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Abstract

:

The list of photovoltaic (PV) applications grows longer every day with high consideration for system efficiency. For instance, in spite of many recent PV aircraft designs, aircraft propulsion was mainly reserved for nonelectric motors. Lately, the Solar Impulse flight across the world shows the possibilities of larger PV powered electric aircraft. In order to obtain this goal efficiency of flight, PV conversion, power converters and electric drives have to be maximized. These demands led to a 63.4 m wingspan. The purpose of this paper is to present that PV power could be used for improving the performance of fixed-wing radio-controlled aircrafts with smaller wingspans (1 m). In order to improve the performance of battery powered electric unmanned aerial vehicles (UAV), a model without PV cells (commercial Li-ion battery powered UAV) was compared with UAV powered both from battery and PV modules. This work shows details about Boost DC/DC converter and PV system design for small size fixed-wing electric UAVs, investigating the possibility of the application of PV powered drones, as well. Theoretical findings involving efficiency improvements have been confirmed by measurements combining the improvements in electrical engineering, microcontroller application and aerodynamics.
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1. Introduction


1.1. PV Systems for Unmanned Electric Aircrafts


Photovoltaic technology has been developing for decades but in last twenty years, investments have been additionally increased [1]. The number of applications of PV modules is growing and solar cells have been used in applications that were not common several years ago [2]. For instance, solar cars are used widely for transportation in common life [3]. For traveling across large distances, PV powered airplanes are used [4,5,6]. At the beginning of the 21st century, solar cells were generally proposed for stationary applications, mostly on flat roofs [7]. Examples of such an approach are documented in the literature, where photovoltaic sources along with LED lighting are used for street lights and other urban applications [8,9]. It seems that global energetics will be governed by photovoltaic sources for all applications where its use is possible (including mobile devices, drones and similar). In comparison, fossil fuels could aid in developing pollution problems in large cities (e.g., Beijing); therefore, restrictions on fossil fuel consumption are possible. Nuclear energy is also avoided because of problems with nuclear waste and because of fear of potential accidents, such as the nuclear power plant accident that occurred at Daiichi Fukushima in 2011 [10]. Transport is also an important issue from an energetic point of view. For example, conventional airplanes consume large quantities of kerosene, so there are efforts to reduce that consumption in order to achieve both economic and ecological impact on modern life [11].



In this paper, an improvement of radio-controlled aircraft with a PV system addition has been investigated. The Solar Impulse project has shown that PV powered airplanes can fly across great distances [5,12,13], but what about smaller planes at lower altitudes? Is it possible for them to stay in the air for a few days? In this paper, a radio-controlled unmanned aerial vehicle (UAV) with a fixed-wingspan of less than 1 m has been tested without a PV supply. Different flight data like flight speed, range and time have been measured. Mass increase of the UAV (PV modules are no exception) results in shorter flight time. On the other hand, additional PV energy could compensate for battery discharging and increase flight time. Compared to the same problem in road vehicles, airplanes and their models are more exposed to periodic wind blows, sun radiation fluctuation and nonlinear phenomena of thermal air flows. In the literature, different approaches could be found, including the axiomatic approach [14] or more conventional approaches [15,16,17,18,19,20]. After the calculations, an additional PV source has been added to the wings including a Boost DC/DC power converter with a maximum power tracking (MPPT) function [21,22]. Special care has been added to the DC/DC power converter in order to reduce its mass, so different approaches were tested and compared. Finally, a new fixed-wing radio-controlled UAV based on [23] was designed at this time with a flying stability problem. After solving the stability problem, a new model (the old model with an added PV system) was obtained with improved flying capabilities. This approach is different from the classic design available in recent literature due to a change in the existing design, since the addition of a power source influences aerodynamics and the efficiency of flight in different ways [24,25]. In this paper results are obtained by changing the limited number of parameters of fixed-wing UAV as in a recent publication [26].



Concerning the solar radiation in kW/m2, different data obtained for different areas of the world could be found in the literature. Solar radiation measured in the United Kingdom (UK) is quite low, with maximum values of daily solar radiation below 1 kW/m2 [27,28,29]; furthermore, frequent cloud appearance results in intervals with solar radiation below 500 W/m2. On the other hand, in India and Australia, a solar radiation of 135 kW/m2 is used frequently in calculations. In that context, it is interesting to mention research provided for Europe in comparison to other parts of world [30,31]. Solar radiation in Europe generally has lower values than in Australia, however occasionally could obtain values up to 1.1 kW/m2, which is measured in Alpine [30] or Mediterranean regions [31]. Geographically, Croatia is situated on the Mediterranean with a hilly central and southern part and the Pannonia plane on the northern border with Hungary. In the Rijeka region, values up to 1.1 kW/m2 could be measured. Data available from the European Commission states that solar radiation is lower (up to 1000 W/m2 for coastal cities on the Adriatic sea) [32], however in recent years, values higher than 1 kW/m2 could be measured [33], and the solar potential of the northern Adriatic seems to be higher compared to UK [29] or Japanese cities [10] and could be compared on public databases [34].



In this paper, a value of solar radiation of 1.1 W/m2 was estimated from weather forecast databases, similar to other research papers [10,29,33]. Compared to other Mediterranean cities at the same geographical altitude (i.e., Genova, Marseille), Rijeka has lower insolation and can be compared with Portland in the United States (also on the 45° parallel of geographical latitude), but it has a more intense insolation compared to Vladivostok in Russia or Gifu in Japan (which are both more southern than Rijeka, with 43.11° and 35.4° of latitude, respectively). Analysis provided in [10] investigates larger regions discovering the maximal solar radiation which could be expected in targeted area [35] with an approach that includes the estimation of solar radiation for locations 100 km from the city of Gifu. Such data could be used for the prediction of electrical energy generation from photovoltaic sources [31,36]. Experiments concluded in this paper were taken during sunny days in spring and summer; however, with the lower solar radiation experiments, experiments had to be aborted before the planed (15 min) interval, because the UAV battery could not supply energy for the additional weight without the photovoltaic source.




1.2. State of the Art and History Perspectives


Radio-controlled models have been present for more than 100 years. The first use of radio-controlled electrically powered unmanned aerial vehicles (UAVs) came from Great Britain, and it took place in 1917 [15]. However, this system was not developed further and electrical machines were generally abandoned for UAV applications for a long time. Lately, UAVs were powered with gasoline engines.



An important year for battery powered UAVs and for their electrical propulsion is 1957. In the summer of that year, H. J. Taplin from the United Kingdom made the first recorded radio-controlled flight with the UAV named “Radio Queen”. This vehicle used a permanent magnet DC machine powered with a silver-zinc battery. In spite of the fact that this approach was innovative in avoiding the electrical excitation of the DC machine, as well lead acid batteries, this experiment was not carried on. Further development of electrical powered UAVs was made by Fred Militky from Germany and other researchers. Militky made the first successful radio-controlled flight later that same year. Modern development of electric powered UAVs started in 1957 after the work of Taplin and Militky [17]. It is interesting that the development of electric powered UAVs coincides with the start of development of modern photovoltaic cells.



Even before pioneering radio-controlled flights, a modern solar cell appeared in 1954, made in Bell Telephone Laboratories. In a few years, the efficiency of solar cells improved from 4% to 11%. During the early stages of electric propulsion, research included the discovery of the photovoltaic effect. However, solar cells were not used for a long time (until the seventies of the last century in the case of PV powered UAVs).



The first modern application of a photovoltaic system in electrically propelled UAVs was designed by R. J. Boucher. His 450-watt UAV named Sunrise I flew for twenty minutes for the first time in November 1974. It had a wingspan of almost 10 m and weight of 12.25 kg. In spite of the fact that this UAV had been destroyed in storm, a new improved UAV was designed, reaching 600 W with decreased mass down to 10.21 kg. Again, successful flights were done with Sunrise II before it was destroyed because of failure of the radio-control system [14]. Approximately at the same time, Fred Militky with his PV powered UAV Solaris made a successful flight in the summer of 1976. After that, numerous UAVs were designed. Dave Back set a world record for PV UAVs in 1996 for a distance of 38.84 km. In 1998, he reached an altitude of 1283 m. After him, Wolfgang Schaeper set the world records for the longest duration of UAV flight (11 h, 34 min, 18 sec), UAV flight distance in a straight line (48.31 km) and for altitude (2065 m). After that, the target became continuous manned flight, which was accomplished with Solar Impulse in 2010 [5,14,20]. Today, UAVs are widely available with applications in telecommunications, agriculture, meteorology, border control, ocean observation and military applications [6,37]. At this point, it is hard not to mention the Aquila project [38] solar powered UAV, which has a wingspan as big as a Boeing 737 and can stay in the air for the months. Compared to the Aquila project, the contribution of this paper is to investigate the possibility of obtaining such results for smaller UAVs.




1.3. Theoretical Examination


Conventional airplanes have huge lifting force due to large wing surfaces. PV modules can be mounted on such airplanes, so that they can stay in the air for more hours/days [15]; such is the case for Solar Impulse [5]. On the other hand, drones (UAVs) which do not have a fixed wingspan consume large quantities of electrical power and therefore their time in the air is limited in correlation with battery capacity. Observed aircraft have wings, but their size is not enough to hold a plane in the air for longer periods of time. However, it is expected that flight time would be prolonged in spite of the increased mass of the installed PV system (Figure 1).



In this paper, electric power P is obtained from two sources: (1) battery source and (2) photovoltaic module or photovoltaic cells. Recently, this has been documented in work of Noth et. al. [15,17,19] and other sources [14,20]. Larger drag force Fdrag, and higher cruising speed vf demand larger power consumption P:


  P =  F  d r a g   ·  v f  .  



(1)







Energy supplied from the battery has to cover this (mechanical) power increase with losses (Ploss) of the power converter and brushless machine drive. However, solar cells should cover at least part of this energy in order to increase the flight time. In the case where solar cells could cover all energy given by the battery, continuous flight could be obtained.



Drag force Fdrag depends on velocity vf, also:


   F  d r a g   =  1 2  · ρ ·  v f 2  ·  c  d r a g   · A .  



(2)







Except flight velocity, drag force depends on air density ρ, drag coefficient cdrag and on wing planform A.


   F  l i f t   =  1 2  · ρ ·  v f 2  ·  c  l i f t   · A ≥ m · g .  



(3)







This means that minimal flying velocity is proportional to the aircraft weight (mg):


   v f 2  =   2 · m · g   ρ ·  c  l i f t   · A   .  



(4)







By combining Equations (1), (2) and (4), we can obtain the mechanical power needed for constant cruising speed:


  P =  1 2  · ρ ·  c  d r a g   · A ·    (    2 · m · g   ρ ·  c  l i f t   ·  d w     )    3 / 2   .  



(5)







This formula may be used for the comparison of different cases, e.g. insertion of a heavier battery or addition of solar cells. It can be calculated that a mass increase of 10% means a 15% increase in power (consumption) for the same speed, a 40% mass increase means a 65% larger consumption and so on (Figure 2). In the case of solar cells, mass increase also means increase in available power.



In this paper, a fixed-wing radio-controlled aircraft was tested. The mass of the commercial aircraft with a Li-ion battery is 774 g; adding an additional PV module adds an additional 300 g. However, this mass was reduced by removing the plastic cover from the PV module which is partially compensated for by adding a power converter with a microcontroller.



According to Figure 2, flight duration could be extended if the PV system mass (PV module and additional converter) could be compensated for with its own energy. Power P1 represents power from the battery for commercial aircraft, power P2 represents the energy needed for propelling an aircraft with additional mass (the added PV system) and power P3 represents modified aircraft with additional mass and an additional power (PV) source, which is compensating for the additional mass and with reduced consumption from the battery. So, only the P1 > P3 longer flight duration could be accomplished because of consumption decrease. Thus, energy surplus compensates for the battery current, making the battery discharge last longer. At the same time, battery lifetime prolongation could be expected as well. However, if there is a lack of sunlight, generated PV power equals zero and only an additional mass remains, resulting in a shortened flight duration. Commercial fixed-wing radio-controlled aircraft could fly with a consumption of 20 W [23] with its own mass of 774 g, which gives a power density of 0.0258 W/g. On the other hand, PV systems have better power density (PPVMAX = 20 Wp per 300 g, or 0.067 W/g). However, it is more appropriate to take into account converter losses, and to assume that PPV = PPV − Ploss = 15 W.



For the first case (commercial aircraft):    P 1  ≈ 20 W  ;



For the second case (commercial aircraft with an added PV system):    P 3  ≈ 20 ·    (  1 +   774 + 300   774    )     3 2    −  P  P V   = 1.63 × 20 − 15 = 32.69 − 15 = 17.69   W  ;



The difference:   Δ P =  P 1  −  P 3  ≈ 20 − 17.69 = 2.31   W   represents the power increase from the PV system.



The PV system makes approximately 10% of aircraft power consumption during steady cruising. So, theoretically, a 10% improvement in flight duration could be expected if the aerodynamics of the aircraft stays unchanged after the PV system addition. However, the aerodynamic differences and PV production during real flight is hard to model, so a practical test is the only way to validate these theoretical results.





2. Materials and Methods


2.1. Boost DC/DC Power Converter Design


A DC/DC power converter has been designed in order to obtain the minimal mass of the converter in frame of radio-controlled aircrafts with a PV system. The transistor driving circuit, battery voltage, DC link voltage and brushless propulsion engine were chosen to operate at 16 V. Open circuit PV voltage is chosen to be higher (≈20 V) in order to obtain maximum power point tracking (MPPT) at 16 V. In such desirable conditions, the DC power converter is not needed. However, when the insolation drops the photovoltaic voltage (VPV) from 20 V to 10 V or even to 5 V, the input voltage VPV has to be stepped-up in order to charge the battery to the desired voltage (Figure 3). Classic approaches to MPPT functions have disadvantages, especially in conditions of variable solar radiation [29] where frequent cloud appearance could cause loss of photovoltaic power and initiate intensive discharging of the battery. In order to overcome such problems, fuzzy logic controllers have been used frequently [39,40,41].



In spite of the fact that more complex MPPT algorithms could be used [18,19], a simple algorithm with a test solar cell has been applied. This means that sensor solar cell output voltage has been used in order to determine the Boost converter duty cycle. The PV system has been designed in such a way that under optimal conditions (large insolation), the DC/DC power converter is not needed. That means that maximal power has been achieved at battery voltage (16 V). However, under the conditions of decreased insolation or aircraft maneuvering, the DC/DC converter improves partial compensation of battery charge consumption. This has been achieved with variable duty cycle D of transistor T1. When the sensor voltage (VCONTROL in Figure 3) drops from 15% of peak voltage, the transistor operates with low duty cycle (D ≈ 0.1). At lower sensor voltage, the duty cycle increases in order to track the maximum power of the PV module (e.g. D ≈ 0.6 for 25% of peak sensor value). In the case that VPV < 16 V, the PV source will not charge the battery at all, so PV voltage has to be increased according to Boost converter equation:


  D = 1 −    V  P V      V  B A T     .  



(6)







It is possible to program different values of duty cycle D, so at low voltages (e.g., VPV < 5 V), it is more efficient to turn off the converter than to generate losses via transistor switching. System in Figure 3 is using information from PV sensor (VCONTROL) and elements of fuzzy logic [18,39,41].



In spite of the fact that the PV system is quite simple, three different approaches were tested. In the first solution, a commercial PWM (pulse width modulation) generator (UC3854) from Texas Instruments was used; however, in this case, additional passive components were needed. After that, the “ARM cortex M4” processor in frame of STM32F407 microcontroller (ST company microcontroller) was tested. In this case, a 100-pin microcontroller arose as an obstacle for this application. Finally, an Atmel ATmega328/P low power CMOS (Complementary Metal Oxide Semiconductor) technology 8-bit AVR (family of microcontrollers developed by Atmel company) microcontroller from the “Arduino” microprocessor system was taken, enabling the lowest mass and programming flexibility.




2.2. Fixed-Wing Radio-Controlled Aircraft Model Design and its Modifications


UAV battery current and voltage were measured in real time and data was taken at the same time available on the ground. During the modification of the commercial model aircraft [23], flexible PV modules were used (Figure 4). In order to reduce their mass, a plastic cover from the PV module was removed. Also, the solar module was redesigned from its standard housing for compatibility with wing configuration in order to achieve new connections suitable for the power converter supply.



UAVs are exposed to frequent vibrations during landing and in the air, so there is the possibility of mechanical failure on the UAV. It is the author’s opinion that modern fault diagnosis via thermal imaging or electrical measurements could be used in order to avoid take-off of faulty UAVs [42]. However, it is expected that flexible solar modules have high reliability and certain resistibility on impact [28].



For a larger planes (wingspan > 2 m), multiple power converters could be used in order to improve the resilience of the UAV PV system in regards to the shade problem [28,41,43]; otherwise, photovoltaic converters could add additional weight which UAVs cannot sustain during longer flights.





3. Results and Discussion


3.1. Uniform Flight Tests


In order to decrease the influence of rapid wind changes, tests were conducted during sunny (summer) weather (presented measurements were taken on 21–22 July 2016 at summer solstice, so the 1100 W/m2 of solar radiation was taken into account) at Grobnik airport (elevation above sea level 300 m), near Rijeka, Croatia [30,31,33]. Furthermore, the intention was to sustain constant speed and latitude and to test the flight range and flight time for the standard airplane model [23]. At this point, it is useful to support previous calculations. It was taken that PV panels could generate 15 W. This statement could be sustained by the calculation involving solar radiation of 1100 W/m2, solar cell efficiency η of 23% and dimensions of solar panel of 0.2 m·0.3 m (S = 0.06 m2). By multiplying these values [28], an electrical power of 15 W could be obtained:


  P =  P S  · S · η = 1100 × 0.06 × 0.23 = 15.18   W .  



(7)







This calculation shows that flight prolongation is difficult to obtain in conditions of lower solar radiation. However, measurements were taken during sunny days in spring and summer, so the same results for UAV cruising were always obtained. In the case of using solar radiation from [32], the positive effect from the PV module:   Δ P =  P 1  −  P 3  ≈ 20 − 17.69 = 2.31   W   vanishes:


  P =  P S  · S · η   = 900 × 0.06 × 0.23 = 12.42   W .  



(8)







In that case, power obtained from PV panels minus the power consumption increase according to (5) equals:   Δ P =  P 1  −  P 3  ≈ 20 − 20.27 = − 0.27   W ,   resulting in a negative effect of PV module insertion into the wings.



During the test, rapid maneuvering could increase battery current and consumption (from 2 A or 3 A to 40 A), so fast maneuvering was avoided, and minimal consumption was a target during the complete test (Table 1). Tests were repeated three times at the aforementioned locations and results coincide with measurements taken earlier at other locations (e.g., Viškovo, near Rijeka, Croatia—also 300 m above sea level).



Data were recorded for the airplane model [23] produced by a Slovenian manufacturer. In frame of the same model, different batteries could be chosen. For this test, a lighter 1300 mAh battery was used. The airplane model without batteries weighs 630 g and 774 g with a battery. After the addition of the PV system, the test was repeated (Table 2).



This time, data was recorded for the modified airplane model. Again, a lighter 1300 mAh battery was chosen. The UAV without batteries weighed 923 g and 1067 g with a battery. This means that the PV system adds 293 g. However, it seemed that consumed charge for the 15 min flight decreased. This is because the PV cells generate enough energy to compensate for the additional mass and more to reduce total consumption. Before the second test flight, the solar module had an open circuit voltage VOC = 20.8 V and short circuit current ISC = 0.96 A. These measurements seem to be enough to calculate the demanded effect produced by an additional PV system. Charge consumption in the first flight was 976 mAh, which is equal to 65 mAh/min or 84 mAh/min/kg.



In this paper, attention was not given to the PV module temperature since tests last only for 15 min and the PV module is cooling during flight, but for future work, the ability of UAVs to withstand flight at high temperatures should also be analyzed [44,45].



During the first test, it was noted that cruising could be obtained with approximately 20 W of electric power. This means that the PV system could cover almost half of that. However, by adding the solar cells, the aircraft mass was increased and the airplane model aerodynamics were changed, so only the practical test could answer the question of whether the PV system could improve the flight performance of the tested aircraft (Figure 5). Charge consumption after the 15 min second flight was lower (915 mAh) compared to the first flight (976 mAh), giving a decrease of 6.25%.




3.2. Discussion


It has been found that during the first few minutes, when the UAV is slowly rising, consumption is almost the same for both UAVs. However, after that (during uniform cruising), when the solar module is in an optimal position concerning sun rays, it appears that solar cells could generate enough energy to compensate for their own mass and to contribute part of energy needed for UAV cruising (Table 3).



The system was designed so the battery current could be measured. This means that the PV system current could be measured only on the ground, or it could be calculated. On the other hand, it could be noticed that the total charge consumption is higher than could be expected from the current measurement. In this way, it is possible to land an airplane model soon enough without the risk of losing power in the air and to avoid deep discharging to prolong the battery life. In these circumstances, it is most appropriate to combine the results from both tests, which means that the charge consumption from the battery is reduced by 6% in spite of a mass increase. This means that more efficient flight can be achieved, which could compensate for the additional expenses of a cost effective PV module. However, this could be obtained only for cruising rather than for acrobatic flight. It could be calculated that the plane without a PV system and with a mass of 1067 g would have average current consumption of ≈3 A, and it could hardly remain in the air during the 15 min flight with a 1300 mAh battery involving an 80–40% charging discharging ratio used for Li-ion batteries. However, for more aggressive flight when the brushless DC machine consumes around 40 A, 1 A or less from the PV system has no positive influence on flight duration since the additional mass has larger negative effect during battery charge consumption. A similar effect occurs from decreased solar radiation (<1000 W/m2). Demonstration of PV system operation could be observed when the UAV instability in the air caused swinging from right to left of the UAV, leaving the UAV’s PV system in shadow for the most of the time. The consequence of this was an instant increase in battery current (from 2 A to 4.5 A). Such flight could get additional information on MPPT and PV system operation in general, however authors decided to land the UAV because of its possible fall.





4. Conclusions


In this paper, the possibility of installing a PV system on a commercial UAV (unmanned aerial vehicle) has been investigated theoretically and practically. Avionic PV applications involve a more complex approach than automotive or stationary PV applications. The authors’ experience indicates that is unavoidable to use flexible or semi-flexible PV panels. So, after PV system installation on a UAV, flying stability emerges as a problem. This could be observed as swinging from left to right, losing the effective horizontal surface for sun radiation absorption. Also, a power converter has been modified in order to obtain minimal mass and maximal converter efficiency where mass reduction was priority. Finally, an improved PV fixed-wing radio-controlled aircraft has been built, showing that the PV system could be successfully implemented in smaller UAVs. Theoretically, an improvement of 10% was expected, however practical examination gives only a 6% improvement in flight time and range. The difference could be targeted to converter efficiency changes during the flight and aerodynamic changes on the wings after PV module insertion, which is complex to model. This project of a UAV with a wingspan of 1 m seems to be a borderline case. This means larger UAVs or even planes could be designed with more power converters in order to avoid the shade problem. For this project and especially for smaller UAVs, this is not possible because of mass addition. It could be concluded that the insertion of PV modules in UAV wings could improve UAV flying capabilities for wingspans larger than 2 m. It is also possible for wingspans of 1 m, however solar radiation has to be higher than 1000 W/m2 or more advanced materials have to be used. Future work will be targeted to UAVs where the design problems with PV modules are even harder to solve, but for that task, a PV module with higher efficiency is necessary.
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Figure 1. Installation of a photovoltaic (PV) system on a model plane should reduce its power consumption and increase its flight time. 
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Figure 2. Simplified power diagram of energy relations for commercial fixed-wing radio-controlled aircraft of mass m1 and for its modified version with a PV system with additional mass and power PPV. Power P1 represents power from the battery for commercial aircraft, power P2 represents the energy needed for propelling an aircraft with additional mass and power P3 represents the modified aircraft with additional mass and an additional power source. 
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Figure 3. Designed PV system with Boost power converter and MPPT function connected to a commercial fixed-wing radio-controlled aircraft propulsion system. 
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Figure 4. (a) Commercial model plane used for test and (b) commercial model with the added PV system for flight time prolongation. 
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Figure 5. Charge consumption from the battery during the flight time for the model plane (UAV) without a PV system and with the plane model (UAV) with a PV system where battery consumption is partially compensated for with the PV source (measurement insecurity is 1%). 
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Table 1. Data collected for the test of the airplane model without a PV system (air density ρ = 1.174 kg/m3).
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	Time (min)
	Battery Voltage (VBAT)
	Current (A)
	Consumed Charge (mAh)
	Trip (km)





	0
	16.8
	0
	0
	0



	1
	16.2
	3.3
	137
	1.1



	2
	16.1
	2.2
	203
	1.8



	3
	16.0
	2.3
	275
	2.5



	4
	15.9
	2.3
	353
	3.2



	5
	15.9
	2.2
	421
	3.8



	6
	15.6
	2.0
	486
	4.5



	7
	15.4
	2.1
	557
	5.2



	8
	15.2
	1.9
	625
	5.9



	9
	15.2
	1.8
	695
	6.4



	10
	15.1
	1.7
	760
	7.0



	11
	15.1
	1.6
	803
	7.7



	12
	15.0
	1.7
	849
	8.3



	13
	15.0
	1.8
	889
	9.1



	14
	14.9
	1.7
	934
	9.9



	15
	14.9
	1.7
	976
	10.6
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Table 2. Data collected for the test of the airplane model with a PV system (air density ρ = 1.174 kg/m3).
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	Time (min)
	Battery Voltage (VBAT)
	Current (A)
	Consumed Charge (mAh)
	Trip (km)





	0
	16.3
	0
	0
	0



	1
	15.5
	3.6
	140
	0.9



	2
	15.5
	2.4
	207
	1.6



	3
	15.4
	3
	253
	2.2



	4
	15.3
	1.8
	365
	2.7



	5
	15.3
	1.3
	383
	3.4



	6
	15.2
	1.7
	452
	4.0



	7
	15.1
	2.2
	490
	4.6



	8
	15.0
	1.8
	594
	5.2



	9
	15.0
	1.4
	624
	5.8



	10
	14.9
	1.8
	721
	6.4



	11
	14.8
	1.7
	752
	7.0



	12
	14.8
	1.6
	783
	7.6



	13
	14.7
	1.8
	857
	8.2



	14
	14.7
	1.5
	885
	8.7



	15
	14.6
	1.6
	915
	9.4
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Table 3. Charge consumption during the 15 min flights, average current consumption and the mass of different model airplane parts.
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	UAV Type
	Consumption (mAh)
	Average Current (mA)
	Mass (g)
	Consumption Savings (%)
	Mass Growth/Consumption Ratio (g/%)





	Plane without PV System
	976
	2300
	774
	-
	-



	PV Module
	≈−150
	≈−600
	293
	-
	-



	Plane with PV System
	915
	2150
	1067
	6.25
	46.88 g/%
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