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Abstract

:

In this study, we present options for extending the endurance of a lightweight unmanned aerial vehicle (UAV), along with their advantages and disadvantages. We present a developed solution based on the use of gallium–arsenide (GaAs) solar modules installed on a UAV and connected to a custom-made maximum power point tracker (MPPT) with an integrated perturb and observe (P&O) algorithm. The mathematical behavior required to calculate the electrical energy production from solar energy on the UAV from known UAV angles of rotation, the position of the sun in the sky, solar irradiance measurements, the solar module area and the solar modules efficiency is presented. A comparison of the calculated and actual measured electrical energy production results during an aerial mapping mission is presented. We perform a number of aerial mapping mission flights and the experimental results confirm an energy efficiency value of more than 96.27% for the MPPT and extended flight endurance by up to 21.25%. In addition, onboard measurements and other data captured during flights confirm the proposed electrical energy production calculation.
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1. Introduction


There are many different applications that call for greater unmanned aerial vehicle (UAV) endurance, one of which is aerial mapping. Globally, there are many interesting areas that can be scanned using this method. How long it takes to scan a desired area mostly depends on the area surface, camera type, flight settings, power consumption of the UAV and available electrical energy onboard. The available electrical energy is most often stored in a battery, which is usually used as a primary electrical energy source for lightweight UAVs, such as Bramor UAVs.



Bramor is a brand of electrically powered UAVs made by a company called C-Astral Aerospace, Ltd. [1]. This brand consists of different models that can perform different tasks. Some of them are intended for military uses and some are intended for civilian uses. The model that can be used for aerial mapping is called the ppX model (Figure 1). All Bramor models share the same type of fuselage, with a wingspan of 2.3 m, although they have different weights depending on the payload and camera type, among other factors. The mass of the ppX model is around 4.8 kg. Differing from other models, the ppX model also has a dual frequency GNSS receiver onboard, which is needed to achieve more accurate post-processing results. Bramor UAVs have an autopilot onboard for control, although there is also a communication link between the UAV and ground control station (GCS) intended for further UAV control. Bramor UAVs must be catapulted for takeoff and a parachute is used for landing.



The surface of the area to be scanned within one flight with a given camera type and flight settings [2] depends on the available amount of electrical energy saved in the batteries. If the area to be scanned is larger than the area that can be scanned during one flight, multiple flights are required. Multiple flights will require multiple takeoffs and landings. However, the takeoff and landing procedures are time-consuming, so it would be very advantageous to extend the length of each single flight in order to decrease the number of flights and the time taken to scan the desired area.



All Bramor models use a parallel connection between two four-cells LiPo batteries as a primary source of electrical energy. Each battery has a nominal charge capacity of 11 Ah, energy capacity of 162.8 Wh and mass of 820 g. The parallel connection provides a total nominal charge capacity of 22 Ah, total energy capacity of 325.6 Wh and total mass of 1.64 kg. This amount of energy is enough for up to 3 h of flight time in good weather conditions. However, there is a need for even greater endurance, with the question being how to achieve this.



1.1. Options for Extending the Endurance of Lightweight UAVs


We need to be aware that on any type of lightweight air vehicle, each additional gram of mass added onboard is significant. The heavier the air vehicle, the larger lift force is needed to maintain the air vehicle in the air. Therefore, greater motor throttle is required, which leads to greater UAV power consumption. Higher power consumption in combination with the same type of electrical energy source, for example batteries, results in lower UAV endurance.



The greatest extension in endurance normally comes from the option with the highest gravimetric density (ratio between provided electrical energy and mass (Wh/kg) of the system intended for endurance increase). However, we must also be aware that there is limited physical space onboard of lightweight UAVs, since they are small in size. Therefore, many options for extending endurance cannot be implemented since they require too much of space.



What options are available and what are their pros and cons?



Batteries with a higher gravimetric density than the battery already in use would definitely provide better endurance, although a market survey showed that the battery that is already in use has one of the largest gravimetric densities (around 200 Wh/kg) on the market for the time being. However, some types of Li-ion battery cells do exist with even higher gravimetric density levels (more than 240 Wh/kg) [4]. Regardless, one cell will not provide enough power, so it is necessary to connect multiple battery cells in series and parallel to make a battery pack following the required specifications. Since many metal connections between cells are needed, an additional mass is added. That additional mass reduces the gravimetric density of the battery pack, which is then around 10–15% lower than the gravimetric density of a single cell. The final result is only around 10% higher in gravimetric density than the battery already in use, which brings around a 10% increase in endurance. We also have to consider that Li-ion cells have a higher internal resistance compared to LiPo battery cells; consequently, a Li-ion battery with higher energy density at room temperature will last for a shorter time at lower temperatures with the same power consumption compared to LiPo battery. This is because the internal resistance is further increased by lowering the temperature, meaning the battery cut-off voltage will be achieved sooner.



There are some companies [5,6,7,8] around the world researching different battery options that promise gravimetric densities of more than 400 Wh/kg, although these technologies are still mainly in the research and development phase.



Internal combustion engines (ICEs) would provide the greatest extension in endurance, since the energy stored in a kilogram of gasoline is around 50× larger than the energy stored in a battery of the same mass [9]. However, the efficiency of ICEs is around four times lower than the efficiency of the three-phase synchronous motors already in use. However, there is still a huge difference in gravimetric density. Besides this, there would be less gasoline during the flight in the reservoir, meaning lower mass of the UAV over and consequently lower UAV power consumption. A serious problem with ICEs is the noise of the motor, in addition to ICEs not being synonymous with clean energy. Since the motor does not provide electrical energy, a small battery is still needed to supply the UAV electronics. Another negative side of ICEs is that a huge part of their energy is transformed into heat, which must be properly dissipated. Mainly because of the lack of usable space, this technology is not appropriate for small UAVs.



Fuel cell systems that produce electrical energy directly also provide greater gravimetric density than any battery currently available on the market. They are less noisy and more reliable than ICEs, since they consist of less moving parts [10]. Additionally, the electrical energy production process is clean in this regard. Fuel cells should be combined with a small battery, which is needed to provide extra power during high-demand phases of the flight. Since the ability of a fuel cell to produce power is limited, it is highly desirable to force the system to operate in conditions where maximum power is provided. This point is called the maximum power point (MPP), while the device that searches for this point is called the maximum power point tracker (MPPT). However, due to the lack of usable space, this technology is not appropriate for extending the endurance of small UAVs.



Solar energy is a source of a free energy that can be transformed into electrical energy with the use of solar cells. These solar cells are most commonly made from silicon and normally have efficiency rates of up to 20%. The record efficiency rate for a non-flexible silicon cell is 26.7% [11], although other materials also exist with better efficiency, such as gallium–arsenide (GaAs). Solar cells based on GaAs can provide more than 30% efficiency [12]. The downside is that such solar cells are very expensive, so they are most often used in space applications. There is also a requirement that solar modules, which consist of many solar cells, should be fitted on the wings of the UAVs, so they must be flexible, as shown in Figure 2. This is the only way that the modules can adapt to the wing shape. Basically, the drawback of using solar energy is that it can provide energy only under sunny weather conditions.



Solar modules exhibit current source behavior. The solar module is connected to the UAV battery via an electronic device called the MPPT. This tracker ensures that the maximum available electrical power is transferred from the solar modules to the battery under given conditions. The maximum power from the module can be retrieved if the module works at the MPP. Many different types of trackers with different MPP searching algorithms exist, although there are practically no off-the-shelf trackers intended for use on small UAVs. The trackers made by the Genasun company offer the best approximation, although they have a limited operating range for the input voltage, meaning they are not very appropriate for use with custom solar module variants [13].



Solar modules, despite certain limitations, can be exploited for use with small UAVs, since their assembly and installation is simple. Therefore, this technology was chosen to extend the endurance of the Bramor UAV. Additionally, the use of solar energy to increase autonomy could apply to the other types of vehicles, such as cars, buses and trucks [14,15,16].




1.2. Overview of the Flexible Solar Modules Available on the Market


Globally, some companies are involved in the research, development and production of flexible solar modules. These modules differ in the materials they are made from and consequently in their technical specifications, with resulting price differences; however, there is no public information available regarding exact prices. Since there is also no detailed publicly available technical information about solar cells, it is very hard to select an appropriate product.



MicroLink Devices, Inc. [17], offers single-junction, dual-junction and triple-junction solar cells. Their cells are very efficient, with demonstrated efficiency rates of up to 31% at AM1.5. With a total thickness of less than 40 um, their cells are very flexible. The areal mass density of the cells is less than 250 g/m2, the power per unit area is greater than 250 W/m2 and the specific power is greater than 1000 W/kg. MicroLink Devices’ solar cells are very suitable for UAV applications because they their cells can be assembled into custom shapes.



Ascent Solar Technologies, Inc. [18], offers CIGS solar cells. Their cells have a specific power of more than 200 W/kg and areal mass density of less than 400 g/m2. There is no specific technical information about their solar cells available online.



Empa [19] is working on high-efficiency thin film solar cells based on chalcogenide (CIGS, CdTe, CZTS) and organometal peroskvite absorbers, both on rigid and flexible substrates. They developed a CIGS flexible solar cell with a record efficiency of almost 21.4% [11] in laboratory conditions. There is no additional technical information available about their solar cells.



SolAero technologies, Corp. [20], offers space-optimized solar cells that are also fully space qualified. Their solar cells are also used on the Ingenuity rover, which was the first aerial vehicle ever flown on another planet [21]. This manufacturer produces four junction solar cells with extremely high efficiencies rates of up to 33%.



Until the end of 2019, a company called AltaDevices, Inc. [22], were producing solar modules. This company fabricated highly efficient solar cells with a record for single-junction and dual-junction cell efficiency rates of 28.8% and 31.6%, respectively [23]. The areal mass density of their cells was 114 g/m2, the power per unit area was greater than 250 W/m2 and the specific power was greater than 1000 W/kg. This solar cell type was chosen to extend the endurance of the Bramor UAV.




1.3. Purpose, Goals and Innovative Aspects of this Study


The arguments discussed in Section 1.1 and Section 1.2 led us to the purpose of this study, which was to verify whether an efficient and space-saving technology exists that can be used to extend the endurance of lightweight UAVs. Greater endurance means that less time will be needed to finish scanning very large areas where multiple flights are currently required instead.



The main goal of this study was to develop an MPPT that fits the technical and physical requirements. The MPPT must be as efficient as possible. The additional goal of this study was to express a mathematical relation between the electrical energy production from solar modules and the airplane rotation, with the known location of the flight, time of the flight, indirectly known global horizontal irradiance (GHI) and diffuse horizontal irradiance (DHI) at that location.



The main innovative aspects of this study are the MPPT, which is suitable for use on small and lightweight UAVs, and the mathematical model, which enables UAV operators to calculate the electrical energy produced from the solar modules during a flight in advance. The mathematical model was tested on actually performed flight data, although the calculation process is the same if simulation data for the planned flight are used instead. To the best of our knowledge, this functionality has not been presented yet in any UAV application.




1.4. Structure of This Study


This paper is organized as follows. In Section 2, the scientific background and the related research work are presented. This chapter is divided in two subsections: electromagnetic radiation and photovoltaic effects, and solar cell characteristics and maximum power point tracking. Section 3 presents the research methods and materials used. In Section 4, the experimental results are presented and discussed. The conclusions and future research directions are outlined in Section 5.





2. Scientific Background and Related Research Work


2.1. Electromagnetic Radiation and Photovoltaic Effect


Electromagnetic radiation emitted by the sun covers a very large range of wavelengths. It consists of radio waves, infrared light, visible light, ultraviolet light, X-rays and gamma rays. The spectrum consists mainly of 44.7% visible radiation, 6.6% ultraviolet radiation and 48.7% infrared radiation [24]. The total radiation emitted by the sun is practically constant throughout time, except for sunspots, solar flares and prominences. These variations are very small and can be neglected in solar applications. The radiation from the sun can be approximated as the emissions from the black body at a temperature of 5800 K [25]. Light emitted by the sun is quantized into particles called photons.



The conversion of solar energy into electricity is the called photovoltaic effect. This was discovered in 1839 by the French physicist Edmond Bequerel [26]. When a solar cell is under sunlight, the absorbed amount of light is transformed into electricity, while the remaining sunlight can be reflected or passed through [27]. Solar cells are normally connected in parallel and series to increase the current and voltage to the required values for a given load.



The simplified operation of a solar cell is shown in Figure 3.




2.2. Solar Cell Characteristics and Maximum Power Point Tracking


Solar cells can be represented by using a simplified single-diode equivalent circuit [28], as shown in Figure 4. The amount of current produced by the source is directly proportional to the amount of illumination incident on the solar cell. The purpose of the diode shown in Figure 4 is to limit a current in one direction, so that the solar cell will not use energy when it is shaded or at night. A solar cell experiences parasitic resistances that limit the amount of power delivered by the device. These resistances define the quality of the electrical connection within the cells. A parallel resistance (RP) should be maximized to prevent the flow of the current through any circuit elements but the diode. The series resistance (RS) should be as low as possible to minimize unwanted power dissipation [29].



The highest possible current generated by the solar cell is called the short-circuit current (Isc). This is the current when the solar cell is in short-circuit mode. Another characteristic point is the open-circuit voltage (Voc), which is the maximum voltage on the cell when no load is connected to the cell. There are also two additional parameters that characterize a solar cell. The first one is the fill factor (FF), which in conjunction with the VOC and ISC determines the maximum power provided from the solar cell. The second one is efficiency (η), which is defined as the ratio of the output energy from the solar cell to the input energy from the sun. All four parameters can be determined from the input voltage (IV) [30]. The IV and the corresponding power voltage (PV) for the exemplary solar module, consisting of more solar cells, are shown in Figure 5.



To continuously obtain maximum power, the solar module must constantly operate at the maximum power point (MPP). Under uniform irradiance, IV and PV characteristics have a standard shape with one and unique MPP, which is shown as PMP in Figure 5. Finding the MPP under uniform solar irradiance is not a complex task. Problems arise when an array of solar modules is used and partial shading occurs. Partial shading can be caused by moving clouds, buildings, trees and other obstacles. The period of shading caused by clouds varies from seconds to hours. The value of the local MPP mainly relies on the value of the received solar irradiance. Therefore, different local maximum power point peaks (LMPPs) influence the PV, as shown in Figure 6. The question arises as to which LMPP is also the global maximum power point (GMPP). Partial shading also reduces the lifetime of the PV system due to the hotspot phenomenon. To avoid hotspot formation and reverse current flow, a bypass diode is integrated in the solar module [31,32].



The maximum power cannot be gained from the solar module without the use of the MPPT, which is located between the solar module and battery on the other side, as shown in Figure 7. The MPPT usually consists of a DC/DC switcher regulator in combination with an additional circuit or device with MPPT functionality.



MPPT functionality can be performed in analog, digital or most often digital–analog mode, where the core component of the MPPT functionality is a microcontroller unit (mCU) or other type of computing device that manages the duty cycle of the DC/DC switcher converter as a core component of the MPPT [33,34]. Changes to the DC/DC switcher duty cycle should be reflected in the different electrical power levels generated by the solar module. The goal of changing the DC/DC duty cycle is to find the MPP. The main task of the MPPT is to find the MPP rapidly, with less convergence time and less oscillation. Finding the MPP can be achieved via searching or calculation [32].



In such cases, an algorithm is run on a computing device intended to track the MPP. The efficiency of that type of MPPT depends on the algorithm efficiency and also on the efficiency of the hardware components, such as losses in transistors and inductors.



Algorithms differ mainly in the speed of tracking the MPP, the complexity of implementation, the type of sensors, for ex. temperature, whose measurements act as input data into the algorithm [35,36,37,38]. Algorithms are divided into indirect and direct [35,39]. Direct algorithms require current and voltage measurements of the solar modules, meaning the determination of the MPP position is independent of the non-electric quantities, such as solar irradiation and temperature. On the other hand, indirect algorithms determine the position of the MPP by known non-electric quantities. That type of algorithm is more complex and expensive in terms of integration. The most commercially widespread direct algorithms are perturb and observe (P&O) algorithms and incremental conductance (IC) algorithms [40,41,42]. Both algorithms are very effective under stationary conditions, although with faster changes in irradiance, their effectiveness can be lowered due to the loss of the tracking direction. However, most algorithms introduce a certain loss under stationary conditions, which depends on the voltage oscillation around the MPP [40,43,44].



In the literature, many algorithms have been proposed, most often as upgrades of basic P&O and IC algorithms [42,43,45,46,47]. These algorithms offer improved efficiency via faster tracking speeds and variable step sizes. When the duty cycle is near the MPP or GMPP, the step size is decreased, which results in a smaller voltage oscillation around the MPP. The problem is that most of the algorithms are not tested under the proposed standard for testing algorithms, EN50530 [48], but are verified under the test sequences proposed by the authors of various articles. Therefore, it is very difficult to compare algorithms with each other.



In the literature, it is also possible to find attempts at increasing the autonomy of UAVs with the use of solar technology [49,50,51,52,53,54,55,56]. This research area is of most interest to the aerospace industry and academics. We can state that the greatest extension of endurance of lightweight UAVs will be through the solar modules themselves. The efficiency of the algorithm is also very important, although without appropriate testing, usually involving the use of special laboratory equipment that can perform tests under the EN50530 standard, it is not possible to assess whether a new algorithm offers better performance.





3. Methods and Materials


3.1. Solar Modules and MPPT


Six single-junction GaAs-type solar modules used for the endurance extension of the Bramor UAV were produced from Alta Devices, Inc. In the model, four modules consist of two parallel chains of sixteen solar cells (named 16 × 2) connected in series and two modules consist of three parallel chains of sixteen solar cells (named 16 × 3) connected in series (Figure 8). On each wing, both modules of the same size (16 × 2) are connected in series to achieve a higher voltage and consequently lower transmission losses. For the same reason, a 16 × 3 module on the right wing is connected in series with a 16 × 3 module on the left wing.



As shown in Figure 8, there are three separate solar module chains. The chain of two 16 × 2 modules connected in series on the left wing is assigned as chain A, the chain of two 16 × 2 modules connected in series on the right wing is assigned as chain B and the chain of 16 × 3 modules connected in series is assigned as chain C.



The modules were mounted on the Bramor UAV’s wings, as shown in Figure 9.



The optimal solution would be to connect each chain to its own MPPT, although since the space was very limited, all three chains were connected to the same input of the MPPT. The technical specifications of solar modules are shown in Table 1. The nominal values at room temperature (25 °C) and values at 10 °C and 60 °C are listed. The temperatures of 10 °C and 60 °C represent the minimal and maximal expected solar module temperatures under operating conditions. The values at these temperatures were calculated using given temperature coefficients.



Parallel connection of all three chains at the input of MPPT is not recommended, since the current can flow from the unshaded chain to the shaded chain when all chains are not under uniform irradiation. Therefore, each chain is connected to the input of the MPPT via a diode; specifically, a solution denoted the ‘ideal diode’ was used. The ideal diode replaces the ordinary diode but is actually an N-channel MOS transistor in combination with a dedicated driver LTC4359 [57] made by Analog Devices, Inc. The reason for using the ideal diode is to decrease power losses. This is achieved by using the lower forward voltage regulation technique on the transistor (30 mV), since the voltage drop on a Schottky diode is at least 10× higher at these current values.



As shown in Table 1, the maximal expected voltage at the input of the MPPT should be 36.06 V, which is the maximal VOC voltage at the lowest temperature (negative voltage temperature coefficient). The maximal current we can theoretically expect at the MPPT input is the sum of ISC currents of all three chains, which occur at the highest temperature (positive current temperature coefficient). The calculated sum is 1.65 A. The maximal input power is not the product of the maximal VOC voltage and the sum of all ISC currents, since these points are each on their own side of the IV characteristic (Figure 5). As shown in Table 1, the expected maximal power, PMP, is achieved at the lowest temperature and represents the sum of the maximum power of all three chains at 10 °C, which equals 48.02 W (13.72 W + 13.72 W + 20.58 W).



At the output side of the MPPT, we have to consider that the LiPo battery has a full battery voltage of 16.8 V or 4.2 V/cell. It has very little internal resistance, and since it supports a very high charge and discharge rate (a few hundred amperes), there is no current limit needed at the MPPT output side.



Since the power consumption of the UAV is much higher than the solar modules can produce, the battery still discharges during the flight. It is important that there is no fail-safe that can disable the functionality of the MPPT for this reason. A detailed schematic of the endurance extension system is shown in Figure 10.



As shown in Figure 10, each MPPT input line and output line has involves current and voltage monitoring. This brings about the possibility of monitoring the current and voltage to calculate the power on each chain with solar modules and the MPPT output during the flight. These measurements are performed using the INA233 [58] current, voltage and power monitor made by Texas Instruments, Inc.



As a core component of the MPPT, an LT8490 DC/DC buck–boost controller [59] with a P&O-type MPPT algorithm was chosen. The controller tracks the MPP every 180 s. If a new MPP with a higher yield is found, the controller continues with tracking around the new point.



A core component of the LT8490 controller is the LT8705 buck–boost switching regulator controller [60]. This can provide a voltage above, equal or below the input voltage and is appropriate for a wide range of input voltages with a maximum of 80 V. The same maximum also applies to the output voltage.



The internal A/D conversion value of the LT8490 controller is 10 bits of resolution, although the A/D resolution of the PWM signal needed to properly measure and modulate input and output voltages is 8 bits. The LT8490 controller also includes a battery charging algorithm denoted as the constant current/constant voltage (CC/CV) algorithm, which is most widely used for Li-ion and LiPo batteries. Battery charging is performed when the electrical energy production is higher than the power consumption of all potential loads connected to the battery at the same time. In our example, battery charging is usually performed when the UAV is on the ground. For a full battery voltage setpoint, 16.6 V is selected, which for safety reasons is 0.2 V lower than the value of a completely full battery.



All external components, such as inductors and transistors, must be calculated and chosen properly. The requirements of these components depend on the known input/output current and voltage ratios on the basis of the chosen switching frequency, which is 202 kHz. This frequency is a compromise between the physical size of the inductor and input/output capacitors on one side and switching losses on the other side [61].



The buck–boost switcher logic requires four transistors. One pair of transistors handles switching in buck operation mode, another pair of transistors handles switching in boost operation mode and all four transistors handles switching when the output voltage is similar to the input voltage. Transitions between modes depend on the ratio between the controller’s input voltage, output voltage and switching frequency. For two transistors, the main part of the power loss is caused by switching losses, while for another two transistors the main part of the power loss is caused by ohmic losses. It is, therefore, important to make a compromise between transistor RDSON resistance and CRSS capacitance [60].



Since INA233, used for monitoring current and voltage, communicates over I2C bus, it is necessary to use an external device to read these measurements during the flight. A company-made logger intended for measuring current and voltage of the propulsion system power supply bus, the main power supply bus and the servo motor power supply bus was used to perform this task. A logger captured all measurements at the frequency of 1 Hz and saved them on an onboard microSD card. The frequency source is provided by the external device. A pulse per second (PPS) output signal with a very high-accuracy UAV global navigation satellite system (GNSS) receiver was used for this task. Precisely knowledge of the frequency of the captured data allows the possibility of combining those measurements with UAV log data.



A block schematic of the MPPT in connection with the logger is shown in Figure 11. In Figure 12, the developed MPPT is shown.




3.2. Electrical Energy Production Calculation


It is important to know in advance the extension of the flight time provided by the use of solar energy. This allows the possibility of finding the optimal takeoff time for a specific location and date when the highest yield will be gained. However, one must consider that the accuracy of that calculation is subject to many variables, such as weather conditions (sun irradiance, temperature, wind, etc.) and the accuracy of the flight simulator. For all mathematical post-processing operations in this study, the programming and numeric computing platform MATLAB [62] was used.



To perform the electrical energy production calculation, first we must find the relation between airplane rotation during the flight and solar irradiance. The rotation of the UAV body is usually given by the rotation angles of the yaw (ψ), pitch (Θ) and roll (ϕ). These angles correspond to the yaw–pitch–roll convection, also known as the Tait–Bryan angles [63]. As shown in Figure 13, yaw represents rotation around the z-axis of the UAV three-dimensional Cartesian coordinate system, pitch represents rotation around the y-axis and roll represents rotation around the x-axis. Since the x-axis is pointed north, the y-axis is pointed east and the z-axis is pointed toward the Earth’s center of mass (or down), this type of local coordinate system, with its origin fixed at the spacecraft center of gravity, is also called a north–east–down (NED) system [64].



UAV rotation angles during the flight are calculated by the autopilot, based on data provided by the inertial measurement unit (IMU) [66]. Data are continuously used by the autopilot to ensure proper flight paths are taken, while at the same time they are also logged on the autopilot’s microSD card in case further analysis is needed. The values of rotation angles are also part of the telemetry data flow from the UAV to the GCS during the flight and are written in the log file on the GCS computer. The difference between these two logs is that the frequency used for logging data onboard is much higher than the log frequency on the GCS side. Another difference is that the onboard logging frequency is constant, while the CGS logging frequency depends on the stability of the communication link between the UAV and the GCS. During a loss of communication event, no log data are saved on the GCS side.



As shown in Figure 9, solar modules are mounted on both wings of the Bramor UAV. We can consider that all solar modules together represent a plane. Since modules are mounted on the relatively straight parts of the wings, any curvature can be neglected. A normal vector of the solar modules plane is pointed upward (Figure 13) in the reverse direction of the UAV coordinate system’s z-axis. If we consider that the sun is always at a certain position in the sky and that the UAV is rotating around its axis, the projection of the direct sun rays onto the solar modules will change according to the angle between the direct sun rays and the normal vector of the solar modules plane. The calculation of this angle is a crucial step in the calculation of the electrical energy production. We can omit the flight altitude in this calculation, since the flight altitude of the UAV is significantly lower than the other distances considered.



In order to find the angle between a sun ray and the normal vector of the solar modules plane, we have to convert both vectors into the same three-dimensional Cartesian coordinate system. The position of the sun, which can be calculated mostly using trigonometry equations [67], is normally given in the horizontal coordinate system with two angular coordinates—azimuth (φ) and elevation (α) [68]. A transformation is shown in Figure 14.



The Cartesian coordinate system must be compatible with the UAV coordinate system, so the x-axis must be pointed to the north, the y-axis to the east and the z-axis down.



In Figure 14 (left) we express x, y and z as shown in Equation (1), while In Figure 14 (right) we express z and w as shown in Equation (2). By combining Equations (1) and (2), we express a relation between the horizontal coordinate system and the Cartesian coordinate system, as shown in Equation (3). The relations can be further simplified by choosing r = 1, as shown in Equation (4). This equation finally represents the location of the sun in the sky in the Cartesian coordinate system:


  x = w × cos  φ  ,    y  = w × sin  φ  ,    z  = −  z     



(1)






  − z = r × sin  α  , w = r × cos  α   



(2)






  x = r × cos  α  × cos  φ  , y = r × cos  α  × sin  φ  ,    z  = − r × sin  α   



(3)






  x = cos  α  × cos  φ  , y = cos  α  × sin  φ  ,    z  = − sin  α   



(4)







The next step is the transformation of the rotation angles to the three-dimensional Cartesian coordinate system. This can be expressed with the rotational matrix, which can be derived in three steps. First, the rotation around the z-axis (Rψ) is written, then around the y-axis (RΘ) and finally around the x-axis (Rϕ). The results are shown in Equations (5)–(7). The rotation matrix RotMat, shown in Equation (8), is a product of the matrixes given in the intermediate step, expressed in the reverse order:


   R ψ  =       cos  ψ      sin  ψ     0      − sin  ψ      cos  ψ     0     0   0   1       



(5)






   R Θ  =       cos  Θ     0    − sin  Θ       0   1   0      sin  Θ     0    cos  Θ           



(6)






   R    ϕ   =      1   0   0     0    cos  ϕ      sin  ϕ       0    − sin  ϕ      cos  ϕ         



(7)






   RotMat =  R ϕ  ×  R Θ  ×  R ψ  =        c 5   c 4       c 5   c 1      −  c 2         c 3   c 2   c 5  −  c 6   c 1       c 3   c 2   c 1  +  c 6   c 4       c 3   c 5         c 6   c 2   c 4  +  c 3   c 1       c 6   c 2   c 1  −  c 3   c 4       c 6   c 5           [  c 1  = sin  ψ  ,      c   2  = sin  Θ  ,  c 3  = sin  ϕ  ,  c 4  = cos  ψ  ,  c 5  = cos  Θ  ,  c 6  = cos  ϕ  ]   



(8)







The last row of the RotMat matrix represents the direction of the rotated Cartesian coordinate system’s z-axis, which corresponds to the airplane rotation [69]. Since the normal vector of the solar modules plane is the reverse direction of the z-axis, elements of the normal vector have a minus sign before each z-axis element, as shown in Equation (9):


    n ⇀   =     −    c 6   c 2   c 4  +  c 3   c 1      −      c 6   c 2   c 1  −  c 3   c 4      −      c 6   c 5       



(9)







The last step is to find the angle between the vectors in three-dimensional space (Figure 15). The first vector is the location vector from the coordinate system origin to the sun direction and the second vector is the normal of the solar modules plane. Since we can omit the UAV flight altitude, both Cartesian coordinate systems have a common origin. The calculation of the angle between two vectors in three-dimensional space is now a trivial mathematical problem.



Sun irradiance measurements are obtained using a device called a pyranometer. Usually, separate pyranometers are needed to measure global horizontal irradiance (GHI) and diffuse horizontal irradiance (DHI) [70]. Monitoring of these two meteorological variables is not very common and is often obtained performed via a national network of meteorological stations. Normally, an archive of measured meteorological variables exists as a source of already measured irradiance values. Irradiance conditions in the flying field are limited to the measurements of the nearest meteorological station, so there should be a difference between irradiance at the place where the measurements are retrieved and the location where the airplane is flying.



To perform an electrical energy calculation, a calculation of direct normal irradiance (DNI) on the solar modules plane is needed, since this type of irradiance affects the flight the most. DNI can be calculated using Equations (10) and (11), where Equation (10) represents a simple type of relation between GHI, DHI and DNI.


   GHI =   DNI   directsunray   × cos  γ  + DHI                            W   m 2        



(10)







DNI in Equation (10) is denoted as DNIdirectsunray, since it represents a DNI from the point where the sun is positioned in the sky; γ denotes an angle between the direct sun ray and the zenith when GHI and DHI measurements are carried out.



DNI irradiation on the solar modules plane, denoted as DNImodules, depends on the angle (δ) between the direct sun ray and the normal of the solar modules plane, as shown in Equation (11):


     DNI   modules   =   DNI   directsunray   × cos  δ                             W   m 2        



(11)







Irradiance measurements are usually captured less frequently than other meteorological variables. Since the combination of irradiance measurements is needed with the measurements of all currents and voltages, which are obtained during the flight with the frequency of 1 Hz, we have to interpolate the irradiance data. This can be expressed using linear interpolation, which in our calculations involves cubic spline and other factors. On the other hand, logged UAV data have a higher frequency; therefore, we have to decrease the frequency of that data using some type of averaging or by omitting the intermediate measurements.



Finally, electrical power production (EPP) at a discrete second ([n]) during the flight can be calculated as shown in Equation (12). Electrical energy production (EEP) at a discrete second during the flight is then expressed by multiplying power by time, since all data are obtained on the same time basis (1 s), as shown in Equation (13):


    EPP     n    = A × B  n    ×    η  modules   ×     DNI   modules    n    +     DHI  β   n                       W    



(12)






    EEP     n    = A × B  n    ×    η  modules   ×     DNI   modules    n    +     DHI  β   n      ×   t                   Ws   ,    t  = 1    s    



(13)







Parameter A in Equations (12) and (13) denotes the solar modules area (for the Bramor UAV this equals 0.1904 m2); ηmodules denotes the solar module efficiency (solar cell technical data sheet assume 26% efficiency at STC); DNImodules, calculated using Equation (11), denotes a direct normal irradiance on the solar modules plane and DHIβ denotes a diffuse irradiance on the solar modules plane. The DHIβ value is a function of the angle between the zenith and the normal of the solar modules plane and can be calculated in different ways by using models such as the isotropic sky diffuse model, as used in our calculations and shown in Equation (14); Perez sky diffuse model; Reindl sky diffuse model; and Hay and Davies sky diffuse model [71].


     DHI  β   n    = DHI  n  ×   1 + cos   β  n     2                             W   m 2        



(14)







In Equation (14), β denotes an angle between the zenith and the normal of the solar modules plane.



Energy production during the flight, as shown in Equation (15), is a summation of the electrical energy production for every second of the flight, from takeoff until the parachute is deployed.


     EEP   flight   =  ∑  n = takeoff    parachute   pop     EEP     n                            Ws     



(15)







The efficiency of MPPT (ηMPPT) is not included in Equations (12) and (13), since the goal is to calculate the electrical energy production at the input side of the MPPT.



The symbol B in Equations (12) and (13) denotes a multivariable function, which has an effect on the calculated results. Until recently, the number of performed flights was not large enough and flights were performed within a period of half month. Additional progress will help in determining the effects of all influencing variables or factors.





4. Results and Discussion


For the first experiment, we present the results of flights performed on 20 August 2021, 27 August 2021, 2 September 2021, 3 September 2021 and 9 September 2021 at the nearest flying field. The weather during the flights was mainly sunny, although sometimes there were high clouds and some wind, although the operational conditions were still safe.



Standard elements of the flight, for example takeoff, area mission waypoints, rally and parachute deployment, were included in flight plans for the performed flights. The average airspeed during the flights was 17 m/s and the maximum flying altitude was 120 m above ground level (AGL). For airplane control, an in-house application was used, C3P, which runs on the GCS computer. An image taken during one of the performed flights is shown in Figure 16.



All currents and voltages were measured and saved on the logger’s memory card. From these measurements, the electrical energy was calculated. The results are presented in Table 2.



As shown in Table 2, MPPT energy efficiency of more than 96.27% and extended endurance of up to 21.25% were achieved, although the elevation of the sun in the sky was lower on the flying dates compared to the elevation on the summer solstice.



In the second experiment, we verified the proposed electrical energy production calculation by comparing it with the actually measured electrical energy production.



The data, especially for the rotation angles needed for the calculation, were obtained from log files. Sun irradiance measurements, GHI and DHI values were obtained from ARSO’s archive [72]. Measurements from the meteorological station were used, which is around 26 km away from the location where the flights were performed. Data from this station was used as it has the most similar climatic conditions and almost the same altitude as the location where the flights were performed.



Table 3 shows the B values, as used in Equations (12) and (13), needed to equalize the results of the electrical energy production calculation, Equation (15), with the measured electrical energy production obtained from current and voltage measurements during actually performed flights.



As can be calculated from the B values in Table 3, the difference between the B value1 and B value2 was less than 0.25%.



The measured electrical energy production at the input side of MPPT compared to the electrical energy production calculation at the input side of MPPT is shown in Figure 17. The results are presented for a short segment of the flight performed on 3 September 2021.



For the electrical energy production calculation, a B value of 0.6210 was used, so the log data saved on the autopilot’s memory card were applied. It is evident that the shape of the electrical energy production calculation is almost the same as the shape of the measured electrical energy production. Blue spikes on the graph in Figure 17 present the moments when the MPPT searched for the GMPP.



The complete flightpath of the flight performed on 3 September 2021 is shown in Figure 18. The purpose of the flight was aerial mapping of the agriculture area.



For a given flight plan, calculating the electrical energy production in advance gives UAV operators the advantage of determining the optimal takeoff time in order to maximize the amount of electrical energy provided by the solar modules.



Exploiting solar energy for the endurance extension of lightweight UAVs adds extra mass via the solar modules, MPPT and wires and connectors. In our case, the mass of the solar modules was 90 g, the mass of the MPPT was 40 g and the mass of the wires and connectors totaled 130 g. The total extra mass, therefore, equaled 260 g. Since the total mass of the UAV without the endurance extension system equaled around 4.8 kg, this extra mass was a less than 6% increase.



In order to measure the electrical energy production, a company-made logger and additional wiring with a total mass of 50 g were installed. This equipment is not necessary in real use of solar modules, which should result in greater endurance extension, as presented in Table 2.




5. Conclusions and Future Work


The purpose of this study was to verify whether any technology exists for endurance extension of lightweight UAVs. It has been shown that many options for endurance extension exist, but that only a few of them are applicable for lightweight UAVs, since the mass and space of the system are limited. The use of solar energy as the source of energy was proven to be very promising in such vehicles.



We upgraded the existing UAV, which is used for aerial mapping missions, with GaAs solar modules and developed a custom-made MPPT with an integrated P&O algorithm. In the first part of the study, the development of MPPT was presented. In the second part, we expressed the mathematical relation of the electrical energy production from solar modules with the known airplane rotation, location and time of flight, indirectly known as the global horizontal irradiance and diffuse horizontal irradiance at that location. The calculation was verified on actually performed flights. In the third part, the experimental results were presented. As can be seen, the energy efficiency of the MPPT was more than 96.27%, the endurance of the flights was extended up to 21.25% and the calculated electrical energy matched the measured electrical energy.



The MPPT can be further reduced in size and mass. Additionally, the effect of the additional mass on the UAV power consumption is not known yet and the functionality of the B value has not been exactly specified. This will form the basis for the future studies.



Solar technology will be even more widespread in the future, increasing the autonomy of different vehicles and other devices, since it represents a solid pillar of green energy, which is of the utmost importance for withstanding global warming.
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Figure 1. Bramor ppX UAV [3]. Figure is obtained with the permission, from webpage of C-Astral Aerospace, Ltd. company. 
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Figure 2. Example of a flexible solar module. 
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Figure 3. Simplified operation of a solar cell. 
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Figure 4. Single-diode equivalent circuit in a solar cell. 
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Figure 5. Typical IV and PV characteristics of a solar module. 
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Figure 6. PV of a solar module in partly shaded conditions. More local MPPs are visible. 
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Figure 7. Simplified schematic of the UAV power supply system with the solar module and MPPT included. The output of the MPPT is connected in parallel to the battery, UAV propulsion system and main electronic power supply line. 
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Figure 8. Shapes with the same color show pairs of series-connected solar modules (top view). 
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Figure 9. Bramor ppX UAV with solar modules mounted on the wings. 
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Figure 10. Endurance extension system (blue colored shape). The same battery used to power the UAV is used also in connection with the endurance extension system. 
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Figure 11. Block schematic of the MPPT in connection with the logger. 
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Figure 12. Photograph of the developed MPPT. 
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Figure 13. UAV coordinate system with a normal vector for the solar modules [65]. Letters x, y and z present name of Cartesian coordinate system axis and letter n presents a normal vector of solar modules plane. Figure is adapted from PX4 User Guide (Documentation) web page (CC BY 4.0). 
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Figure 14. The transformation from the horizontal coordinate system to the three-dimensional Cartesian coordinate system. Here, φ represents the azimuth, α represents the elevation, r represents the distance from the coordinate system origin to the sun and w represents the distance from the coordinate system origin to the projection of the sun on the XY plane of the Cartesian coordinate system. 
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Figure 15. Local vector from the three-dimensional Cartesian coordinate system origin to the sun direction and the normal vector of the solar modules plane. 
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Figure 16. A photo of the Bramor ppX UAV equipped with solar modules, captured during the flight. 
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Figure 17. Comparison between the measured and calculated electrical energy values at the input of the MPPT during a short segment of the flight performed on 3 September 2021. 
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Figure 18. Flightpath of the flight performed on 3 September 2021. 
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Table 1. Technical specifications for the used solar modules.
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	Chain Type
	Number of Solar Cells Connected in Series/Parallel
	Open-Circuit Voltage VOC(V)
	Short-Circuit Current ISC (A)
	Voltage at Maximum Power VMP (V)
	Current at Maximum Power IMP (A)
	Maximum Power PMP (W)





	A
	32/2
	36.06 2/35.20 1/33.19 3
	0.45 4/0.46 1/0.47 5
	31.58 2/30.72 1/28.71 3
	0.43 4/0.44 1/0.45 5
	13.72 6/13.52 1/13.00 7



	B
	32/2
	36.06 2/35.20 1/33.19 3
	0.45 4/0.46 1/0.47 5
	31.58 2/30.72 1/28.71 3
	0.43 4/0.44 1/0.45 5
	13.72 6/13.52 1/13.00 7



	C
	32/3
	36.06 2/35.20 1/33.19 3
	0.68 4/0.69 1/0.71 5
	31.58 2/30.72 1/28.71 3
	0.65 4/0.66 1/0.68 5
	20.58 6/20.28 1/19.51 7







1 Value refers to the standard test condition (STC): 1000 W/m2, AM1.5, 25 °C. Values were calculated from values corresponding to one solar cell. 2 Value at 10 °C was calculated using voltage temperature coefficient (−0.187%/°C from 25 °C). 3 Value at 60 °C was calculated using voltage temperature coefficient (−0.187%/°C from 25 °C). 4 Value at 10 °C was calculated using current temperature coefficient (+0.084%/°C from 25 °C). 5 Value at 60 °C was calculated using current temperature coefficient (+0.084%/°C from 25 °C). 6 Value at 10 °C was calculated using power temperature coefficient (−0.095%/°C from 25 °C). 7 Value at 60 °C was calculated using power temperature coefficient (−0.095%/°C from 25 °C).
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Table 2. Results of the MPPT testing.
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	Flight Number
	Date of Flight
	Airborne Time 1 (s)
	Total Electrical Energy at the Input of MPPT 2 (Wh)
	Electrical Energy at the Output of MPPT 3 (Wh)
	MPPT Energy Efficiency 4 (%)
	Extended Endurance 5 (%)





	1
	20 August 2021
	2979
	16.95
	16.36
	96.50
	21.25



	2
	27 August 2021
	1938
	10.91
	10.51
	96.27
	17.03



	3
	2 September 2021
	4634
	29.40
	28.52
	97.01
	19.28



	4
	3 September 2021
	8072
	51.08
	49.56
	97.03
	14.45



	5
	9 September 2021
	3836
	21.20
	20.45
	96.48
	12.36







1 Time duration between UAV takeoff and parachute deployment. 2 Electrical energy at the input of the MPPT. The value corresponds to the sum of electrical energies of all three inputs. 3 Electrical energy at the output of the MPPT. 4 Efficiency of the MPPT calculated as the ratio between the total electrical energy at the output of the MPPT and the total electrical energy at the input of the MPPT. 5 Endurance extension comparing the airborne time needed for the same amount of energy provided by the battery to be achieved.
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Table 3. B value results.
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	Flight Number
	Date of Flight
	B Value 1
	B Value 2





	1
	20 August 2021
	0.5913
	0.5928



	2
	27 August 2021
	0.5522
	0.5523



	3
	2 September 2021
	0.6367
	0.6365



	4
	3 September 2021
	0.6213
	0.6210



	5
	9 September 2021
	0.5658
	0.5658







1 Source of rotation angles was the log created during the flight on the GCS. This log can be affected by loss of communication events, so the frequency of the saved data was not necessarily constant. 2 Source of rotation angles was the log created on the autopilot’s memory card. This log file included data recorded at a constant frequency.
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