

    y14 = [L/2-L/2*sind(theta(i)) L/2 L/2+L/2*sind(theta(i))]; 

    x14n= [L/2+L/2*cosd(theta(i)) L/2+L/2*cosd(theta(i))+b*sind(theta(i))]; 

    y14n= [L/2+L/2*sind(theta(i)) L/2+L/2*sind(theta(i))-b*cosd(theta(i))]; 

    x24 = [2*L+x4(i)-L*cosd(theta(i)) 2*L+x4(i)]; 

    y24 = [L-L*sind(theta(i)) L]; 

    figure (4)  

    h=plot(x14,y14, '-', x24,y24, '-', x14n,y14n,'-'); 

    set(h(1),'linewidth',5,'color',[0    0.4470    0.7410]); 

    set(h(2),'linewidth',5,'color',[0    0.4470    0.7410]); 

    set(h(3),'linewidth',1); 

    axis equal 

    axis([-10,400,0,200]) 

    title('Separation and shading 1. Center, 2. Upper') 

    xlabel('[mm]') 

    ylabel('[mm]') 

    hold on 

    pause(0.00000001) 

    i=i+1; 

    d = x24(2); 

    hold off 

    else 

    x14 = [L/2-L/2*cosd(theta(i)) L/2 L/2+L/2*cosd(theta(i))]; 

    y14 = [L/2-L/2*sind(theta(i)) L/2 L/2+L/2*sind(theta(i))]; 

    x14n= [L/2+L/2*cosd(theta(i)) L/2+L/2*cosd(theta(i))+b*sind(theta(i))]; 

    y14n= [L/2+L/2*sind(theta(i)) L/2+L/2*sind(theta(i))-b*cosd(theta(i))]; 

    x24 = [d-L*cosd(theta(i)) d]; 

    y24 = [L-L*sind(theta(i)) L]; 

    x24s = [d-L*cosd(theta(i)) d-L*cosd(theta(i))+ (x4(i)-

x_max4)*cosd(theta(i))*cosd(theta(i))]; 

    y24s = [L-L*sind(theta(i)) L-L*sind(theta(i))+(x4(i)-

x_max4)*cosd(theta(i))*sind(theta(i))]; 
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    h=plot(x14,y14, '-', x24,y24, '-', x14n,y14n,'-', x24s, y24s, '-'); 

    set(h(1),'linewidth',5,'color',[0    0.4470    0.7410]); 

    set(h(2),'linewidth',5,'color',[0    0.4470    0.7410]); 

    set(h(3),'linewidth',1); 

    set(h(4),'linewidth',5, 'color', [0.6350    0.0780    0.1840]); 

    axis equal 

    axis([-10,400,0,200]) 

    title('Separation and shading 1. Center, 2. Upper') 

    xlabel('[mm]') 

    ylabel('[mm]')   

    hold on 

    pause(0.00000001) 

    i=i+1; 

    d = x24(2); 

    hold off  

    end 

end 

%% 5. Both panels rotate around centerpoint 

theta = 1:0.5:90; 

a1 = L/2*(1./cosd(theta)-1); 

a2 = L/2./(cosd(theta)); 

x5 = L*(1./cosd(theta)-1);%Ideal distance 

%Simulation 

b=300; 

d=0; 

x_max5=x5(105); 

for i=1:length(theta) 

    if d<=x5(142) 

    x15 = [L/2-L/2*cosd(theta(i)) L/2 L/2+L/2*cosd(theta(i))]; 

    y15 = [L/2-L/2*sind(theta(i)) L/2 L/2+L/2*sind(theta(i))]; 

    x15n= [L/2+L/2*cosd(theta(i)) L/2+L/2*cosd(theta(i))+b*sind(theta(i))]; 

    y15n= [L/2+L/2*sind(theta(i)) L/2+L/2*sind(theta(i))-b*cosd(theta(i))]; 

    x25 = [3/2*L+x5(i)-L/2*cosd(theta(i)) 3/2*L+x5(i) 3/2*L+x5(i)+L/2*cosd(theta(i))]; 

    y25 = [L/2-L/2*sind(theta(i)) L/2 L/2+L/2*sind(theta(i))]; 

    x25ma=x25(3); 

    figure (5)  

    h=plot(x15,y15, '-', x25,y25, '-', x15n, y15n); 

    set(h(1),'linewidth',5,'color',[0    0.4470    0.7410]); 

    set(h(2),'linewidth',5,'color',[0    0.4470    0.7410]); 

    set(h(3),'linewidth',1); 

    axis equal 

    axis([-10,400,0,200]) 

    title('Separation and shading 1. Center, 2. Center') 

    xlabel('[mm]') 

    ylabel('[mm]')    

    hold on 

    pause(0.000001) 

    i=i+1; 

    d = x25(2); 

    hold off 

    else 
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    x15 = [L/2-L/2*cosd(theta(i)) L/2 L/2+L/2*cosd(theta(i))]; 

    y15 = [L/2-L/2*sind(theta(i)) L/2 L/2+L/2*sind(theta(i))]; 

    x15n= [L/2+L/2*cosd(theta(i)) L/2+L/2*cosd(theta(i))+b*sind(theta(i))]; 

    y15n= [L/2+L/2*sind(theta(i)) L/2+L/2*sind(theta(i))-b*cosd(theta(i))]; 

    x25 = [d-L/2*cosd(theta(i)) d d+L/2*cosd(theta(i))]; 

    y25 = [L/2-L/2*sind(theta(i)) L/2 L/2+L/2*sind(theta(i))]; 

    x25s = [d-L/2*cosd(theta(i)) d-L/2*cosd(theta(i))+(x5(i)-

x_max5)*cosd(theta(i))*cosd(theta(i))]; 

    y25s = [L/2-L/2*sind(theta(i)) L/2-L/2*sind(theta(i))+(x5(i)-

x_max5)*cosd(theta(i))*sind(theta(i))]; 

    h=plot(x15,y15, '-', x25,y25, '-', x15n, y15n, '-', x25s, y25s, '-'); 

    set(h(1),'linewidth',5,'color',[0    0.4470    0.7410]); 

    set(h(2),'linewidth',5,'color',[0    0.4470    0.7410]); 

    set(h(3),'linewidth',1); 

    set(h(4),'linewidth',5, 'color', [0.6350    0.0780    0.1840]); 

    axis equal 

    axis([-10,400,0,200]) 

    title('Separation and shading 1. Center, 2. Center') 

    xlabel('[mm]') 

    ylabel('[mm]') 

    hold on 

    pause(0.000001) 

    i=i+1; 

    d = x25(2); 

    hold off   

    end 

end 

 

%% Plot of distances for the 5 cases 

figure(6) 

h=plot(theta(1:160), x1(1:160),theta(1:160), x2(1:160),theta(1:160), x3(1:160), 

theta(1:160),x4(1:160), '--', theta(1:160),x5(1:160), '--');%, theta(1:160), 

30./cosd(theta(1:160))); 

set(h(1),'linewidth',3);set(h(2),'linewidth',3);set(h(3),'linewidth',2); 

set(h(4),'linewidth',2);set(h(5),'linewidth',2);     

legend('1. Lower, 2. Lower','1. Lower, 2. Center','1. Lower, 2. Upper','1. Center, 2. 

Upper','1. Center, 2. Center') 

title('Ideal distances')  

xlabel('\theta [deg]') 

ylabel('Distance [mm]') 

grid on 

%% Shading of panels. Separation differs between the 5 cases but the maximum area is the 

same 

% y1 

for i = 1:length(theta) 

if i<= 119 

y1(i) = (x1(i)-x1(i))*cosd(theta(i)); 

i=i+1; 

else 

y1(i) = (x1(i)-x_max1)*cosd(theta(i)); 

i=i+1; 

end 

end 
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% y2 

for i = 1:length(theta) 

if i<= 121 

y2(i) = (x2(i)-x2(i))*cosd(theta(i)); 

i=i+1; 

else 

y2(i) = (x2(i)-x_max2)*cosd(theta(i)); 

i=i+1; 

end 

end  

% y3 

for i = 1:length(theta) 

if i<= 128 

y3(i) = (x3(i)-x3(i))*cosd(theta(i)); 

i=i+1; 

else 

y3(i) = (x3(i)-x_max3)*cosd(theta(i)); 

i=i+1; 

end 

end 

% y4 

for i = 1:length(theta) 

if i<= 110 

y4(i) = (x4(i)-x4(i))*cosd(theta(i)); 

i=i+1; 

else 

y4(i) = (x4(i)-x_max4)*cosd(theta(i)); 

i=i+1; 

end 

end 

% y5 

for i = 1:length(theta) 

if i<= 105 

y5(i) = (x5(i)-x5(i))*cosd(theta(i)); 

i=i+1; 

else 

y5(i) = (x5(i)-x_max5)*cosd(theta(i)); 

i=i+1; 

end 

end 

figure(7) 

h=plot(theta, y1, theta, y2,theta, y3,theta, y4,theta, y5); 

set(h(1),'linewidth',3);set(h(2),'linewidth',2);set(h(3),'linewidth',2); 

set(h(4),'linewidth',2);set(h(5),'linewidth',2); 

legend('1. Lower, 2. Lower','1. Lower, 2. Center','1. Lower, 2. Upper','1. Center, 2. 

Upper','1. Center, 2. Center') 

title('Shading of rear panel') 

xlabel('\theta [deg]') 

ylabel('Shading height [mm]') 

grid on 
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APPENDIX C: PUGH’S DECISION MATRICES 

Appendix C presents the Pugh’s matrices used to evaluate the concepts for each of the three 

modules. 
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APPENDIX D: EC MOTOR 

Appendix D includes the data sheet for Maxon EC-i 52. The motor with article number 522589 

was the one used in the project. 
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APPENDIX E: LINEAR GUIDEWAY 

Appendix E includes the data sheet for Hiwin MGN series. MGN 9H was the linear guide 

implemented in the final concept. 
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APPENDIX F: CROSSED ROLLER BEARING 

Appendix F includes the datasheet for Hiwin CRBD-CRBE crossed roller bearings. The CRBD 

11528 A bearing was used in the final concept. 
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APPENDIX G: HYPOID GEAR  

Appendix G includes the data sheet for Graessner DynaGear D37. 
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APPENDIX H: MATLAB CALCULATIONS 

Appendix H contains the Matlab code used to dimension motors with the specified load cases and 

to verify the pointing error by analyzing the deflections of some of the components. 

 

%% Elevation motors 

disp(['Dimensioning of elevation motors:']) 

% Load case, vertical acceleration on front wheel 6g 11 ms 

g = 9.81; 

a_shock = 6*g; %[m/s^2] vertical acceleration 

t_shock = 0.011; %[s] 

m_panel = 5;                  %[kg] mass of panel 

s = a_shock*t_shock^2/2; 

d_wheel = 2.8; %[m] Distance between wheel axles 

theta_shock = asin(s/d_wheel); %[rad] 

thetap_shock = theta_shock/t_shock; %[rad/s] average angular velocity 

thetapp_shock = 2*theta_shock/t_shock^2; %[rad/s^2] angular acceleation, 

assuming constant acceleration 

% Panel rotating around edge 

J_edge = 0.041052;      %[kg*m2] From CAD-model, homogenous density 

L = 150e-3;                %[mm] 

Tm_edge = J_edge*thetapp_shock+6*m_panel*g*L/2; 

% Panel rotaing around centerline 

J_center = 0.0116;      %[kg*m2] 

Tm_center = J_center*thetapp_shock; 

disp(['Load case: vertical acceleration of vehicle 6g 11 ms']) 

disp(['Motor torque when panel rotates around edge: ' num2str(Tm_edge) ' Nm']); 

disp(['Motor torque when panel rotates around centerline: ' num2str(Tm_center) 

' Nm']); 

% Load case, Driving over the edge of a 10 deg slope with as small curve 

% radius as possible with that speed and acceleration 

g = 9.81; 

a = 0.5*g; % [m/s^2] 

v = 50/3.6; %[m/s] 

r = v^2/a; % curve radius 

L=2*pi*r*10/360; %[m] curve length 

t = L/v; %[s] the time it takes to pass the curve 

theta_prec=0.3*pi/180; %[deg] change between 0.1 and 0.3 

thetap = (10*pi/180)/t; %[rad/s] average angular velocity 

t_prec = theta_prec/thetap; %[s] time it takes to turn 0.1 deg at thetap deg/s 

thetapp = 2*theta_prec/t_prec^2; %[rad/s] acceleration needed to go from 0-

thetap deg/s in t_prec s 

m_panel = 5;                  %[kg] mass of panel 



75 

 

% Panel rotating around edge 

Tm_edge = J_edge*thetapp+6*m_panel*g*L/2; 

% Panel rotaing around centerline 

Tm_center = J_center*thetapp; 

disp([' ']) 

disp(['Load case: vehicle driving over edge of 10 deg slope']) 

disp(['Motor torque when panel rotates around edge: ' num2str(Tm_edge) ' Nm']); 

disp(['Motor torque when panel rotates around centerline: ' num2str(Tm_center) 

' Nm']); 

% Angular error, elevation 

theta_veh = (linspace(0,theta_prec*180/pi,10))'; 

t=(theta_veh/(thetap*180/pi)); 

theta_pan = ((thetapp*180/pi)*t.^2/2); 

theta_err = (theta_veh-theta_pan); 

table(t,theta_veh,theta_pan,theta_err) 

  

%% Separation motor+gear+ball screw 

disp([' ']) 

disp(['Dimensioning of separation motor and ball screw:']) 

% Worst case 

s_prec = 2.7e-3; %[m] distance moved last t_prec deg 59.7-60 deg, 2.7mm for 0.3 

deg  

v_av = s_prec/t_prec; %[m/s] average linear speed during the acceleraion of the 

last 0.1 deg 

v_max = 2*v_av; %[m/s] max linear speed (constant acceleration half the time, 

constant deacceleration the rest of the time) 

a = 2*(s_prec/2)/(t_prec/2)^2; %[m/s^2] 

% Ball screw 

pitch = 0.005; %[m] pitch 

n = 60*v_max/pitch; %[rpm] rotational speed 

omega = 2*pi*n/60; %[rad/s] angular velocity 

mu = 0.004; %Coefficient of friction, linear guide 

eta = 0.9; %Ball screw efficiency 

m = 5+0.089623854+0.44306382+0.0536742+0.003498485+2*0.20643892+0.82+3*0.016; 

F = m*a; % Force needed to move the panels etc 

F_f = m*g*mu; % Friction force in linear guide 

T_bs = (F+F_f)*pitch/(2*pi*eta); % [Nm] Torque on ball screw 

p=omega*T_bs; % [W]Power needed 

  

% Positioning error 

s_ideal = linspace(0.15-s_prec,0.15,10); 

t = linspace(0,t_prec,10); 

v02 = 0.7277996757; 
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c = -0.0026907176; 

for i = 1:length(t) 

    if i<=length(t)/2 

        s_pan(i) =0.15-s_prec+(a*(t(i))^2)/2; % Position during the 

acceleration 

        v_pan(i) = a*t(i); 

        v_panmax= v_pan(i); 

    else 

        s_pan(i) =0.15-s_prec+v02*t(i)-(a*(t(i))^2)/2+c; %Position during 

deacceleration 

        v_pan(i) = v_panmax-a*t(i-5); 

    end 

        s_err(i) = s_ideal(i)-s_pan(i); % Positioning error (difference between 

ideal position and panel posiotion) 

i=i+1; 

end 

t2= [0    0.0016    0.0033    0.0049    0.0066  0.0066  0.0082    0.0099    

0.0115    0.0132    ]; 

a_vec = [a a a a a -a -a -a -a -a]; 

figure(1) 

subplot(3,1,1) 

plot(t2, a_vec) 

title('Acceleration profile') 

xlabel('Time [s]') 

ylabel('Acceleration [m/s^2]') 

subplot(3,1,2) 

plot(t2, v_pan) 

title('Velocity profile') 

xlabel('Time [s]') 

ylabel('Velocity [m/s]') 

subplot(3,1,3) 

plot(t, s_ideal,t,s_pan) 

title('Distance profile in comparison with ideal distance') 

legend('Ideal distance','Panel distance') 

xlabel('Time [s]') 

ylabel('Distance [m]') 

format short 

table(s_ideal'*10^3, s_pan'*10^3, s_err'*10^3)% table comparing ideal position, 

panel position and positioning error 

%% Rotation mechanism assuming constant velocity in curve 

disp([' ']) 

disp(['Dimensioning of rotation motor and gearing:']) 

m_rot = 25.58; %[kg] rotating mass 
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v = 50/3.6; % [m/s] velocity in curve 

ac = 0.5*g; % [m/s^2]Maximum centripetal acceleration for car  

r = v^2/ac; % [m]minimum curve radius for given velocity and acceleration 

L = 2*pi*r/4; % [m]Length of curve 90 deg 

t = L/v;% [s] Time it takes to complete the 90 deg curve 

phip = 90/t; % [deg/s] constant angular velocity 

phi_prec = 0.3; % Angular precision 

t_prec = phi_prec/phip; %[s] time it takes to rotate phi_prec deg with the 

constant angular velocity 

phipp2 = 2*phi_prec/t_prec^2*pi/180; % [rad/s^2] angular acceleration for the 

load 

J_motor = 14.1e-6 ; % [kgm] motor inertia 

J_gear = 17.8e-6; %2.15e-6 ; %[kgm] worm gear inertia 

J_system0 = 0.91656668; %[kgm] platform+mechanism inertia, at start point, 0 

deg 

J_system60 = 1.0761389; %[kgm] platform+mechanism inertia at end point, 60 deg 

J_system90 = 1.07663; 

J_1 = J_motor+J_gear; %Inertia before gear 

J_2 = J_system60; %Inertia after gear 

L_mc0 = sqrt(15.20933^2+47.490969^2)*10^(-3); % [m] distance between rotation 

point and mass centre at end position, 0 deg 

L_mc60 = sqrt(15.20933^2+13.570169^2)*10^(-3); %[m] same but at start position, 

60 deg 

L_mc90 = sqrt(15.209335^2+14.985498^2)*10^(-3); %[m] same but at start 

position, 90 deg 

T_l0 = J_system0*phipp2+ac*m_rot*L_mc0;%[Nm] Load torque at 0 deg 

T_l60 = J_system60*phipp2+ac*m_rot*L_mc60;%[Nm] Load torque at 60 deg 

T_l90 = J_system90*phipp2+ac*m_rot*L_mc90;%[Nm] Load torque at 90 deg 

T_L = 6*ac*m_rot*L_mc90; % [Nm] Load torque due to distance between center of 

gravity and rotation axis 

disp([' ']) 

disp(['Load torque at 0 deg : ' num2str(T_l0) 'Nm']) 

disp(['Load torque at 60 deg : ' num2str(T_l60) 'Nm']) 

disp(['Load torque at 90 deg : ' num2str(T_l90) 'Nm']) 

Tm_cont = 0.366; % [Nm] Continous motor torque 

Tm_stall = 15; %[Nm] Motor stall torque, the load has to be lower 

n_hyp = 10; %ratio hypoid gear 

eta = 0.96; % worm gear efficiency 

n_belt = 3; %ratio belt drive 

n = n_hyp*n_belt; % Gear ratio for both hypoid and timing belt 

Tm_max = 13; % [Nm] the max torque with some safety marigin to stall torque 

phipp1 = phipp2*n; % [rad/s^2] The wanted acceleration 

Tm = phipp1*(J_1+J_2/(n^2*eta))+T_L/(n*eta); %motor torque required at shock 

load 
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phipp12 = (Tm_stall-T_L/(n*eta))/(J_1+J_2/(n^2*eta)); %maximum possible motor 

acceleration 

disp([' ']) 

disp(['Required motor torque at max acceleration : ' num2str(Tm) 'Nm']) 

disp([' ']) 

disp(['The wanted motor acceleration : ' num2str(phipp1) 'rad/s^2']) 

disp(['Maximum motor acceleration : ' num2str(phipp12) 'rad/s^2']) 

phi1 = phipp1*t_prec^2/2; 

phip1 = phi1/t_prec; 

speed1 = 60*phip1/(2*pi); 

disp(['Motor speed at maximum acceleration : ' num2str(speed1) 'rpm']) 

% Angular error, rotation 

phi_veh = linspace(0, phi_prec, 10); 

t = linspace(0, t_prec, 10); 

phi_pan = phipp2*180/pi.*t.^2/2; 

phi_err = phi_veh-phi_pan; 

figure(2) 

plot(t,phi_veh,t,phi_pan) 

table(phi_veh', phi_pan', phi_err') 

  

%% Verification of pointing accuracy 

disp([' ']) 

disp(['Verification of pointing accuracy:']) 

%Elevation  

%Torsion of panel shaft 

L_shaft = 58e-3; %[m] 

r_shaft = 6e-3; %[m] 

Mv_elev = Tm_center; 

E = 205e9; %[Pa] 

ny = 0.3; 

G = E/(2*(1+ny)); 

K_shaft = pi*r_shaft^4/2; 

alpha_shaft = Mv_elev*L_shaft/(G*K_shaft)*180/pi; %[deg] 

  

% Load on front panel attachment 

r_pulley = 43e-3/2;  

h_att = 85e-3; % [m] Panel attachment height 

F_shock = 6*m_panel*g/2; %[N] horizontal load on ONE attachment due to shock on 

panel 

F_belt = 1.65/r_pulley; 

beta_belt = atand(57/75); 

Fx = F_shock+F_belt*cosd(beta_belt); 
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Fy = F_belt*sind(beta_belt); 

delta_att = 1.339e-5; %[m] max deflection of panel attachment 

alpha_att = atand(delta_att/h_att); 

  

% Deflection of platform 

delta_plat = 0.76929e-3; %[m] max defelction of platform 

L_plat = 440e-3/2; % [m] Half the length of the platform 

alpha_plat = atand(delta_plat/L_plat); 

%Total elevation error 

alpha_elevtot = alpha_shaft+alpha_att+alpha_plat+max(theta_err); 

  

% Error in translational motion 

bl_bs = 0.07e-3; % Backlash in ball screw 

s_errtot = max(abs(s_err))+bl_bs; 

  

% Error in rotational motion 

bl_hyp = 5/60; % [deg] Backlash in hypoid gear 

Mv_rot = T_l90;  

r_rotshaft = 61.5e-3; 

t_rotshaft = 4e-3; % material thickness 

L_rotshaft = 75e-3; 

K_rotshaft = 2*pi*r_rotshaft^3*t_rotshaft; 

alpha_rs = Mv_rot*L_rotshaft/(G*K_rotshaft)*180/pi;%[deg] Torsion angle in 

rotation shaft 

%Total azimuth error 

alpha_rottot = bl_hyp+alpha_rs+max(abs(phi_err)); 

  

%Total pointing error 

error = sqrt(alpha_elevtot^2+alpha_rottot^2); 

disp(['Total pointing error: ' num2str(error) 'deg']) 

 

 

 


