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Resum 
 
Aquest treball és un estudi d’un vídeo-enllaç bàsic per a un futur Explorador 
Rover Lunar. El Rover és un robot esfèric que està involucrat en el Google 
Lunar X-Prize i forma part de l’equip FREDNET. L’ús de la banda de 5,8 GHz 
permet un gran ample de banda amb un baix consum de potència i fins a 2 
quilòmetres de rang de línia de visió. 
 
La validació inclou una implementació d’un prototip del sistema i d’una prova 
real en condicions similars. Per aquesta raó, es programarà una prova a les 
Illes Canàries en un paisatge volcànic. 
 
Els requisits del sistema exigeixen tant de vídeo com d’àudio. L’àudio 
s’utilitzarà per a la telemetria i el vídeo s’utilitzarà en el bucle de control remot. 
A més, el sistema haurà de tenir un sistema autònom de compensació del 
capcineig, sigui quin sigui aquest. El sistema hauria de treballar en el mateix 
nivell de tensió de la bateria per tal d’ampliar la vida d’aquesta. 
 
Paraules clau:  
 
Exploració lunar, Pico-Rover, Vídeo-enllaç, 5.8 GHz. 
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Overview 
  
This work is a study of a basic video-link for a future Lunar Explorer Rover. The 
rover is a ball-like robot that is involved in the Google Lunar X-Prize and is part 
of Team FREDNET. The use of the 5.8 GHz band allows a large bandwidth 
with low power consumption and up to 2 kilometers line of sight range. 
 
The validation includes a prototype implementation of the system and a real 
test in similar conditions. For this reason, a test in the Canary Islands will be 
scheduled in a volcanic landscape. 
 
The system requirements demand both video and audio. The audio will be 
used for telemetry thus the video will be used in the remote control loop. In 
addition, the system should have an autonomous pitch compensation system 
whatever the rover pitch is. The system should work in the same battery 
voltage level in order to enlarge the battery life. 
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CHAPTER 1. STATE OF THE ART - STABILIZED CAMS 

 
This chapter covers the state of the art about stabilization methods of artificial 
vision. The camera will be installed in a ball like robot where it has oscillations in 
roll (Lateral rotation of the horizon) and Pitch (Vertical rotations) or Tilt, seen 
from the payload point of view. 
 
 
1.1 Software camera stabilization 
 
Camera stabilization could be done by software or by hardware. Hardware 
stabilization is based on a mechanism where some delay is introduced. 
Software stabilization allows implementing a dynamic control-loop based on a 
code that can be modified. These kinds of systems are real-time control 
systems like Byung Kook Kim proposed in [3]. The use of a controller requires 
a power supply. Some control systems, like in an Airbus 320 engine [5], are 
based on a Hydro-Mechanic Unit (HMU). Old DC-3 propeller aircraft autopilot 
has got a pneumatic power supply control unit but modern control systems are 
based on electronic components and an electrical power supply. The fact of 
need a power source makes a weak system in case of power supply failure. 
 
 
1.2 Hardware camera stabilization 
 
The hardware stabilization is achieved by mechanical means in such a way that 
a device changes the position of the camera in order to correct the camera 
attitude against the disturbances. Jens Windau and Laurent Itti showed in [2] 
some examples of dynamic and a passive stabilization method based on 
hardware: A Camera Gimbal platform and a multi-axes Vibration isolator to 
damp vibrations showed in figure 1 from the same authors. In both cases, no 
power supply is required. These systems sometime introduce a delay in the 
corrections or they have resonant frequencies to avoid. 
 

  
Figure 1 – Camera Gimbal Platform (Left) and Vibration Isolator (Right) 

 
 
 
 



CHAPTER 1. STATE OF THE ART - STABILIZED CAMS  16 
 

1.3 Active stabilization 
 
Active stabilization refers to a system that detects deviations in the camera 
horizon and corrects this deviation changing the camera angle respect to the 
robot body through the time. The Swedish Andreas Vybiral [4] has 
implemented a dynamic systems mounted in a similar spherical robot called 
GroundBot.1 The general scheme is showed in figure 2 where a Control Loop 
controls the camera Tilt angle ωw. 
 

 
Figure 2 – GroundBot camera design and implementation by Vybiral 

 
 
1.4 Passive stabilization 
 
Passive stabilizations refer to a proportional correction or at least the correction 
of camera angle, even not linear, does not have a dynamic controller. Many 
times are based on Dampers or Gimbals. Dampers are simple but have issues 
with resonant frequencies and a deviation is also introduced. Opposite, some 
satellite applications [6] mounted the imaging system over a Gimbal platform 
and a gyroscope in the centre like the Russian AFU-75. The camera always 
points towards a Star whatever the spacecraft attitude is. Despite the accuracy 
of this system, a power source should keep the spinning of the gyro. Complexity 
of this example is too much for requirements of the rover. 
 
 
 

                                            
1 http://www.rotundus.se/ 
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CHAPTER 2. SYSTEM DESCRIPTION 
 
This chapter is an introduction to the system and the payload subsystem. The 
payload is a camera located inside a ball like robot that is part of a real mission 
to the Moon inside the Google Lunar X-Prize (GLXP). 
 
 
2.1 PicoRover system description 
 
The present work is related to a payload implementation inside the PicoRover 
which is a HD camera and a video-link system with a passive Tilt camera 
correction. Thanks to the collaboration with the PicoRover project, we 
implemented our design in a real vehicle. This vehicle is part of a team 
(FREDNET) that is involved in a contest. The so called Google Lunar X-Prize 
(GLXP) where a lunar robot should travel 500 meters and record HD video 
sending back to Earth. PicoRover is one of the three rovers will be sent by team 
FREDNET. 
 
The PicoRover is a ball like robot as shown in figure 3. A ballast moves inside 
the spherical enclosure. This movement generates a torque, making the sphere 
rolling towards this direction even in slope. The enclosure is clear or 
transparent. It is made on Methacrylate to let the camera see trough because 
this is a demonstrator prototype but final implementation is made of aluminium 
with a lateral glass window. 
 

 
Figure 3 – Demonstrator robot where the subsystem was installed 

 
2.2 Payload subsystem 
 

2.2.1 System requirements 
The payload subsystem is in charge of transmit a HD video to the Lunar Lander 
that will send back the video to Earth as required by GLXP rules. The 
requirements for this subsystem are also related to a very low mass, low 
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consumption, high definition video, highest elevation inside the sphere and 
some tilt stabilization due to the pendulous movement of the PicoRover. 

2.2.2 System description 
Figure 3 shows the location of the main components: The camera (MC901A) 
and the transmitter (TX5823). They are connected directly so no wires are 
needed except for the power supply wires that are twisted around the shaft, will 
work as a spring. Camera and Transmitter are attached to a seesaw or arm that 
pivots in a shaft in the centre of the PicoRover in such a way that the antenna 
and de camera are in an elevated position. The payload system should be light 
because the mass is much penalized in this location. 
 
This rover is based on the concept of having a very low Center of Mass (CoM) 
respect to the Center of Geometry (CoG) or geometric centre of the sphere. 
This offset is achieved having much less mass above the geometric centre and 
much more mass below the geometric center. In our case, the payload is above 
the geometric center which is against this purpose. The very light weight of the 
HD camera (Only 1 gram), together with a very low weight of the transmitter 
(Only 2 grams), makes feasible to have a payload of only 16 grams while the 
rover is in the order of one kilogram. 

2.2.3 Budgets 
Table 1 has the part list of the payload system consist on the Sensor 
subsystem, the Video-link subsystem, the Arm subsystem, the Supply 
subsystem and the Shaft subsystem. The total mass is 16.1 grams. The total 
power drain or consumption is only 1.3 W/h. The total cost of the payload 
subsystem is around 68€. 

Table 1 – Payload subsystem part list 

Subsystem Mass Power Cost 

Sensor 1.1 g 248 mW 40€ 
Video-link 2.3 g 1056 mW 16€ 
Arm 10.2 g - 12€ 
Supply wires 0.3 g - - 
Shaft 2.2 g - - 

 
 
2.3 Payload component description 
 
The components to be considered are: Sensor subsystem or HD camera, the 
Video-link subsystem or transmitter, the Arm subsystem, the Supply subsystem 
or wires supply and the Shaft subsystem. 

2.3.1 Sensor subsystem 
The sensor is a high definition camera model MC901A. The size is 18x9.5x9 
mm and the mass is only 1.1 grams. The location and the real appearance are 
showed in figure 4. The Lens is a 0.5 mm hole; the focal is F2.0 and it has a 



19 Study and Validation of a 5.8 GHz Video-Link for a Lunar Pico-Rover 
 

field of view FOV of 55º. The minimum luminosity is 0.008 Lux. The video 
codification is PAL that has 768x576 colour pixels. 
 
This camera works in 3.3 volts. The maximum tension is 6.0 volts. An 
experimental test done by us, demonstrated that the camera works fine above 
2.6 volts. When the battery is under this threshold, the camera looses the colour 
quality degrading to green and consumption is lower. Finally, below 2.1 volts, 
video signal is lost. 
 
The camera has a current of 75 mA. The fact of using same current than the 
battery increases the efficiency of the electrical power. As an example, the 
camera WS007AS has the same resolution2 than the MC901A but works with 9 
volts and turns-off below 5 volts. Internally, the camera has a regulator that 
converts the current to 4.0 volts. The regulator protects the camera against 
over-current. Since the system is feed by a battery, this protection is no longer 
required. The use of a regulator is in this case a waste of energy that exhausts 
the battery two times faster. This extra energy is converted only in heat. The 
camera could work between -10 and 50 ºC. 

      
Figure 4 – Sensor CAD model and camera view 

2.3.2 Video-link subsystem 
The system is based on a transmitter module that was validated in Near Space 
in the WikiSat3 launch number 14 in Zuera (Zaragoza) in September, 2012. The 
video-link worked beyond 1 km. In the audio was encoded by an Arduino Pro 
Mini the telemetry that was generated by a GPS type u-blox NEO6M. Figure 5 
shows the experimental setup. MC901A camera, TX5823 transmitter, Arduino 
Pro Mini and GPS NEO6M were embedded inside a high gain antenna in form 
of femto-satellite (See orange box). RC305 receiver module is over a red box. 
The audio is connected to a Laptop with the Moon2.0 simulator4. The Link panel 
has an option to decode the NMEA protocol in order to show the real-time 
payload position. 
 
                                            
2 http://www.chinatronic.com/products.php/WS-007AS-Pinhole-camera/cPath,8 
3 http://youtu.be/7CD0IJINybs 
4 http://code.google.com/p/moon-20/ 
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Figure 5 – Experimental setup validated in Near Space 

The TX5823 transmitter is a full embedded box of 22x19x3 mm. The location 
and the real appearance are showed in figure 6. This 1 watt transmitter is only 
2.2 grams. No extra components are required except for the antenna that could 
be a monopole of lambda fourths. The box is bolted to the Arm to cool down the 
large amount of heat even the module could work up to 85 ºC. 
 
From a digital resolution of 768x576 pixels, the video is degraded. The video-
analogical signal transforms the camera resolution into 520 lines compatible 
with TV signal. This signal is 1.0 volts peak to peak and 75 ohms impedance. 
The signal is modulated in a wideband FM 5.8 GHz. Any compatible receiver 
can recover video and audio. We have a RC305 receiver that works with 6 volts 
and can be connected to a video-capturer board. In addition, audio can be 
connected to a Laptop to recover the telemetry. 
 

  
Figure 6 – Video-link module CAD model and the location 

The fact that this module works at the same battery current is a huge save of 
electrical power. In example, the TS330-100408 transmitter has similar 
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specifications5 but works with 5 volts. Same as happens with the camera, the 
internal DC-DC converted wastes energy and in addition, this module needs a 
larger radiator, increasing the size, the mass and the working temperature. In 
an experimental test done by us, a 1,200 mAh LiPoly battery kept the camera 
and the transceiver working for more than one hour. 

2.3.3 Arm subsystem 
The location and the real appearance of the Arm subsystem are showed in 
figure 7.The arm is a mechanism that allows the pitch movement thanks to a 
roller. In the shaft will be located a spring for damping. In the opposite side to 
the camera, there is a small weight to compensate the moment created by the 
camera and transmitter mass. The arm works as a seesaw. This small weight 
trends to keep the camera in the highest elevation. 
 

  
Figure 7 – Arm CAD model and the real implementation 

2.3.4 Supply subsystem 
The Supply subsystem location and the real appearance are showed in figure 8. 
These wires (Black and white) work as a spring and this is a case of synergy 
between subsystems. In case of overshoot, the cable forces the camera to 
follow the pitch movement with a tolerance of about +/- 15 degrees. 

                                            
5 http://dibetter.com/index.php?_m=mod_product&_a=view&_r=_page&p_id=464 



CHAPTER 2. SYSTEM DESCRIPTION  22 
 

  
Figure 8 – Supply wires CAD model and the real wiring 

2.3.5 Shaft subsystem 
The payload subsystem is located in the turning axis of the robot in such a way 
that the movements in pitch are not coupled with other movements like heave or 
strafe. There is a servo attached to the lateral of the sphere aligned with the 
turning axis. A shaft (See figure 8) supports the payload subsystem closer to 
the geometric centre. The shaft is a simple M3x50 mm steel bolt of 3.2 grams. 
The stiffness of this shaft is enough to avoid vertical oscillations in heave 
movement. 
 
Roll movement is present in the video so it can be used in the Control Loop for 
the autonomous navigation system based on Computer Vision that will be 
implemented in a future. Thanks to the arm, both, camera and antenna are in 
higher position than the turning axis, providing a good view and at the same 
time, reducing the ground effect that destroys the antenna signal. 
 
 
2.4 Payload functional description 
 
When the ballast angle is increased (Alpha angle from now), the ballast is 
elevated, the sphere turns and then the PicoRover accelerates as showed in 
figure 9 until a cruise speed is reached. When the Alpha angle is decreased 
then PicoRover slows down. The camera angle (Theta angle from now) 
depends on the pitch angle (Ballast attitude). 
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Figure 9 – Robot, servo and camera angular position vs time 

In figure 10, the arm is attached to the servo shaft. If the servo does not turns, 
the position of the theta angle depends on the Pitch angle as recorded in Table 
2. For a small mismatch, is a linear relation but changes when overshoots. 
 

  
Figure 10 – Robot demonstrator where the subsystem was installed 

Table 2 compares the angle between the robot pitch and the camera angle, in 
which we can see the good stabilization of the camera, it means maintaining for 
each pitch angle almost close to its initial position (Pitch = 0°). 
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Table 2 – Robot pitch vs Camera angle in degrees 

Pitch Theta Camera 
angle 

-25 119 60 
0 130 71 

13 124 65 
30 142 83 
38 158 99 
58 153 94 

 
To extract table 2 of correspondence between the robot angle and the camera 
pitch is measured statically, it means once the angle is constant as shown in 
Figure 10. The maximum pitch angle at which the camera turns is 58°. To get all 
these data was made a test consisted to go up a ramp with a slope of 30°. 
Theta (θ) is the angle used to determine the oscillator pattern of the next section 
whose rest position is 130° according to the scale of the assay performed. 

2.4.1 Analytic model of camera pitch angle 
Let us consider an analytic model [7]. The camera pitch angle θ (Theta) follows 
a equation (2.1) of a damped harmonic oscillator. 
 
  (2.1) 
 
Where m is mass, b is viscosity damping or coefficient and k is spring constant. 
The camera control system is a weak damped oscillator with the inequation 
b2<4km. The solution of the equation (2.1) should be the formula (2.2) 
 
 ;  (2.2) 
 
Where A is the maximum step perturbation, λ is the parameter λ=b/2m and φ is 
initial angular position or mismatch. Hence ω is the damped angular frequency 
of the oscillator of the formula (2.3): 
 

  (2.2) 
 
The figure 11 is a comparison between the analytical model and the real 
trajectory we will obtain later. The main parameters are: mass is m=0.016 kg, 
damping coefficient is b=0.05, spring constant k=0.018. max. step perturbation is 
A=70º. Then damped angular frequency of the oscillator is ω=1.67 Hz. 
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Figure 11 – Analytical model in red and real trajectory in grey 

The behaviour for fast movements follows a damped harmonic oscillator but for 
small movements, the friction is stronger, becoming an over-damped oscillator. 
For this reason the third peak has a phase mismatch. The twisted wires are 
connected trough a connector with a wire loop. This wire loop has a small range 
action in terms of 10 to 15 degrees. 

2.4.2 Control model 
The system could be modeled [8] with two control loops (See figure 12) where 
five angular positions are considered. Between each angular position there is a 
device that could modify or not the relative angle. From left to right, first angle is 
the one respect to the ground, second is the angle of the sphere, third is the 
ballast angle, fourth is the arm angle and finally, fifth is the camera angle. 
Between the ground and the sphere, the enclosure could slip hence the angle 
will be different sometimes. Between the sphere and the ballast, the servo can 
change the position under any Autopilot command. Between the ballast and the 
arm, the spring and the damper loop could change the relative position as a 
result of the Tilt correction system. Between the arm and the camera, the wire 
deflection could vary the relative angle when high frequencies are damped. 
 

 
Figure 12 – Control loop diagram 
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2.4.3 Camera response to a step impulse 
A sudden change when the PicoRover accelerates could be modelled as a step 
impulse to the system. We want to see how the behaviour of the Tilt correction 
system we have implemented is. Figure 13 is the setup of the experiment. A 
vernier scale was placed behind the mechanism and a camera aligned with the 
rotation axis has recorded a video. The camera frame rate was known (30 fps) 
and it was detected larger uncertainty in few blur frames when fast movements. 
 

 
Figure 13 – Camera response experiment 

A step impulse is introduced into the system. A camera recorded a video with 
frames every 0.033 seconds. 
 
Figure 14 shows test results. Blue and bold line is the camera trajectory in 
terms of angle. Green line is the speed (In relative units) and red is the 
acceleration (In relative units). 
 
The spring absorbs the oscillations and damps in 2 seconds a total of 3.5 
periods of about 0.6 seconds. The two initial peaks have different behaviour 
from the last peak that is damped in a single oscillation. 
 
In the graph appears that the acceleration follows a slow oscillation (1.6 Hz) and 
a fast oscillation (15 Hz). For a first moment we thought that fast oscillation was 
due to the uncertainty. In the video, few samples have got higher uncertainty 
when the mechanism is moving fast but they are not corresponding to the 
oscillation in the acceleration. 
 
A deep study is required not in the time domain but in the frequency domain. 
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Figure 14 – Step impulse response. Speed in green. Acceleration in red 

2.4.4 Frequency domain analysis 
The fast oscillation in the acceleration is not due to the uncertainty and is about 
15 Hz. For this reason we decided to calculate [9] the Fast Fourier Transforms 
(FFT) as depicted in figure 15 shows how the power density is around the 1.6 
Hz frequency as expected. The sampling rate was 30 Hz and we used MATLAB 
[10] to calculate FFTs. Our tool has a frequency range smaller than 15 Hz. This 
FFT has not enough sampling rate to see a power density concentration from 
the fast oscillation. We need to repeat the experiment with a camera with higher 
frames per seconds but we do not have such a camera. 
 

 
Figure 15 – Fast Fourier Transform. Power density vs frequency 

We repeated the test but taking the angular position of the weight instead of the 
camera angular position and we observed no fast oscillation. Showed in figure 
16, the Gray colour is arm angular position while camera position (Taken from 
the previous test) is cyan. Hence fast oscillation should be due to the steel wire 
support that attaches the camera. This steel wire works as a string. 
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Figure 16 – Weight oscillation. Speed in green. Acceleration in red 

2.4.5 Natural response for the steel wire 
The hypothesis is that this 15 Hz fast oscillation should be a natural oscillation 
mode of a steel wire. 
 
We tried to calculate first oscillation mode of a cantilever steel bar6 with the 
same length as defined in the equation (2.3) where Young modulus of steel is 
Y=20.6·1010 N/m2, density is ρ=7.8 g/cm3, length L=0.15 m, area is ab=2.5·10-7 m2, 
transversal section moment of inertia is I=ab3/12=5.2·10-15 m4. 
 

  (2.3) 

 
 
Frequency of the first natural mode oscillation is f1=18 Hz. Many assumptions 
were done in equation (2.3) but frequency is in the same order. We conclude 
that camera oscillation produced by the steel wire support is small and is larger 
than we can see in the range of the FFT tool seen in the Frequency domain 
analysis in section 2.4.4. 
 
 

                                            
6 http://www.sc.ehu.es/sbweb/fisica/ondas/vibracion_barra/vibracion_barra.htm#Ejemplo 
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CHAPTER 3. MAXIMUM RANGE TEST 
 
This chapter is a study about the video-link range, to see the real range and the 
quality of the video. The focus is quality of the payload rather than the 
PicoRover. 
 
 
3.1 Test description 
 
The maximum range test of the video-link consisted in put a computer at the 
end of the building C4 (See map in figure 18) and establish the video-link 
between the computer and PicoRover. By a digitizer NPG Digital DVTV PAL-B 
model BDA and a startup program (ToolMedia.exe), the video is recorded. The 
robot had to travel a distance of approximately 277 m, passing through three 
predetermined checkpoints while it was recording the entire journey. Pictures 
were taken in hands of a person to have higher view for clarity. In Figure 17 (In 
red), it is seen how camera is pointing towards two receiver antennas while 
recording video. 
 

 
Figure 17 – Camera location watching the two antennas 

The three predetermined control points through which passed PicoRover are: 
• Checkpoint 1: Beside the computer at the end of the CBL C4 building 

(See map in figure 18). Figure 19 shows the image quality. The red arrow 
indicates where is the receiver video antenna beside the other receiver 
antenna of the control system. These lines and the haze correspond to 
electromagnetic interferences of the telemetry packets of the control 
system. 

• Checkpoint 2: Besides the CBL C3 building (See map in figure 18). 
Figure 20 shows the image quality with the same electromagnetic 
interferences. In the background, marked with a red arrow, is shown the 
checkpoint 1. 

• Checkpoint 3: On the road that goes to the CBL parking (See map in 
figure 18). Figure 21 shows that the image quality has not deteriorated 
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significantly respect to the previous pictures. In the distance, with a red 
arrow, is shown the checkpoint 2. 

 
In the next photo, figure 18, it shows a satellite view (Google Maps) of the path 
that robot performed during the test and the location of the three checkpoints. 
 

 
Figure 18 – Map of the maximum range test 

The following screenshots show the image quality and what you see in each of 
the three checkpoints. 
 

 
Figure 19 – Checkpoint 1. Red arrow is the RC305 receiver 
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Figure 20 – Checkpoint 2. Red arrow is Checkpoint 1 

 

 
Figure 21 – Checkpoint 3. Red arrow is Checkpoint 2 

 
 
3.2 Test results 
 
After the successful test, could be verified by the video recorded by PicoRover 
that while he had line of sight the image arrived but sometimes you could see in 
it a little noise. Regarding the image quality as shown in figures 19 to 21, in 
checkpoint 1, it was quite good due to proximity to the equipment; as regards 
the checkpoint 2 and 3 the image quality was acceptable and quite similar. 
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CHAPTER 4. PERFORMANCE TEST 
 
This chapter is a study about the manoeuvring capabilities, interference or 
Electromagnetic Compatibility (EMC) with other subsystems, consumption of 
the system, battery life and operating limits of self-compensation pitch 
mechanism. Focus is made on some aspects of the integration of the payload 
inside the PicoRover like: Performances, Electro-magnetic compatibility, Range 
and Endurance. 
 
 
4.1 Performance test description 
 
Three tests are made to determine the maneuverability of the robot, which will 
affect the stability of the image. It describes how will be the tests without 
discuss findings. 

• Performance test 1: Upload a slope of 30º. 
• Performance test 2: At cruising speed. 
• Performance test 3: Make a turning maneuver. 

 
 
4.2 EMC test description 
 
Several tests are made with different operating modes to evaluate 
(Assessment) image quality in terms of Electromagnetic Compatibility (EMC) for 
many configurations: 

• Functional test 1: Without the servos connected. 
• Functional test 2: With the radio-link established. 
• Functional test 3: When it is receiving a command. 
• Functional test 4: When the servos are connected. 
• Functional test 5: Uploading a ramp of 30 ° (PicoRover is quiet but the 

servos are working at maximum power, it means the servos are in 
STALL = 1,200 mAh) 

• Functional test 6: At cruising speed, to see if the vibrations affect the 
image quality in terms of stripes or fog (the servos are at full power but 
not in STALL = 600 mAh). 

 
 
4.3 Battery life test 
 
These tests are focused to know the range and endurance of the PicoRover. 
 
A test was conducted to find out the battery life with the connection of the two 
MultiWii7 (CPU), radio-link (3 km), video-link (2 km), GPS and camera. To 
determine the exact time of the battery life, the robot was allowed while it was 
recording a video. The battery life time gives an idea about the endurance of the 
PicoRover while the smallest range that is the video-link is the PicoRover range. 
 

                                            
7 http://www.multiwii.com/ 
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4.4 Test results 
 
In the Performance test 1 should be noted that although PicoRover has a hard 
time climbing the slope and servos are forced (in STALL), it up the slope slowly, 
so the pitching oscillations are negligible. However the camera is pointed 
upward too. 
 
In the Performance test 2 the robot reaches cruising speed (about 2 km/h) in 
two seconds and then the oscillation is damped in pitch. Also be added that 
during the cruise are lateral oscillations, but these are small. 
 
In the Performance test 3 the turns made by the robot stopped are slow and 
the camera has an oscillation, not only laterally, but it makes a pretty big pitch 
movement but it stabilizes quickly. 
 
In the Functional test 1, without the servos connected, one sees a fairly good 
image quality; it means we can see very little stripes or haze. 
 
In the Functional test 2, with the radio-link established, we can see how the 
image quality gets worse significantly compared to not establishing it. 
 
In the Functional test 3, when PicoRover receives a command, you can see 
how the haze level increases considerably for a little time, reducing the level of 
it in full at the end to receive the entire command. The two reception antennas 
are together generating interferences between each other. 
 
In the Functional test 4, when the servos are connected, we can see a little 
more stripes or fog, but the image quality remains good, so we deduce that the 
connection of the servos affects the image slightly. 
 
In the Functional test 5, when the robot is climbing a ramp of 30°, it is seen 
how the stripes are greatly increased. The servos are working at the highest 
current (STALL condition) so electromagnetic interference is maximum. 
 
In the Functional test 6, when the robot travels at cruising speed, the level of 
stripes or fog increases considerably, so we deduce that the vibrations 
generated by the robot to move affect the image quality adversely. 
 
In the Battery life test, it was determined the battery life thanks to the length of 
the video, which lasted 2h 2 '20''. The maximum endurance should be less than 
this value. 
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CHAPTER 5. FIELD TEST 
 
This chapter is a subjective test of the system in a lunar-like real environment. 
Focus is in the cinematic behaviour of the PicoRover rather than the Payload 
itself. 
 
 
5.1 Place selection 
 
The place should be as similar to the lunar environment as possible. How ever, 
since the Moon does have neither atmosphere nor water, the soil will be 
different. In any case, the dynamic behaviour is focused in the fact of 
overcoming small craters or small stones. 

5.1.1 Lunar surface properties 
To emulate the lunar environment as much as possible, we studied the lunar 
surface properties. Carrier and others described in [1] that the lunar surface 
material, called “regolith”, is a complex mixture of five basic particle types: 
Crystalline rock fragments, mineral fragments, breccias, agglutinates, and 
glasses. The lunar surface is neither soft nor hard. The primary lunar soil-
forming process is meteoroid impact, which produces a heterogeneous and 
poorly-sorted soil. The typical size is about 40 and 130 microns with an average 
of 70 microns. The shapes of individual lunar soil particles are highly variable, 
ranging from spherical to extremely angular. Density of Apollo 11 regolith 
sample was about 1.59 to 1.71 g/cm3. 
 
The maximum slope that regolith can form is less than 60º. Most of lunar 
surfaces have a slope less than 19º. In the performance test 1, section 4.1, the 
PicoRover demonstrated an ability to overcome a slope higher than 30º 
neglecting the slippage or adherence issues, not in the scope of this test. 

5.1.2 Volcanic surface selection 
Teide volcano was the place selected in the Tenerife Island, Spain (Figure 22). 
This place has a volcanic terrain with similar slopes no more than 25 degrees in 
average, small stones and dusty environment. The main difference is the 
temperature, water in the soil and the fact that there is no vacuum. 
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Figure 22 – Teide volcano in the Tenerife Island (Spain) 

 
The date selected was during the 15th WikiSat launch because it was the first 
launch in the Canary Island. Even the launch was in the Las Palmas de Gran 
Canaria island, the Saturday October 27th, the WikiSat team performed the field 
test in the hillside of the Teide in a sunny, dusty and hot day. 
 
 
5.2 Test description 

5.2.1 Normal run over dusty surface 
In this test was performed a video that followed PicoRover while riding 
backwards on a dusty surface. The land has not stones as seen in Figure 23, 
whereby the robot should perform the uniform path. In this test the direction is 
not controlled to see how the robot deviates with small craters. 
 

 
Figure 23 – Dusty surface without stones 

5.2.2 Normal run over surface with stones 
In this second test was performed another video that consisted of move 20 
meters over rocks to see how the robot behaves and see if it goes up the 
stones, if it gets stuck, if it wobbles or if it deviates a lot, etc. In Figure 24 we 
can see in detail the type of stones of the field used for this test and its relative 
size. 
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It is expected that the robot follow a path not uniform. In this test, steering is not 
controlled at all to see how it deviates or jumps with stones. 
 

 
Figure 24 – Detailed picture of volcanic surface with stones (7 cm average) 

5.2.3 Slope with small craters 
In this last test, a video was performed where we can see how the robot 
behaves when it gets into a small crater of the same size as its diameter to see 
how it deforms the ground and see if the camera is locked or not. Figure 25 
shows the two situations, inside and out of the small crater. 
 

 
Figure 25 – PicoRover inside the crater (Left) and overcoming (Right) 
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5.3 Test results 
 
In the Normal run over dusty surface, PicoRover moves following a trajectory 
fairly uniform, but it falters a bit. 
 
In the Normal run over surface with stones, PicoRover advances without 
being trapped, but encountering large stones it leans much, which affects the 
camera significantly. This allows to the image recognition algorithm detect this 
situation. The fact that has not stones does not stop the robot because it 
behaves like a soccer ball, which usually bounces a bit. 
 
The dusty ground sticks to the PicoRover surface hiding the camera view. In the 
video we can appreciate how the rolling surface is stained, but not the lateral, 
therefore the camera is seeing a little. 
 
In the Slope with small craters, PicoRover advances without any problem over 
the small crater without being trapped in it, but after passing it deviates a little 
the robot trajectory. While it is inside the crater, we can observe how the 
counterweight rises considerably until it overcomes the slope. Subsequently, 
the counterweight returns to a lower position than when the robot is exceeding 
the crater. 
 
 



39 Study and Validation of a 5.8 GHz Video-Link for a Lunar Pico-Rover 
 

CHAPTER 6. CONCLUSIONS 
 
 
These are the conclusions for this work: 
 

• It has achieved an autonomous system of video-link based on a proven 
platform in Near-Space. 

• A proper selection of components, such as the fact that all work at the 
same voltage as the battery, has allowed extending almost twice the 
battery life and less heat throughout the system. 

• It has achieved a system implementation of automatic Pitch trim or 
camera Tilt that is simple and mechanical. 

• During the test was detected different frequencies of oscillation due to 
the spring (1.6 Hz) and oscillations due to the wire (15 Hz). 

• The Tilt correction of the camera was modeled as a damped harmonic 
oscillator. 

• Main parameters of the system were extracted from the step impulse 
response of the plant. 

• It has tested both the quality and the efficiency of the received image in 
different conditions. 

• The test conditions were as real as it has been available to validate the 
complete system. 

• There were interferences due to the two reception antennas are together 
as well as PicoRover servos that are closer to the video-link antenna. 

• The poor quality of the digitizer card added noise to the image quality 
that was pixelated. 

• We have validated a 5.8 GHz video-link for a Lunar PicoRover in a real 
environment on Earth. 

• We can conclude that we have achieved the objectives of this work. 
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