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Abstract

:

Enhancing the output power of stratospheric airship photovoltaic arrays during months with weak irradiance is crucial for extending the endurance of airships. Models for predicting the output power of photovoltaic arrays and the phenomenon of mismatch losses have been proposed. However, static reconstruction schemes to reduce or eliminate mismatch losses have not been studied. In this paper, an output power model for stratospheric airship arrays including the solar radiation and irradiance distribution is established. The characteristics of the irradiance distribution for the photovoltaic array (PV) are investigated through simulation. Furthermore, an innovative reverse combination configuration is developed and compared to the SP and TCT configurations in terms of performance, mismatch loss and fill factor. Finally, simulations are conducted for a full-day irradiance period of 4 days in a real wind field. The simulation results demonstrate that the proposed RC configuration significantly reduces mismatch losses and output power fluctuations, thereby enhancing the PV array’s output power. This research provides interesting insights for the design of PV array topologies for stratospheric airships.
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1. Introduction


Stratospheric airships are controllable aerostats that maintain altitude through buoyancy. They reside in the stratosphere at an approximate altitude of 20 km, making them ideal for long-duration missions such as communication relays, stationary observations, and disaster forecasting [1,2]. To accomplish these tasks, a solar-powered renewable energy system is necessary to provide stable power for the propulsion, avionics, and payload systems [3]. The airship’s renewable energy system primarily consists of a photovoltaic (PV) array, a DC/DC converter with maximum power point tracking (MPPT) functionality, and energy storage batteries [4].



The performance of the energy system determines the airship’s cruising capability, with the primary influencing factors being the conversion efficiency of solar cells and the energy density of the storage batteries. Pande [5] analyzed the impact of the solar cell conversion efficiency, areal density, and specific energy of the secondary storage system on the length and total weight of the airship. The research findings indicate that when the wind speed exceeds 14 m/s, the performance of the high energy density triple-junction cells surpasses that of the thin-film battery. Li et al. [6] developed a thermal model for PV arrays to assess the output capacity. Their findings indicate that excessively high operating temperatures can significantly reduce the conversion efficiency of PV arrays. Du [7] introduced the angle loss coefficient to further refine the aforementioned model. The results indicate that, without taking into account the impact of the winter solstice angle loss, the maximum power of the solar panel array during daylight hours is overestimated by 12.3%.



Constrained by the current efficiency of solar cells [8] and the effective capacity of energy storage batteries, a larger-scale energy system is required to meet the high wind resistance demands of airships [9,10], resulting in excessive volume and weight of the airship [11,12]. Researchers aim to improve the power supply capacity of the airship’s energy system by optimizing the utilization of PV arrays and energy management to meet the energy balance requirements.



Enhancement of the PV array’s power supply capacity can be effectively achieved through layout optimization and thermal control. Meng et al. [13] conducted a multi-objective optimization design for the thermal insulation and heat dissipation layers of photovoltaic arrays, resulting in an increase in the power output per unit area from 88.5 W to 95.4 W. Lv et al. [14] proposed a genetic algorithm-based model for optimizing the layout of PV arrays, resulting in the identification of the optimal arrangement for PV arrays under four typical operational conditions. Alam [15] proposed a multidisciplinary optimization method for HAA based on genetic algorithms, achieving an optimal layout of five deployment positions for PV arrays. Jiang et al. [16] analyzed the sensitivity of power output to the rotational angle and installation angle of PV arrays during cruising, and indicated that the optimal installation angle for PV arrays should be controlled within ±20°.



To further enhance the energy acquisition during the operation of airships, an increasing amount of research is focusing on the design of flight strategies and attitude planning. Wang [17] analyzed the sensitivity of the airship’s attitude angles to PV arrays and found that the yaw angle has the greatest impact. Zhu et al. [18] proposed an optimal yaw angle strategy in quasi-zero wind fields, aiming to maximize the output power of the PV array. The result demonstrates that the optimal yaw angle varies with the working dates and latitude and is primarily concentrated at 0° and 180°. Zhang [19] devised an integrated attitude manipulation strategy encompassing roll, pitch, and yaw control, resulting in a substantial enhancement of energy production and wind resistance capabilities of airships. Shan [20] proposed an airship energy management scheme based on a position energy storage strategy. This approach optimized the allocation of energy throughout the day, thereby enhancing the airship’s endurance.



Furthermore, researchers proposed strategies for controlling the angle of irradiation incidence to enhance the PV arrays’ output power. The solar tracking device, capable of adjusting the angle between the irradiation vector and solar cell plane in real time, is regarded as an effective method for improving PV energy collection [21,22]. Lv [23] designed a rotatable PV array system that tracks the sun’s incident angle by rotating around the airship envelope, obtaining a daily energy output increase of over 40%. Du [24] analyzed the differences between the thermal distribution characteristics of the rotatable and the conventional PV array. The result showed that the temperatures of the improved airship are slight higher than those of the traditional airship at 04:00 to 10:00 and 14:00 to 20:00. Zhu [25] devised a comprehensive optimization strategy for the rotation angle and yaw angle in a real wind field.



Existing research extensively discusses approaches to improve energy acquisition in airship energy systems. However, there is limited research on the impact of the PV array topology on its output capacity. Liu et al. [26] conducted a study on the output performance of PV arrays under partially shaded conditions, focusing on four configurations: series–parallel (SP), bridge-link (BL), honeycomb (HC), and total cross-tied (TCT). The results indicated that, in most cases, the TCT configuration exhibited the best performance. However, in high latitude regions during winter and spring seasons, the rate of energy improvement is less than 10%. Under non-uniform irradiation conditions, “mismatch loss” still profoundly affects the output performance of TCT-configured photovoltaic arrays [27,28]. Static reconfiguration is considered an effective method for mitigating mismatch loss by dispersing local shading. Extensive research has been conducted in this field, with numerous studies available, including the Su Do Ku configuration [29], Lo Shu technique [30], odd–even structure [31], and Latin square arrangement [32]. However, there is a significant lack of research specifically focused on airship PV arrays. Therefore, it is necessary to investigate the issue of mismatch losses of airship PV arrays and conduct static reconfiguration optimization. This holds significant value for enhancing the power capacity and stability of the energy system.



The novelty of this paper lies in the proposal of a novel reverse combination (RC) configuration. This configuration effectively addresses the mismatch loss of stratospheric airship PV arrays and enhances the output power, thereby alleviating the energy scarcity issue. The power output model for stratospheric airship PV arrays is established. The characteristics of the irradiance distribution for typical operating conditions are investigated. The principles and static reconfiguration scheme of the reverse combination configuration are introduced. A comparison is made between the proposed configuration and the classic SP and TCT configurations, considering the characteristic curves, mismatch loss power, and fill factor. Finally, a simulation of daily energy generation in a real wind field demonstrates that the RC configuration maintains the highest output power throughout the full irradiance process, effectively mitigating energy shortages during periods of weak irradiance.




2. Modeling


2.1. Solar Radiation Model


The radiation received by the PV arrays primarily consists of direct solar radiation and scattered solar radiation. [33] The direct radiation intensity at the cruising altitude of the airship can be expressed as [34]


   I  d 0   =  τ h  ⋅     1 +  e e  ⋅ cos (  λ e  )   1 −  e e 2      ⋅ 1367  



(1)




where    e e    is the orbital eccentricity of Earth, with a value of 0.016708,    τ h    is the atmospheric transmissivity, and    λ e    is the true anomaly, which can be given by


   λ e  =  θ  d a y   + 2  e e  ⋅ sin (  θ  d a y   ) + 1.25  e e 2  ⋅ sin ( 2  θ  d a y   )  



(2)




where    θ  d a y     is the solar day angle, calculated as


   θ  d a y   =   (  d n  −  N r  )   365.2422    



(3)




where    d n    is the day number in a year, and    N r    is the correction term of the day number. The atmospheric transmissivity    τ h    can be defined as [35]


   τ h  = 0.5 ⋅ (  e  − 0.65 ⋅ a m r   +  e  − 0.095 a m r   )  



(4)




where   a m r   is the air mass ratio, which can be formulated as


  a m r =      p h     p 0      ⋅     1229 +   ( 614 ⋅ sin (  θ  e l e   ) )  2    − 614 ⋅ sin (  θ  e l e   )    



(5)




where    p h    and    p 0    are the atmospheric pressure at the cruising altitude and the sea level, respectively, and    θ  e l e     is the solar elevation angle, given by


   θ  e l e   = arcsin ( sin (  θ  d e c   ) sin ( Φ ) + cos (  θ  d e c   ) cos ( Φ ) cos (  θ  h o u r   ) )  



(6)




where  Φ  is the local latitude,    θ  h o u r     is the solar hour angle, and    θ  d e c     is the solar declination, which can be expressed as


     θ  d e c   = 0.3723 + 23.2567 ⋅ sin (  θ  d a y   ) + 0.1149 ⋅ sin ( 2 ⋅  θ  d a y   ) − 0.1712 ⋅ sin ( 3 ⋅  θ  d a y   )         − 0.758 ⋅ cos (  θ  d a y   ) + 0.3656 ⋅ cos ( 2 ⋅  θ  d a y   ) + 0.0201 ⋅ cos ( 3 ⋅  θ  d a y   )    



(7)






   θ  h o u r   = ( t i m e +  e t  / 60 − 12 ) ⋅ 15  



(8)




where    e t    is the time correction term. The scattered radiation intensity at the airship’s cruising altitude    I  d h     can be calculated as


   I  d h   = 0.5 ⋅ sin    θ  e l e     ⋅   a m r ( 1 −  τ h  )   a m r − 1.41 ⋅  τ h    ⋅     1 +  e e  ⋅ cos (  λ e  )   1 −  e e 2      ⋅  I  h 0    



(9)








2.2. Solar Radiation Model


The angle between PV modules and the solar irradiance vector is closely associated with their placement, thus requiring the development of a solar irradiance distribution model for PV arrays. Divide the PV array into m × n units, with the axial direction divided into m segments and the radial direction divided into n segments, and the central angle is   d θ  , as shown in Figure 1. The unit normal vector of each PV module is     n →   i j   =    n  i j x   ,  n  i j y   ,  n  i j z      . The envelope of the airship can be considered a planar curve obtained by rotating around a symmetric axis. The equation of the control surface can be expressed as


  F =  x 2  +  y 2  −  z 2   



(10)




where  x ,  y , and  z  represent the three axis coordinates of the airship. In this paper, we utilize the GNVR-50 airship, and its envelope equation can be given by


        z =   0.25  D 2  ⋅ ( 1 −     ( x − 1.25 D )  2    1.5625  D 2    )             0 ≤ x < 1.25 D         z =   16  D 2  −   ( x − 1.25 D )  2    − 3.5  D 2        1.25 D ≤ x < 2.875 D       z =   0.1373 D ⋅ ( 1.7998 D − ( x − 1.25 D ) )       2.875 D ≤ x < 3.05 D        



(11)




where  D  is the airship’s maximum diameter. To determine the angle between the PV module and the irradiation vector, the module normal vector and the direct radiation unit vector     n →  s    in the inertial coordinate need to be calculated. The module normal vector     n →   i j     and the unit cell area    A  i j     in the inertial coordinate system can be calculated as


    n →   i j   = R ⋅       ∂ F   ∂  x  i j     ,   ∂ F   ∂  y  i j     ,   ∂ F   ∂  z  i j                 ∂ F   ∂  x  i j        2  +       ∂ F   ∂  y  i j        2  +       ∂ F   ∂  z  i j        2       



(12)






   A  i j   = r d θ d x   1 +  r ′     x   2     



(13)




where    x  i j    ,    y  i j    , and    z  i j     are the x, y and z coordinates of central point of the module   i j  , respectively.   r  x    is the airship cross-section.  R  is the transformation from the airship coordinate system to the inertial coordinate system, given by


  R =        C φ  ⋅  C ψ       S ϕ  ⋅  S φ  ⋅  C ψ  −  C ϕ  ⋅  S ψ       C ϕ  ⋅  S φ  ⋅  C ψ         C φ  ⋅  S ψ       C ϕ  ⋅  C ψ  +  S ϕ  ⋅  S φ  ⋅  S ψ       S ψ  ⋅  S φ  ⋅  C ϕ  −  S ϕ  ⋅  C ψ        −  S φ       C ψ  ⋅  S ϕ       C ϕ  ⋅  C φ         



(14)




where C = cos, S = sin, and  ψ ,  φ , and  ϕ  are the yaw angle, pitch angle and roll angle, respectively. The unit vector of solar direct radiation     n →  s    can be calculated as


    n →  s  =     n →   s x   ,   n →   s y   ,   n →   s z     =   − cos  θ  e l e   ⋅ cos  θ  a z i   , − cos  θ  e l e   ⋅ sin  θ  a z i   , sin  θ  e l e      



(15)




where    θ  a z i     is the azimuth angle, defined as


   θ  a z i   = arccos (   sin (  θ  e l e   ) sin ( Φ ) − sin (  θ  d e c   )   cos (  θ  e l e   ) cos ( Φ )   )  



(16)







The projection coefficient of the solar direct irradiance    ω p    on the module surface is defined as [37]


   ω p  =           n →  s  ⋅   n →   i j           n →  s  ⋅   n →   i j   < 0 , −  θ  D I P   <  θ  e l e   < π +  θ  D I P        0    o t h e r s        



(17)




where    θ  D I P     is the angle of view at the altitude h, as shown in Figure 2.


   θ  D I P   = arccos (    r 0   /     r 0  + h   )    



(18)




where    r 0    is the radius of Earth. The intensity of direct irradiation    I  d 0 , i j     received by the PV module is given by


   I  d 0 , i j   =  ω p  ⋅  I  d 0    



(19)







The scattered radiation    I  d h , i j     unit is expressed as


   I  d h , i j   =  1 2  ( 1 − cos  α  i j   ) ⋅  I  d h    



(20)




where    α  i j     is the angle between the module and the horizontal plane, which can be obtained by


   α  i j   = arccos       n →   i j   ⋅   n →  z        n →   i j     ⋅     n →  z         



(21)







The total irradiance power of the PV module    Q  s u n , i j     can be calculated as


   Q  s u n , i j   = (  I  d 0 , i j   +  I  d h , i j   ) ⋅  A  i j    



(22)







.




2.3. PV Array Output Power Model


The output power of PV module    P  P V , i j     is represented as


   P  P V , i j   =  η  i j   ⋅  Q  s u n , i j    



(23)




where    η  i j     is the PV conversion efficiency of the PV module, which can be expressed as a function of temperature.


   η  i j   = 1 + δ (  T  i j   −  T  r e f   )  



(24)




where  δ  is the power temperature coefficient of the PV module, typically a negative value, indicating that as the PV module temperature increases, the efficiency decreases.    T  i j     and    T  r e f     are operating temperature and reference temperature, respectively. Thus, establishing a thermal model to calculate the temperature of a PV module is necessary. The thermal equilibrium equation of a PV module is defined as [38]


   c p  ⋅  ρ p  ⋅  A  i j   ⋅   T ˙   i j   =  Q  s u n , i j   −  Q  c o n , i j   −  Q  i r e , i j   −  P  P V , i j    



(25)




where    c p    is the specific heat capacity of the PV module,    ρ p    is the areal density,    Q  c o n , i j     and    Q  i r e , i j     are the convective heat transfer energy and infrared radiation energy, respectively. The convective heat transfer    Q  c o n , i j     between the PV module and the atmosphere is given by [6]


   Q  c o n , i j   =  A  i j   ⋅    T  i j   −  T  a i r     ⋅      h  f r e e  3  +  h  f o r c e d  e       1 3     



(26)




where    T  a i r     is the atmospheric temperature,    h  f r e e     and    h  f o r c e d     are the natural convective heat transfer coefficient and forced convective heat transfer coefficient, which can be expressed as


   h  f r e e   =   N  u  a i r    K  a i r    / L   



(27)






   h  f o r c e d   =  K  a i r     2 + 0.41 ⋅   Re   a i r   0.55      



(28)




where   N  u  a i r     is the free convection Nusselt number,    K  a i r     is the atmosphere thermal conductivity,     Re   a i r     is the Reynolds number, and  L  is the feature size.



The infrared radiation between the PV module and the atmosphere is calculated as


   Q  i r e   =  ε e  ⋅ σ ⋅    T  i j  4  −  T  a i r  4    ⋅  A  i j    



(29)




where    ε e    is the external emissivity of infrared radiation,  σ  is the Stefan–Boltzmann constant (  1.38 ×   10   − 23     J/K).




2.4. The Diode Equivalent Model of a Solar Cell


The modeling of solar cells plays a crucial role in the evaluation of the reconfiguration technique’s efficiency. Multiple modeling techniques were employed in the literature, including the one-diode, two-diode, and three-diode models [39,40]. Considering simplicity and practicality, the single-diode model was adopted for modeling solar cells, as shown in Figure 3. According to Kirchhoff’s Current Law (KCL), the equations for the output current and output voltage under the irradiance intensity G can be expressed as [41]


   I  m , i j   =  I  p h , i j   −  I 0    exp     q    V  P V , i j   +  R s   I s      σ A  T  i j       − 1   −      V  P V , i j   +  R s   I  m , i j      R  s h        



(30)




where    I  m , i j    ,    I  p h , i j    , and    I 0    are the output current, photoelectric current and saturation current, respectively.    V  P V , i j     is the operating voltage.    R s   ,    R  s h    , and    C p    are the series resistance, parallel resistance, and parallel capacitor, respectively.  q  is the electric charge (  1.6 ×   10   − 23    C).  A  is the quality factor of the diode. The photoelectric current    I  p h , i j     is calculated as


   I  p h , i j   =  I  r e f      G   G  r e f         1 +  α 1     T  i j   −  T  r e f            R s  +  R  s h        R  s h      



(31)




where    I  r e f     is the short-circuit current under standard irradiance    G  r e f     (1000 W/m2) and standard temperature    T  r e f     (25 °C).    α 1    is the module’s temperature coefficient for current.





3. Methodology


3.1. TCT Configuration


TCT configuration is realized from the series parallel configuration by connecting cross ties across each row of the junctions. Each module is designated   i j  , where  i  is the row number and  j  is the column number. For example, module 13 is located in the first row and third column. Applying the KVL, the array voltage    V  P V     is equal to the sum of the voltages across the rows.


   V  P V   =   ∑  i = 1  m    V i     



(32)







According to KCL, the current at each node can be expressed as


   I a  =   ∑  j = 1  n      I  i j   −  I    i + 1   j     = 0     i = 1 , 2 , 3 , ⋯ , 6  



(33)








3.2. Irradiance Distribution Characteristic of PV Array


The size of airship is much larger than that of single PV module, with each module being considered a panel. The PV array of airship adopts a 6 × 6 TCT configuration, totaling 36 modules. During stable altitude cruising, the helium inside the airship’s envelope experiences superheating and overpressure due to radiant heating, resulting in regular fluctuations in pitch angle. Simultaneously, the yaw angle frequently changes in response to variations in the flight trajectory and wind conditions. The simultaneous influence of pitch angle, yaw angle and solar incidence angle results in irregular variations in the irradiance distribution of PV array. To investigate this distribution characteristics, the airspace over 23° N, 115° E is selected as a representative flying area, with the typical flight conditions specified in Table 1.



Figure 4 illustrates the irradiance distribution characteristics of the PV array corresponding for 4 different attitude angles. At a yaw angle of 270° and an angle of 10° (Figure 4a), the PV array’s irradiance intensity ranges from 7 to 1015 W/m2. The sun is located in the right rear position of the airship. Consequently, the irradiance intensity decreases diagonally from right to left and from rear to front. A significant change in irradiance distribution occurs when the yaw angle shifts to 90° (Figure 4d). In this scenario, the top-left corner exhibits the highest irradiance intensity, peaking at 1100 W/m2, while the bottom-right corner displays the lowest intensity at 76 W/m2. Similar patterns are observed in Figure 4b,c. In Figure 4b, module 61 in the bottom-left corner demonstrates the highest irradiance intensity, whereas module 16 in the top-right corner exhibits the lowest intensity. Conversely, Figure 4c reveals an opposite pattern compared to Figure 4b.



Despite the significant and frequent variations in irradiance intensity among the airship’s PV modules, there is always a certain pattern: the irradiance intensity gradually decreases radially and circumferentially from a particular component with the highest irradiance intensity. This is a unique characteristic observed in PV arrays of airships, distinguishing them from ground-based PV systems.




3.3. Static Reconfiguration


The non-uniformity in the sum of row irradiances is the main cause of mismatch issues of TCT configuration PV arrays. Velasco-Quesada [42] pointed out that, to maximize the available power at the PV array output, it is desirable that none of the series-connected rows of parallel-connected PV modules limit the current flowing in a single string. If the total irradiance and current of each row are equal, the mismatch loss is minimized, and the actual output power is close to the theoretical output power. Hence, the criterion for static reconfiguration of TCT-configured PV arrays is to achieve power balance among the rows by adjusting the interconnection relationships of the PV modules.



The shadows in terrestrial PV systems caused by local obstructions such as surrounding buildings and vegetation usually exhibit a concentrated distribution. This localized shading results in PV array’s mismatch loss and significantly reduces the output power. The objective of PV array static reconfiguration is to evenly disperse concentrated shadows across the entire array, thereby reducing mismatch losses. Figure 5 illustrates the distribution of shadows before and after the static reconfiguration of terrestrial PV systems. Static reconfiguration does not require additional switches or actuators, nor does it necessitate consideration of the increased cable weight cost resulting from heightened complexity of the configuration [43]. For airship PV arrays, the shadows exhibit a regular distribution, requiring a design that considers this distribution characteristic. Simultaneously, the complexity of module interconnections must be considered to minimize additional cable weight costs.




3.4. Airship PV Array Reconfiguration Technique Using Reverse Combination Method


For conventional TCT or SP connections, it is not possible to simultaneously achieve uniform radial and axial irradiance. Based on the analysis of the irradiance distribution characteristic of the PV array in Section 3.2, the irradiance of the PV array often exhibits a diagonal distribution pattern. By splitting the rows with the maximum and minimum irradiance into two interleaved parts and recombining them, the irradiance of these two rows can be made uniform. Subsequently, the same combination is applied to the rows with the second largest and second smallest irradiance, and so on, until all rows have been recombined, achieving uniform irradiance distributions in both rows and columns of the PV array. This is the “reverse combination” (RC) configuration proposed for stratospheric airship PV arrays. A 6 × 6 TCT PV array is chosen as the object of reconfiguration. Each module in the array is established by the index ‘ij’. For illustration, ‘34’ represents the module in the third row and fourth column. The given 6 × 6 square array undergoes static reconfiguration through four key steps by RC configuration.



Step 1: First, the positions of PV modules in the odd-numbered columns remain unchanged. The positive and negative polarities of the modules in the even-numbered columns are rotated to be opposite to those in the odd-numbered columns, while keeping the layout of the components unchanged, as shown in Figure 6a. The entire array is then divided into two groups: the positive order group and the reverse order group. Each group is a 6 × 3 array comprising a total of 18 modules and arranged with column spacing.



Step 2: The positive-order group and the reverse-order group are interconnected as TCT configurations, as presented in Figure 6b. These two TCT configurations are completely opposite. For the positive-order group, the first row corresponds to module 11, and its positive pole is connected to positive busbar of the array. Module 61’s negative terminal is connected to the negative busbar. Conversely, for the reverse group, module 62’s positive terminal is connected to the positive busbar, and component 12’s negative terminal is connected to the negative busbar.



Step 3: Connect the same row buses of the positive-order group and the reverse-order group separately. For example, the positive busbar of module 11 is connected to the positive busbar of module 62, the positive busbar corresponding to module 21 is connected to the positive busbar corresponding to module 52, and so on, until all the busbars of the two groups are connected. The final interconnection state is shown in Figure 6c. The row consisting of modules ‘11’, ‘62’, ‘13’, ‘64’, ‘15’, and ‘66’ is considered the first row of the configurated PV array, with the corresponding positive busbar being the PV array’s positive busbar. Modules ‘61’, ‘12’, ‘63’, ‘14’, ‘65’, and ‘16’ are the last rows of the PV array, and the corresponding negative bus is the negative bus of the array.





4. Simulation Results and Discussion


The performance of the RC configuration is evaluated by analyzing various irradiance distribution patterns. The computational results are compared to the TCT, an SP based on the PV array’s output power. A 6 × 6 PV array model is developed using the MATLAB/SIMULINK (R2020a) platform. The characteristic curve, mismatch loss power, and fill factor of the PV array are analyzed to validate the RC’s advanced configuration. Furthermore, simulations are conducted under real flight conditions, comparing the cumulative output energy to the TCT and SP configurations.



4.1. Analysis of the Performance of the Reverse Combination (RC) Configuration


4.1.1. Characteristic Curves


Figure 7 demonstrates the conventional configurations of the PV array on the airship: SP, Vertical TCT (VTCT), and Horizontal TCT (HTCT). To demonstrate the advantages of the RC, a comparative analysis is conducted on the characteristic curves with SP, VTCT, and HTCT. Typical operating conditions from Table 2 are taken into consideration, and the corresponding I-V curves and P-V curves were simulated for the four configurations. The simulation results are depicted in Figure 8. The main parameters of the PV module under standard test conditions (STC) are shown in Table 2, and the area of the PV module is 32 m2. The PV array operates at an altitude of 20 km, and the environmental temperature is set to −80 °C.



For operating condition 1, based on Figure 8a,b, the maximum output powers of the PV array are as follows: SP—98.4 kW, VTCT—102.7 kW, HTCT—81.2 kW, and RC—118.3 kW. The HTCT configuration arranges the rows of the PV modules along the airship axis. The variation in irradiance between rows is primarily influenced by yaw angle and circumferential curvature, resulting in the poorest uniformity of row irradiance and the highest level of mismatch losses. This also leads to the presence of three distinct local MPPs. In contrast, the SP and VTCT configurations arrange the modules radially along the airship, resulting in lower irradiance variations between rows due to the radial curvature and pitch angle. However, there are still mismatch losses and two local MPPs. The RC configuration performs optimally, exhibiting smooth I-V and P-V curves, and achieving the highest maximum power among the array curves. This configuration is based on the reconfiguration of VTCT and minimizes the variation in irradiance between rows caused by the longitudinal curvature and pitch angle, thereby minimizing mismatch losses.



Similar results are observed for condition 2 (Figure 8c,d), condition 3 (Figure 8e,f), and condition 4 (Figure 8g,h). In all three conditions, the RC method demonstrates an obvious advantage with output powers of 145.3 kW, 92.6 kW, and 152.2 kW, respectively. These values are 8.3%, 28%, and 14.8% higher than the second-best VTCT configuration. Furthermore, a noticeable difference in the smoothness of the I-V and P-V curves for the RC configuration can be clearly observed compared with the other three configurations.




4.1.2. Mismatch Loss Power


Mismatch loss is defined as the difference between the sum of the theoretical maximum output powers of each module under the current irradiation conditions and the sum of the maximum possible output power of the PV array, which can be given by


   P  mis   =   ∑ j n     ∑ i m    P  i j , M P P     −        P  a r r a y , G M P P    



(34)







The maximum theoretical output power and mismatch losses are calculated for four conditions using Equation (34). Figure 9 and Figure 10 present the statistical results for the mismatch loss power and power loss rate, respectively. The RC configuration demonstrates the lowest mismatch loss powers of 3.4 kW, 4.3 kW, 4.7 kW, and 3.1 kW, which are only 3% to 5% lower than the theoretical maximum output. This is attributed to the RC configuration’s ability to achieve uniform irradiance along both the axial and radial directions of the airship array. As a result, the RC configuration exhibits a distinct advantage in terms of the array power retention rate.




4.1.3. Fill Factor (FF)


The FF is a crucial indicator used to measure the efficiency of solar cell outputs. It is determined by the ratio between the product of the open-circuit voltage and short-circuit current of the array and the maximum power of the array. A higher fill factor indicates the superior quality of the solar cell array. The calculation formula is as follows [44]:


  F F =    V  m p   ×  I  m p      V  o c   ×  I  s c      



(35)







Figure 11 illustrates a comparison of the FF for 4 configurations: SP, VTCT, RC, and HTCT. The results indicate that the proposed RC configuration significantly increases the FF value. Furthermore, under various operating conditions, the PV array’s FF remains stable at approximately 0.74, which is close to the theoretical optimum value.





4.2. Simulation of Flight Cruising in a Real Wind Field


4.2.1. Flight Condition


Airships typically cruise at a fixed altitude with a constant roll angle. In this paper, the cruising altitude of the airship is set to 20 km, and the roll angle is set to 0°. The pitch angle oscillates according to the wind conditions and differential pressure on the envelope and is set within the range of −10° to 10°.



The cruising dates selected are from 21 December to 24 December, which correspond to the period with the lowest solar irradiance during the year. The variations in wind speed and wind direction are depicted in Figure 12, and the variations of the pitch angle and yaw angle are depicted in Figure 13. On 21 December and 22 December, the average wind speed exceeds 60 km/h, while the wind direction undergoes a shift from 250° to 0°. Therefore, the airship’s maneuvering strategy is set to resist the wind and remain in position, always facing the incoming flow to minimize energy consumption. Subsequently, on the following two days, there is a significant decrease in wind speed, with an average below 40 km/h, and the wind direction varies between 0° and 200°. With the wind speed decreasing, the airship’s cruise strategy was switched from maintaining its position to circular cruising. The cruising radius is set to 20 km, and the cruising cycle is established to be 2 h.




4.2.2. Comparison of Energy Generation


Figure 14a,b illustrate the electricity generation of the PV array for the two-day wind-resistance strategy. The red, blue, yellow, and green lines represent the RC, SP, VTCT, and HTCT, respectively. With this strategy, the airship exhibits minimal yaw angle variation, resulting in a stable output power curve for the array. The airship experiences minimal variation in yaw angle, and the output power of the PV array is relatively stable. On 21 December, the PV array began generating electricity at 7:00, reaching maximum power at approximately 13:00, with values of 186.5 kW, 171.2 kW, 177.8 kW, and 135.2 kW for the RC, SP, VTCT, and HTCT, respectively. Electricity generation ceased at 17:50, with the RC maintaining the highest output power throughout the day. Notably, the RC configuration showed significant improvement during the time periods of 9:00 to 11:00 and 14:00 to 16:00. This can be attributed to lower solar altitude and the airship’s curvature, resulting in significant differences in the irradiance distribution along the axial and radial. Due to rapid changes in pitch angles, all configurations experienced fluctuations at 14:20 and 16:50. Figure 14b exhibits the same pattern. It is worth noting that on both days of the simulation, the HTCT configuration consistently exhibited the lowest output power. Configurations with row modules arranged radially on the airship are inferior and unsuitable for airship PV array deployment.



The PV array exhibits more pronounced fluctuations in output power during the circular cruising strategy compared to wind resistance, as depicted in Figure 14c,d. On 23 December, with periodic changes in the roll angle, the output curves of the SP and VTCT configurations show significant power dips, occurring 7 times and aligning with the airship’s cruising cycle. Conversely, the HTCT configuration exhibits opposite fluctuations. The RC configuration maintains a stable power output, with only a minor power fluctuation occurring at 13:00, and the output power remains at its maximum throughout the entire irradiation process. Additionally, the RC configuration performs even better on 24 December, with no power fluctuations observed throughout the full irradiation period, despite other configurations still experiencing significant cyclic fluctuations, while maintaining the optimal output power consistently. For circular cruising, the RC configuration not only enhances the output power of the PV array but also improves the stability of the PV array’s output. Furthermore, it is evident that the yaw angle has a greater impact on the output power than the roll angle during the cruising mode.



Figure 15 presents the daily energy generation of the four configurations. The RC configuration consistently demonstrates the highest performance level throughout the four-day flight period. The total energy output amounts to 10,220 kWh, surpassing the VTCT configuration by 10.6%, the SP configuration by 13.8%, and the HTCT configuration by 26.6%. This significant improvement enhances the power supply capability of the PV array, thus confirming the superiority of the proposed RC configuration. The introduced RC configuration offers a promising solution to mitigate the energy shortage issue during months with low irradiation, providing valuable insights for the design of stratospheric airship PV arrays of stratospheric airships.






5. Conclusions


In this paper, we propose a novel RC configuration that involves dividing the PV array into two groups arranged in forward and reverse and recombining them to homogenize both the row and column irradiance of the airship PV array. This approach aims to reduce mismatch losses and enhance the output power of the PV array. Through simulation verification, it has been demonstrated that the proposed RC configuration effectively improves the output power of the airship photovoltaic array compared to the traditional TCT and SP configurations. Additionally, the issue of local maximum power points caused by variations in irradiance distribution are eliminated. The main conclusions can be summarized as follows:




	(1)

	
The irradiance of the PV array exhibits a radial and circumferential gradient along the stratospheric airship. This gradient distribution varies systematically with the pitch and yaw angles. The non-uniformity in the irradiance distribution across the array leads to mismatch losses and significantly impacts the power output of the PV array.




	(2)

	
The RC configuration optimizes the distribution of irradiance by combining adjacent column components in reverse order. This approach reduces the differences in irradiance among the row components of the array, thereby decreasing mismatch losses. Simulation results demonstrate that the RC configuration significantly enhances the output power of the PV array and eliminates localized MPP on the P-V curve.




	(3)

	
The performance of the RC configuration surpasses that of the SP, HTCT, and VTCT configurations. It achieves the highest output power during the entire day’s operation. The net energy accumulated on the four days is 10.6% higher than the suboptimal HTCT configuration. Implementing this configuration can alleviate to some extent the energy shortage issue during weak irradiance flight conditions.









For airships with frequent variations in attitude angles, the performance of the RC configuration surpasses that of the TCT and SP configurations. However, the increased complexity of the RC configuration system and the additional mass of cables and structural attachments it brings have not been evaluated. In future work, we would like to conduct ground-scale experiments to validate the effectiveness of the proposed RC configuration and assess the cost of additional weight. Additionally, we intend to extend this configuration to other solar-powered aerial vehicles, such as solar drones and high-altitude balloons.
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Nomenclature




	
   a m r   

	
air mass ratio




	
    A  i j     

	
unit solar cell area, m2




	
    c p    

	
specific heat capacity of PV module, J/(kg·K)




	
    d n    

	
day number in a year




	
D

	
the airship’s maximum diameter, m




	
    e e    

	
orbital eccentricity of Earth




	
    e t    

	
time correction term




	
    h  f r e e     

	
natural convective heat transfer coefficient




	
    h  f o r c e d     

	
forced convective heat transfer coefficient




	
    I 0    

	
saturation current, A




	
    I  d 0     

	
direct radiation intensity, W/m2




	
    I  d h     

	
scattered radiation intensity, W/m2




	
    I  m , i j     

	
output current of PV module, A




	
    I  m p     

	
maximum power point current, A




	
    I  p h , i j     

	
photoelectric current of PV module, A




	
    I  r e f     

	
short-circuit current under standard irradiance, A




	
    I  s c     

	
short circuit current, A




	
    K  a i r     

	
atmosphere thermal conductivity




	
m

	
number of cell units in the circumferential direction




	
n

	
number of cell units in the axial direction




	
     n →   i j     

	
unit normal vector of PV module




	
    N r    

	
correction term of day number




	
     n →  s    

	
unit vector of solar direct radiation




	
   N  u  a i r     

	
free convection Nusselt number




	
    p 0    

	
atmospheric pressure and sea level, Pa




	
    p h    

	
atmospheric pressure at the cruising altitude, Pa




	
    P  mis     

	
mismatch loss power, kW




	
    P  P V , i j     

	
output power of PV module, W




	
  q  

	
electric charge, C




	
    Q  c o n , i j     

	
convective heat transfer energy, J




	
    Q  s u n , i j     

	
total irradiance power of PV module, W




	
    Q  i r e , i j     

	
infrared radiation energy, J




	
  R  

	
transformation from the airship coordinate system to the inertial coordinate system




	
    r 0    

	
radius of Earth




	
     Re   a i r     

	
Reynolds number




	
    R s    

	
series resistance of PV module




	
    R  s h     

	
parallel resistance of PV module




	
    T  a i r     

	
atmospheric temperature, K




	
    T  r e f     

	
reference temperature, K




	
    T  i j     

	
operating temperature of PV module, K




	
    V  m p     

	
maximum power point voltage, V




	
    V  P V     

	
voltage of PV array, V




	
    V  o c     

	
open circuit voltage, V




	
x

	
x coordinate in airship body reference system, m




	
y

	
y coordinate in airship body reference system, m




	
z

	
z coordinate in airship body reference system, m




	
    α  i j     

	
angle between PV module and horizontal plane




	
    ε e    

	
external emissivity of infrared radiation




	
    θ  a z i     

	
azimuth angle




	
    θ  d a y     

	
solar day angle




	
    θ  d e c     

	
solar declination angle




	
    θ  D I P     

	
angle of view




	
    θ  e l e     

	
solar elevation angle




	
    θ  h o u r     

	
solar hour angle




	
  ψ  

	
yaw angle




	
  φ  

	
pitch angle




	
  ϕ  

	
roll angle




	
  Φ  

	
local latitude




	
    τ h    

	
atmospheric transmissivity




	
    λ e    

	
true anomaly




	
  δ  

	
power temperature coefficient of PV module




	
    ρ p    

	
areal density PV module, kg/m2




	
  σ  

	
Stefan–Boltzmann constant, J/K




	
Abbreviation




	
BL

	
bridge-link




	
FF

	
fill factor




	
HC

	
honey-comb




	
HTCT

	
horizontal total-cross-tied




	
KCL

	
Kirchhoff’s current law




	
SP

	
series–parallel




	
TCT

	
total-cross-tied




	
VTCT

	
vertical total-cross-tied
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Figure 1. Schematic diagram of stratospheric airship PV array [36]. 
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Figure 2. Schematic of    θ  D I P    . 
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Figure 3. Single-diode model of solar cell. 
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Figure 4. Irradiance distribution characteristics: (a) condition 1; (b) condition 2; (c) condition 3; (d) condition 4. 
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Figure 5. Static terrestrial PV Array reconfiguration. 
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Figure 6. Implementation of reverse combination method step in a 6 × 6 PV array. 
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Figure 7. Diagram of SP, VTCT, and HTCT. 
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Figure 8. Characteristic curves for SP, VTCT, RC and HTCT: (a) I-V curve for condition 1; (b) P-V curve for condition 1; (c) I-V curve for condition 2; (d) P-V curve for condition 2; (e) I-V curve for condition 2; (f) P-V curve for condition 2; (g) I-V curve for condition 2; (h) P-V curve for condition 2. 
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Figure 9. Mismatch loss power for conditions 1 to 4. 
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Figure 10. Power loss rates for conditions 1 to 4. 
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Figure 11. Estimation of fill factors for conditions 1 to 4. 
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Figure 12. Wind speed and direction from 21 December to 25 December. 
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Figure 13. Yaw angle and Pitch angle from 21 December to 25 December. 
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Figure 14. Comparison of output power during daytime: (a) 21 December; (b) 22 December; (c) 23 December; (d) 24 December. 
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Figure 15. Comparison of daily output energy. 
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Table 1. Flight conditions and attitude angles.
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	Condition
	Date
	Time
	Pitch Angle
	Yaw Angle





	1
	12.25
	10:00
	−8
	270



	2
	12.25
	10:00
	10
	10



	3
	12.25
	10:00
	8
	180



	4
	12.25
	10:00
	−6
	120










 





Table 2. Parameters for PV module.
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	Parameter
	Value





	Maximum power
	6477.6 W



	   Open   circuit   voltage    V  o c     
	133.5 V



	   Short   circuit   current    I  s c     
	67.36 A



	   Maximum   power   point   voltage    V  m p     
	105.3 V



	   Maximum   power   point   current    I  m p     
	61.52 A



	   Temperature   coefficient   of    V  o c     
	−0.363%/°C



	Temperature coefficient of    I  s c    
	−0.0843%/°C



	   Shunt   resistance    R  s h     
	968.6 Ω



	   Series   resistance    R s    
	0.58 Ω
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