
28TH INTERNATIONAL CONGRESS OF THE AERONAUTICAL SCIENCES 
 

1 

 

 

Abstract  

Unmanned aircraft systems (UAS) have re-

cently become more important, especially for 

scientific and commercial applications. The 

field of airborne geosciences has accelerated 

the demand for a wide range of possible UAS 

payloads for aerial photography, air chemistry 

and meteorology. In order to provide a solution 

to deploy this range of payloads, the Institute of 

Aerospace Systems (ILR) has developed a new 

multi-purpose UAS. Therefore a new autopilot 

system is being developed. This new system is 

based on the MINC autopilot, which has been 

used in various field campaigns for aerial pho-

tography and atmospheric research. Additional 

to this, the first completed stage of the new 

UAS is marked by a new airframe, the Carolo 

P 360. Due to permanent increasing require-

ments of operation range and endurance, the 

efficiency of the UAS should be as good as pos-

sible. The here presented approach deals with 

the reconfiguration of the aerodynamic layout 

in flight. 

1   Introduction  

An example for scientific applications with 

UASs is the project iNTeg-Risk. The intention 

of this project is the development of an inte-

grated system for fast and automated thread 

detection in the field of pipeline observations. 

For this purpose, a digital camera with high 

resolution and later on an infrared camera shall 

be implemented into a small unmanned aerial 

vehicle. 

Using such a system for regular observa-

tions oil and gas companies will be enabled to 

obtain a fast overview of the area of a pipeline 

alignment. An essential part for the realization 

of this system is the automated flying UAS for 

which a highly integrated and precise autopilot 

system is necessary. Due to this task new auto-

pilot hardware with increased processing power 

will be developed. This includes sophisticated 

navigation algorithms and the data fusion of the 

GPS and the inertial measurement unit (IMU). 

With this solution it is possible to generate geo-

referenced mosaic images of large observation 

areas.  

The combination of a high resolution digi-

tal camera and an infrared camera exceeds the 

payload limit of all existing UAVs of the 

Carolo family of the Technische Universität 

Braunschweig. For this reason a new type of 

aircraft, the Carolo P 360, is developed. It shall 

provide increased payload capacity and allow 

for simplified integration of additional subsys-

tems and sensor packages, such as an emer-

gency landing system [1], while having the 

same or better endurance and flight perform-

ance. To achieve this task a new layout and an 

optimized aerodynamic design is required. The 

preliminary results of the aerodynamic recon-

figuration system, which were investigated dur-

ing the first flight experiments, are presented 

and discussed here as well. 
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2   Integrated Navigation  

2.1   System Architecture 

The dimensional limitations on-board a small 

UAV require the use of sensors based on mi-

croelectromechanical systems (MEMS). These 

are used for the whole Carolo family. The low-

cost acceleration and gyroscopic sensors oper-

ate at a frequency of 100 Hz but suffer from 

highly drifting signals. For the compensation of 

this disadvantage, long-term stable measure-

ments of a single-frequency (L1) receiver for 

the Global Positioning System (GPS) are used.  

In this way position, velocity and attitude can 

be determined at the rate of the inertial meas-

urement unit (IMU) with a better precision than 

with a stand-alone GPS receiver. 

Different concepts for the fusion of sensor 

data as from GPS and IMU measurements exist 

[2]. The simplest and therefore most common 

integration is the so called loose coupling. 

These systems use the position and velocity 

information of the GPS to aid the IMU meas-

urements.  This approach has the problem that 

the GPS aiding fails as soon as signals from 

less than four GPS satellites, which are neces-

sary for a GPS-only navigation solution, are 

received. 

 

 
 

Fig. 1. Tightly Coupled Closed-Loop System [3] 

 

Tight coupling avoids this problem by fusing 

GPS raw data with IMU measurements. This 

means, that measurements for pseudo range, 

delta range, and also carrier phase are used di-

rectly in the aiding process.  In this way even 

measurements from one or two satellites have a 

positive effect on the quality of the navigation 

solution. On this account a tightly coupled 

closed-loop system is used for the sensor data 

fusion. Closed-loop means that the corrected 

navigation solution from the INS is fed back to 

the navigation filter to correct the GPS meas-

urements and that the data from the navigation 

filter is used to correct acceleration and gyro-

scopic sensor errors (see Fig. 1).  

2.2   Navigation Hardware 

The Carolo type aircraft are equipped with the 

Miniature Integrated Navigation and Control 

System (MINC), see Fig. 2. The MINC board 

incorporates a MEMS inertial measurement 

unit, sensors for static and total pressure, a GPS 

receiver and the on-board computer with the 

dimensions 80 x 40 x 15 mm³. The total mass 

including an external GPS antenna is 45 g. The 

measurement block, which is called TrIMU 

(left part of Fig. 2), is fully equipped with three 

orthogonal angular rate sensors and two dual 

axis acceleration sensors covering the x-axis 

twice with different sensitivities. 

 

 

Fig. 2. MINC Autopilot System 

2.3   Navigation Filter 

The so called Kalman filter, introduced in [4], 

has become a quasi-standard for accomplishing 

the data fusion of inertial and satellite naviga-

tion. The MINC system is based on a time dis-

crete, linear, closed-loop, tightly coupled error 

state Kalman filter, see [5]. The error state ar-

chitecture allows the estimation of a non-linear 

process with a linear Kalman filter. 
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The utilized state vector consists of 17 

states for errors in position, velocity, attitude, 

gyro bias, accelerometer bias, and GPS receiver 

clock error drift. 

The Kalman filter works in two phases - 

prediction and correction. The prediction is 

executed at the IMU's measurement frequency 

of 100 Hz. Parallel to the prediction process, 

the navigation solution is calculated using the 

IMU measurements. These are processed via a 

so-called strap-down algorithm, which allows 

the computation of navigation data from body-

fixed inertial sensors, see [6]. 

The correction process is started when 

new GPS measurements have arrived. During 

this update, the received measurements are 

processed. The filter uses measured values of 

pseudo ranges, delta ranges, and time differ-

enced carrier phase corresponding to the num-

ber of received satellites. The use of the time 

differenced carrier phase instead of the carrier 

phase measurement has the advantage, that it is 

not necessary to solve the phase ambiguity, see 

[7]. 

For the post-processing of e.g. during 

flight recorded image or meteorological data it 

is crucial to have reliable and accurate data of 

position and attitude available. On-board the 

aircraft the above mentioned Kalman filter is 

used for the sensor data fusion of INS and GPS. 

At each time step the information from all pre-

vious measurements is utilized to generate a 

precise navigation solution.  During the post-

processing subsequent to the flight measure-

ment data from before and after the gathering 

of each measurement is available. Thus, during 

the post-processing it is possible to use infor-

mation from previous and future measurements 

for the sensor data fusion and generation of 

navigation data.  For this purpose a so called 

Rauch-Tung-Striebel (RTS) smoother is used, 

see [8]. 

Besides the increase in precision the ap-

plication of the smoother has several advan-

tages. The effect of the transient oscillation, 

which can be observed during the beginning of 

a linear Kalman filter operation, can be reduced 

due to the use of future data. Additionally it is 

possible to bridge GPS outages for a certain 

amount of time during the post-processing. 

2.4   Navigation System Performance 

In order to determine the accuracy of the navi-

gation algorithm flight experiments have been 

done using an IMU with fiber optical gyros 

(type iMAR iVRU-FC) as a reference. The re-

sults of the attitude determination are shown in 

Tab. 1 with a 1-σ-accuracy. It can be seen that 

it is possible to calculate a navigation solution 

of sufficient accuracy using the MEMS based 

IMU of the MINC autopilot system. Further-

more the results show a significant increase in 

accuracy due to the use of the RTS smoother. 
 

 lin. Kalman 

filter 

RTS 

smoother 

roll angle 0.4 ° 0.3 ° 

pitch angle 0.4 ° 0.3 ° 

yaw angle 0.9 ° 0.5 ° 

Tab. 1. 1-σ-Accuracy of the Attitude Reference System 

3   New Autopilot System 

The ILR has developed a new autopilot system 

to overcome the emerging computing require-

ments for complex algorithms like dynamic 

inversion or navigation filters. The system con-

sists of a Main Computing Unit (MCU) and the 

Main Sensor Unit (MSU) which can be ex-

panded with numerous Mini Satellite Endpoints 

(MSE). The principal components, MCU and 

MSU are tightly connected to form a system 

with a size of 40 x 70 x 15 mm³, weighting 

around 50 g including an optional Wi-Fi an-

tenna or 40 g without Wi-Fi. The system offers 

10 Servo channels, two USB-Ports, CAN-Bus, 

GPS and telemetry connections. The power 

consumption is between 1 Watt to 2 Watts de-

pending on the processor clock rate and an ad-

ditional 0.5 Watts for Wi-Fi. 
 

 

Fig. 3. The New Autopilot System 
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3.1   Main Computing Unit 

The MCU contains two processors: a small 

STM32 processor handles data acquisition and 

provides the CAN bus interface to remote satel-

lite endpoints. The second processor, an 

OMAP3530 offers 720 MHz of computing 

power for complex control and navigation algo-

rithms or even for image processing. The Real-

Time Linux operating system offers multi-

threading and a guaranteed execution time for 

real-time threads. At the same time it is possi-

ble to use high level drivers and libraries for 

LAN or USB. The real-time capability of the 

operating system is determined by an upper 

bounded delay in the thread execution as de-

picted in Figure 4. It is visible that the average 

latency is between 20 µs and 40 µs depending 

on the load from other threads but that the real-

time thread is executed within 62 µs. 
 

 

Fig. 4. Latency of the Real-Time Kernel has an upper 

bound of 62 µs 

3.2   Satellite Endpoints  

Tiny (30 x 30 mm²) extension modules are con-

nected via CAN-Bus to the MCU and can be 

placed anywhere in the aircraft. The satellite 

modules offer additional servo and A/D ports 

for sensors as seen in Fig. 5.  
 

 
 

Fig. 5. Schematic of the System with MSU, MCU and 

Satellite Endpoints 

3.3   Programming 

All interfaces and all processors are pro-

grammed via the Simulink Real-Time Work-

shop with a ‘one mouse click’ solution. Re-

quired hardware interfaces e.g. a sensor is mod-

eled in a Simulink block which can be moved 

via drag-and-drop from the library to the 

model. Figure 6 shows a simple program for 

the processor with the hardware blocks for 

LED’s, Servos and CAN-Signals. Additionally 

it is possible to use the so called external mode 

on the OMAP3530 processor via Wi-Fi. This 

allows monitoring the hardware and setting of 

the hardware parameters directly from the de-

velopment environment in the development 

model. It is expected that research and devel-

opment cycles can be reduced by these tech-

niques. 

 

 
Fig. 6. A Simple Test Program of the MCU 

3.4   Multitasking Process in Linux  

The Kalman filter is implemented in m-Files in 

Mathworks Simulink. After the execution of 

the autocode build process, the created program 

is started. The program itself starts different 

threads, corresponding to the different clock 

frequencies in the Simulink Model. The strap-

down part of the Kalman filter is calculated in a 

100 Hz thread as a process with priority 98 and 

needs 5.4 ms calculation time. Additionally the 

estimation process is started by a GPS triggered 

thread with the priority 96 (see Fig. 7). It would 
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not be possible to run the estimator without 

multitasking in the 100 Hz thread because the 

estimator requires more than 10 ms time. The 

following diagram shows the segmentation of 

the threads.  

Fig. 7. Thread Execution Order on the Real-Time 

Operating System 
 

The numbers 95 to 99 represent threads 

where 99 is the highest thread priority. Table 2 

shows the different threads and the measured 

execution times on the real-time operating sys-

tem. The UART and the SPI threads corre-

spond to hardware drivers called in the 100 Hz 

thread, thus they must be executed with a 

higher priority.  

 
Priority Thread time 

99 UART 

SPI 

100 µs  

823 µs 

98 100 Hz thread 5.4 ms   

97 10   Hz thread 1 ms 

96 GPS triggered 10.2 ms 

95 1 Hz thread 1 ms 

Tab. 2. Execution Times on the OMAP3530 Hardware 
 

As shown in the thread delay and thread 

execution time it is possible to run complex 

algorithms from C-code from Simulink models 

on the Real-Time Linux to operate an autopilot 

system. 

4   The New Airframe Carolo P 360 

4.1   Current Aircraft  

Since 2001, micro and mini unmanned aircraft 

are developed at the ILR. The latest aircraft 

type of the Carolo family is the single-engined 

Carolo P 200 (Fig. 8) and the twin-engined 

Carolo T 200 with a wingspan of 2 m and a 

maximum take-off weight of 7 kg including 1.5 

kg of payload. 

 
Fig. 8. Carolo P 200 

 

The maximum endurance is more than one 

hour at a cruising speed of 22 m/s. These UASs 

are typically used for remote sensing applica-

tions [9] and for meteorological measurements 

in meteorological mini aerial vehicle (M²AV) 

configuration [10]. 

4.2   Aircraft Concept  

The all new Carolo P 360 further increases the 

payload limit and enhances the handling on the 

ground. Due to its modular design a convenient 

pack size and transportability are achieved. The 

system is fast reassembled with a minimum of 

required tools. The P 360 is able to carry an 

emergency landing system and an adaptive jet-

tisonable undercarriage. The main technical 

design restrictions are listed in Table 3.  

  

parameter value 
maximum take-off 

weight 

25 kg 

maximum payload 

mass 

2.5 kg 

operation temperature -20°C to +45°C 

transport size longest part < 1.6 m 

endurance electric 45 min, 

combustion 2 h 

cruising speed 20 - 30 m/s 

maximum wind speed 15 m/s 

maximum assembly 

time 

15 minutes 

Tab. 3.  Design Restrictions of the Carolo P 360 [1] 
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The restriction to a smaller transport size 

compared to the Carolo P 200 makes a modular 

aircraft concept necessary. The UAV should be 

able to transport a meteorological sensor pack-

age for turbulence and wind measurements. For 

this payload, a free airflow from the front is 

required, which leads to a twin engine or a 

pusher configuration. A single engine solution 

is preferred, because of the higher efficiency. 

The resulting design is a conventional aircraft 

with a centre payload and engine part, a wing 

with a moderate aspect ratio and two tailbooms 

with standard tail (Fig. 9). 

 
Fig. 9. Concept of the new Carolo P 360 

 

An additional requirement is the fast and 

easy exchange of the payload. This is espe-

cially important for the use under ever chang-

ing requirements in the academic domain. 

 

 

Fig. 10. Modular Payload Bay 

 

Therefore a modular payload bay is devel-

oped. The whole fuselage front is removable 

and can be exchanged within few minutes. This 

also could be interesting for other customers 

who like to design their own payload bay. Just 

the mounting points, the delivered connector 

for energy and communication with the autopi-

lot system and the moment around this frame to 

keep the centre of gravity are defined. Figure 

10 shows modular payload bays (mounted and 

unmounted) including the hood, which covers 

the service entry for accumulator exchange and 

payload integration. 

4.3   Aerodynamic Layout 

The most widely used meteorological sensor 

package is calibrated for an airspeed of 22 m/s. 

For this reason, this is the design velocity of the 

Carolo P 360. From the beginning of this pro-

ject it was planned to design an aircraft with the 

possibility to optimize the aerodynamic wing 

configuration for all existing values of the lift 

coefficient CL. The wing is therefore equipped 

with three flaps for each side. That way, it is 

possible by adjusting the camber distribution 

for every speed close to the optimal elliptic cir-

culation distribution. The reason for this is that 

the drag coefficient CD (Eqn. 1) is minimized, 

which is influenced by the minimum drag coef-

ficient CD0, the induced drag coefficient CDI, 

the trim depended drag CDTrim and the parasite 

drag coefficient CDP.  

 

DPDTrimDIDD CCCCC +++= 0

 
(1) 

 

The wing shape is designed to achieve this 

optimum. It results in a minimum induced drag 

coefficient caused by an Oswald efficiency e 

close to 1 (Eqn. 2). The Oswald efficiency can 

reach values between 0 < e ≤ 1. The aspect ra-

tio AR is a design parameter and depends on 

the maximum wing span and the required wing 

area. 

 

21
LDI C

ARe
C ⋅

⋅⋅
=

π
 

(2) 

 

An additional advantage of the flaps is 

their dual use as striking airbrake, which re-

duces the required size of the landing field. The 
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local lift coefficient distribution is also very 

important because it gives an impression of the 

aircrafts handling. Therefore the local lift coef-

ficient which is predominantly influenced by 

the wing shape and the airfoil loft should be 

nearly constant in the centre wing area and de-

crease smoothly towards the wing tip. With 

such a distribution the UAV is still controllable 

at stalling conditions. Figure 9 shows the dia-

gram for the design velocity and an aircraft 

weight of 22 kg. Therein it is perceivable, that 

the local lift coefficient homogenously dis-

turbed along the inner wing area. The curve 

decreases at the outer 20 % of the wingspan 

only. This indicates a docile stall behavior. 
 

 

Fig. 11. Distribution of Local Lift Coefficient with 

XFLR5 [11] 

 

The choice of the airfoil loft is also very 

important to increase the flight performance. 

The airfoils must fulfill different tasks. They 

have to work efficiently with flaps, provide a 

very high maximum lift coefficient and a 

smooth stalling behavior. The airfoil family 

HQ-W fits these constraints very well and is 

chosen for the new Carolo P 360 [1]. The com-

bination of this airfoil loft and the accurate 

wing shape design delivers a maximum simu-

lated glide ratio of 32 for a trimmed configura-

tion at a velocity of 25 m/s. In this simulation 

only the aerodynamic surfaces were used be-

cause the simulation of the stream around a 3D 

body like the fuselage is not proven. In first 

flight experiments with a model of the new air-

frame in half size a stationary decent is per-

formed, see [12]. The resulting glide ratio dur-

ing this flight is calculated to 12.5, which is 

much lower than the theoretical value. The rea-

son for this is the additional drag of the fuse-

lage including propulsion system, the tailbooms 

and the interference drag between all parts. 

Typical values for this type of aircraft are be-

tween 10 and 12, so that this result represents a 

good aerodynamic efficiency for the new 

Carolo P 360 model. 

4.4 Flight Experiments 

The following flight experiments are flown 

with a full scale airframe, as depicted in Figure 

12, to measure the glide ratio and its change by 

using different camber distributions. The goal 

is to increase the glide ratio over a wider range 

of airspeeds and reduce so the energy consump-

tion. Therefore several descent flights with al-

ternating flap positions and velocities are per-

formed. 
 

 

Fig. 12. Full Scale Carolo P 360 

4.4.1 Simulation Results 

 

The in chapter 4.3 introduced simulation soft-

ware is used to generate the glide ratio polar for 

three different flap positions (5°, 0° and -5°) 

and the full range of cruising speeds.  
 

 
Fig. 13. Simulated Glide Ratio Polar 
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The aircraft had the same take-off weight 

of 18.4 kg but only the aerodynamic surfaces 

without fuselage and landing gears are simu-

lated. The results are shown in Figure 13. For 

slow airspeeds the glide ratio of the wing with 

positive flap deflection shows a higher value 

(dash-dotted line). The same trend was ex-

pected from the negative flap deflection 

(dashed line), but in this diagram the neutral 

position of the flaps (solid line) shows the best 

results, also for fast cruising speeds. A reason 

for this could be the missing interference of the 

aerodynamic surfaces with the missing parts of 

the aircraft. 

4.4.2 Experimental Setup 

 

For this preliminary investigation all con-

trol surfaces over the wing span, including the 

ailerons, had the same angle. The recom-

mended flap angles are +4°, 0° and -4°. They 

are given by the airfoil designer [13]. The ex-

periments are flown with constant velocities 

between 16 m/s and 32 m/s to cover the full 

range of cruising speeds, see Table 3. During 

this experiment the aircraft had a take-off 

weight of 18.4 kg. The navigation hardware 

MINC, which is presented in chapter 2, includ-

ing the filter software is used as measurement 

unit for these experiments. Additional to the 

barometric and electro-mechanic sensors the 

commanded PWM-signals for the servos are 

logged to ensure, that the flaps were in the pre-

defined position. The weather condition was 

constant but not ideal for all flights. The wind 

was relatively strong and steady with about 8 

m/s in eastern direction and some weak convec-

tive wind components. Therefore the measure-

ment flights are performed against the wind and 

for a long period to minimize the influence of 

horizontal and vertical gusts. 

4.4.4 Analysis 

 

As an example of the raw data the measure-

ment plots for barometric height (Fig. 14) and 

calibrated airspeed (Fig. 15) over time are 

given for the experimental flight with a nega-

tive flap deflection of -4°. For each flap posi-

tion nine descent flights are performed in the 

given velocity range with increments of 2 m/s. 

 
Fig. 14. Measuring Plot of the Barometric Height over 

Time 

 

Fig. 15. Measuring Plot of the Calibrated Airspeed over 

Time 

Due to the fact, that only the dynamic and 

static pressure could be used for the flight per-

formance measurements, some simplifying as-

sumptions are made. The experiment was set 

up for symmetrical flight conditions and a sta-

tionary descent flight. So the calibrated air-

speed is defined as 

















=

w

v

u

VA

 
(3) 

with the horizontal speed component v = 0 m/s. 

For each descent flight a linear regression has 

to be calculated for the height over time. 

0HtHH +⋅= &  
(4) 

Therein the searched descent rate w is given to: 

Hw &−=  (5) 

The calibrated airspeed has to be analyzed in 

the same way. The linear regression leads to the 

following function. 

0VtVV AA +⋅= &  
(6) 

With 

smVA /0≈&  
(7) 
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w 
u 

VA 

the constant average airspeed for each descent 

could be calculated with  

2

12
1

tt
tt

−
+=  

(8) 

wherein t1 and t2 are defined as the beginning 

and end of each measurement section. With the 

definition of the airspeed components shown in 

Figure 16, the horizontal airspeed u could be 

calculated. 

22
wVu A −=  (9) 

 

 

 

 

 

 
Fig. 16. Definition of Airspeed Components 

 

With the now known horizontal and verti-

cal airspeed components it is possible to gener-

ate a velocity polar by plotting the parameter 

pairs in a diagram. This point cloud is analyzed 

by a cubic regression function. By using the 

resulting function the glide ratio polar could be 

generated with the definition of the reciprocal 

glide number 

u

w
=−= γε tan

 
(2) 

and the glide number: 

ε
1

=E
 

(3) 

The resulting glide ratio polar for the three 

experimental setups are given in Figure 17. 

Herein the maximum glide ration is 15.3, which 

is about the half of the simulated value. The 

reason for this is the influence of the additional 

drag produced by e.g. the fuselage. Compared 

to the results of the half scale model, the glide 

ratio is much better. One reason for this may be 

the higher Reynolds number and with this the 

less critical conditions on the airfoils. There is 

much clearer separation of the maximum for 

each glide ratio compared to the simulated po-

lar. This separation over the airspeed was ex-

pected whether the absolute maximum value 

was expected for the neutral flap deflection 

(solid line). The higher glide ratio for the posi-

tive deflected flaps (dash-dotted line) may be a 

result of the weather condition. 

Fig. 17. Experimental Glide Ratio Polar 

 

The polar distribution over the calibrated 

airspeed shows, that the maximum cruising 

speed of 30 m/s is for this setup very inefficient 

while the design speed, represented by the 

maximum glide ratio of the not deflected flap 

position, is here at about 20.5 m/s. This is 

caused by a relatively light take-off weight, 

which normally is 22 kg. The benefit of the re-

configuration for this experiment is an in-

creased glide ratio of 43% at an airspeed of 

16.8 m/s and 24% at 26.9 m/s which are enor-

mous winnings.  

5   Conclusion and Outlook 

The all new aircraft Carolo P 360 had to be de-

veloped to increase the payload and flight per-

formance to a new level. This UAV is equipped 

with the MINC autopilot system. In the near 

future, the new autopilot system presented in 

section 3 will be implemented to increase the 

processing power, which makes it possible to 

geo-reference the payload information in flight 

and to offer new functions like an automatic 

optimized aerodynamic setup. This leads to an 

UAV with convenient handling characteristics 

and an increased efficiency. The promising 

looking results of the flight experiments should 

be investigated with some more detailed ex-
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periments including a wind speed compensa-

tion to minimize this influence. This shall be 

done by implementing a meteorological sensor 

package and flying at better wind conditions. 
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