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Abstract

:

Among several usages of unmanned aerial vehicles (UAV), wireless relay systems for high altitudes using fixed-wing UAVs, or high-altitude platform stations (HAPS), are some of the most promising applications. To realize the systems by making the most of advantages of the long flight duration and endurance of fixed-wing airplanes, this paper proposes an antenna pointing control system using mechanical gimbals onboard a fixed-wing UAV continuously turning midair and describes results of the blocking analysis of the antenna driving angles of the gimbal directed to a ground station, the design of the antenna pointing control system, and the evaluation of its performance. It is confirmed by the evaluation that, though the antenna pointing control accuracy is greatly influenced by the noisy antenna pointing direction command, its accuracy is greatly improved by using the highly accurate RF sensor to detect antenna pointing direction.
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1. Introduction


Unmanned aerial vehicles (UAV), perhaps most notably represented by multicopters, have recently been used to provide diverse services, including the monitoring of crops and forests, measuring area, transporting commercial goods, relaying video and data, and inspecting tunnels, bridges, and buildings. Among the several uses of UAVs, wireless relay systems for high altitudes using fixed-wing UAVs [1,2], or high-altitude platform stations (HAPS) [3,4,5,6,7], are some of the most promising applications.



The concept of HAPS was formulated at the World Radiocommunication Conference in 1997, organized by the International Telecommunication Union (ITU) [3,7]. Since the 1990s, HAPS have been actively studied as radio relay stations using airships and airplanes that fly in the stratosphere where the airflow is relatively stable. Now that recent improvements in aircraft performance have reinvigorated the study of the technology, HAPS are drawing attention from telecommunication industries again and anticipated to support disaster-resistant and economical networks by performing wireless relay over a wide range, as shown in Figure 1. The fixed UAV flies and circles over the designated area in the stratosphere, with which communication equipment is equipped and the wireless communication link between mobile station and fixed station is established.



Generally speaking, fixed-wing UAVs have an advantage over multicopters in terms of long flight duration and endurance that makes them suitable for wireless relay that re-quires long-term flight. However, because fixed-wing UAVs cannot hover in the same po-sition, but have to constantly turn to stay midair, the antennas onboard UAVs have to be directed toward the designated ground station regardless of the turning motion of the UAVs.



There are many papers concerning payload pointing system [8,9,10,11]. Most of the systems are mounted on spacecraft, such as observation satellites [8,9,10] and space telescopes [11]. Therefore, the attitude motion of the spacecraft is very low, and its angular velocity is near zero. Besides, commands into the control system are almost constant, and all sensors onboard the spacecraft have a few noises compared to those of the UAV.



In contrast, in case of the fixed wing UAVs, the UAVs are subject to a large disturbance represented by winds, and the disturbance causes large deviations of attitude angles and large attitude angular velocities of the UAV, and the body of the UAV may block the antenna direction. In addition, as the positions and attitudes of the UAV greatly change during its flight, the commands into the antenna pointing control system also greatly change every moment and should be generated by using measured attitude angles with relatively large noises.



In this situation, it is very important to clarify conditions both to avoid blocking the antenna direction by aircraft bodies and to realize highly accurate antenna pointing control systems for the designated ground station.



This paper is configured as follows. Section 2 describes the antenna pointing control system using mechanical gimbals. Next, Section 3 describes the blocking analysis of the antenna’s pointing direction by a UAV during its turns in flight. Section 4 then explains how to determine an antenna’s size and pointing accuracy, after which Section 5 de-scribes the configuration of the antenna pointing control system and its design method. Section 6 describes the results of simulations, and Section 7 concludes the paper and de-scribes future outlook on study.




2. The Antenna Pointing Control System


2.1. Mechanical Antenna Pointing Control


As shown in Figure 2, there are two methods of directing antennas: electronic scan-ning and mechanical scanning. The merits and demerits of both methods are summarized in Table 1. Whereas electronic scanning has been investigated for directing antennas in HAPS [12,13], mechanical scanning has usually been studied only in combination with electronic scanning [14,15]. In our study, by focusing on the gain fluctuation and pointing accuracy in relation to weight, we studied the antenna pointing control system based on mechanical scanning with a two-axis gimbal system [16].




2.2. Proposed Antenna Pointing Control System


The proposed mechanical antenna pointing control system has mechanical two-axis gimbals mounted on board a fixed-wing UAV, as shown in Figure 3. To relay a wireless circuit, it is necessary to equip two antennas, each driven by a two-axis gimbal, on the fixed-wing UAV. In addition, these antennas are covered with a radome to reduce air re-sistance.



Realizing the proposed antenna pointing control system requires investigating the command antenna’s driving angle, including conditions to block the antenna’s direction by the UAV body itself, the required pointing accuracy, and motional interferences be-tween the UAV and the two-axis gimbal.



As the UAV turns, the direction of the onboard antenna should change, corresponding to the roll angle, heading angle, and the positions of the UAV. If the roll angle increases, depending on the distance between the UAV and the ground station, as well as on the altitude, then the UAV body may block the antenna’s direction. Therefore, the antenna’s direction angle with respect to body-fixed coordinates is analytically derived by using the attitudes and positions of the UAV as parameters, which can clarify the conditions in which the antenna’s direction is blocked by the UAV body.



The required pointing accuracy is critical for the antenna pointing control system. The required accuracy can be determined according to the antenna’s size, i.e., antenna pattern, the frequency used, and transmitting power, so as to satisfy the ITU’s Recommen-dations and Report [17,18].



Another problem peculiar to mechanical scanning antennas is that the drive of the antenna influences the motion of the UAV, thereby resulting in a change in the antenna’s direction. Conversely, the motion of the UAV also influences the motion of the antenna—that is, the two-axis gimbal. Those effects can be clarified by analyzing the dynamics of the UAV attitude and the antenna driven by the two-axis gimbal.





3. Antenna Pointing Direction and Its Blockage by UAVs


3.1. Target Commands of Antenna Driving Angle


In the proposed system, two-axis gimbals with directional antennas are attached to the underside of the fixed-wing UAV to establish a wireless link between a fixed-wing UAV for relay and one ground station. The gimbals point the antenna’s main beams toward the ground station by driving the azimuth and elevation angles. The target antenna’s pointing direction is calculated by using the turning position and attitude of the fixed-wing UAV and the position of the ground station, as shown in Figure 4 and Figure 5.



In order to use the azimuth and elevation angles for the control system as target commands, those angles must be expressed in the body-fixed coordinates of the UAV. Those angles are calculated using the directional vector     a  _    from the UAV to the ground station, which is expressed in     X   E   −   Y   E   −   Z   E     coordinates, as well as transforming it to       a   B    _   , which is expressed in     X   B   −   Y   B   −   Z   B     coordinates. Detailed operations are shown in Equation (1)–(6) for the elevation angle target command     θ   G C     and in Equation (8)–(11) for the azimuth target command     ψ   G C    



The vector in the direction from the fixed-wing UAV to the ground station is expressed, as shown in Equation (1), by using positions for the UAV and the station expressed in     X   E   −   Y   E   −   Z   E     coordinates. Position data for the UAV are measured by using the GNSS system.


    a  _  =     Q O   E    _  =      − R   cos  ⁡    ψ   P         − R   sin  ⁡    ψ   P   − D       − H       



(1)







The transformation matrix between the ground-fixed coordinate system and the fixed-wing UAV’s body frame coordinate system is defined as shown in Equation (2).


         X   B         Y   B         Z   B        =        sin  ⁡    ψ   P         − cos  ⁡    ψ   P       0       − cos  ⁡    ψ   P     cos  ⁡  ϕ         − sin  ⁡    ψ   P     cos  ⁡  ϕ         − sin  ⁡  ϕ         cos  ⁡    ψ   P     sin  ⁡  ϕ         sin  ⁡    ψ   P     sin  ⁡  ϕ       −   cos  ⁡  ϕ               X   E         Y   E         Z   E         



(2)







Using the transformation matrix in Equation (2), the vector in Equation (1) is ex-pressed in the body frame coordinate system as in Equation (3).


                             a   B    _  =        sin  ⁡    ψ   P         − cos  ⁡    ψ   P       0       − cos  ⁡    ψ   P     cos  ⁡  ϕ         − sin  ⁡    ψ   P     cos  ⁡  ϕ         − sin  ⁡  ϕ         cos  ⁡    ψ   P     sin  ⁡  ϕ         sin  ⁡    ψ   P     sin  ⁡  ϕ       −   cos  ⁡  ϕ          a  _     =      D   cos  ⁡    ψ   P         H   sin  ⁡  ϕ   +   R + D   sin  ⁡    ψ   P         cos  ⁡  ϕ         H   cos  ⁡  ϕ   −   R + D   sin  ⁡    ψ   P       sin  ⁡  ϕ          



(3)







By using the unit vector       n   B    _    in the Z-axis direction of the body frame coordinate system expressed in Equation (4), the inner product with       a   B    _    and       n   B    _    is calculated as shown in Equation (5).


      n   B    _  =      0     0     1       



(4)






      a   B    _  ·     n   B    _  =       a   B    _      cos  ⁡      π   2   −   θ   G C        



(5)







Defining parameters α and β, as shown in Equation (6), and by using the turning radius R, the horizontal distance D, and flight altitude H of the UAV, the elevation angle target command,     θ   G C    , is derived as shown in Equation (7).


  α =   R   H   , β =   D   H    



(6)






    θ   G C   =     sin   − 1    ⁡        a   B    _  ·     n   B    _          a   B    _        =     sin   − 1    ⁡      cos  ⁡  ϕ   +   α + β   sin  ⁡    ψ   P         sin  ⁡  ϕ        α   2   +   β   2   + 2 α β   sin  ⁡    ψ   P   + 1         



(7)







In the same way, in order to obtain the azimuth angle target command, the inner product between the directional vector       a   B , x y    _    shown in Equation (8), which is projected to     X   B   −   Y   B     plane of the UAV, and the unit vector of the X-axis of the UAV, shown in Equation (9), is calculated as Equation (10).


      a   B , x y    _  =      D   cos  ⁡    ψ   P         H   sin  ⁡  ϕ   +   R + D   sin  ⁡    ψ   P         cos  ⁡  ϕ       0       



(8)






      X   B    _  =      1     0     0       



(9)






      a   B , x y    _  ·     X   B    _  =       a   B , x y    _      cos  ⁡    ψ   G C      



(10)







In this case, the outer product between       X   B    _    and       a   B , x y    _    is used to judge the sign of the azimuth angle, as shown in Equation (11). The outer product vector,       X   B    _  ×     a   B , x y    _   , is shown in Equation (12).


      X   B    _  ×     a   B , x y    _  =      0     0       Z   o p         



(11)






    Z   o p   = H   sin  ⁡  ϕ   +   R + D   sin  ⁡    ψ   P         cos  ⁡  ϕ    



(12)







If the     Z   o p     is bigger than or equal zero, the outer product vector will be upward, and the two-axis gimbal will be as shown in Figure 6. The azimuth target command,     ψ   G C    , is derived, as shown in Equation (13).


    ψ   G C   =     cos   − 1    ⁡        a   B , X Y    _  ·     X   B    _          a   B , X Y    _        =     cos   − 1    ⁡    − β   cos  ⁡    ψ   P            β   cos  ⁡    ψ   P         2   +         sin  ⁡  ϕ   −   α + β   sin  ⁡    ψ   P       cos  ⁡  ϕ       2         



(13)







If the     Z   o p     is smaller than zero, the outer product vector will be downward, and the two-axis gimbal will be as shown in Figure 7. Since the angle formed by the outer product is between 0° and 180°, the azimuth target command,     ψ   G C    , is derived, as in Equation (14), to represent an angle between 0° and 360°.


     ψ   G C   = 2 π −     cos   − 1    ⁡        a   B , X Y    _  ·     X   B    _          a   B , X Y    _                                                                                                                                                       = 2 π −     cos   − 1    ⁡    − β   cos  ⁡    ψ   P            β   cos  ⁡    ψ   P         2   +         sin  ⁡  ϕ   −   α + β   sin  ⁡    ψ   P       cos  ⁡  ϕ       2          



(14)







As a result of above operation, the elevation angle target command,     θ   G C    , is derived in Equation (7), whereas the azimuth target command is     ψ   G C    , which is derived in Equations (13) and (14). The     θ   G C     is the angle measured from     X   B   −   Y   B     plane of the UAV, whereas the     ψ   G C     is the angle measured from the X_B-axis of the UAV.




3.2. Fluctuation of the Antenna’s Drive Angle due to Turning


The fluctuations of the antenna’s driving angles during turns in flight are calculated by using Equation (1). A result of antenna driving angle in elevation is shown in Figure 6, with   α   = 0.15,   β   = 7.5, and   ϕ   as parameters. By defining the area blocked by the UAV as     θ   G C   < 0 °  , the area can be determined, as marked in yellow in Figure 8 and Figure 9. In short, as   ϕ   increases, is more likely to block the antenna’s direction.



The fluctuation of the antenna’s elevation angle when   ϕ = 10 °   is expressed with respect to the heading and position of the UAV, as shown in Figure 9. As the UAV tilted left in the same direction as the target antenna, blocking occurred at   48 ° <   ψ   P   < 132 °  .




3.3. Roll Angle to Avoid Blocking


Because the angles of the antennas are driven by two-axis gimbal changes, corresponding to the attitudes and positions of the UAV, it is important to know the conditions for avoiding blocking in advance. To return to Equation (7), when     ψ   P   = 90   degrees,     θ   G C     is as low as possible. Thus, if     θ   G C   < 0   degrees when     ψ   P   = 90   degrees, blocking will inevitably occur. Conditions to avoid blocking can be clarified with Equation (1) by assigning     θ   G C   = 0   degrees and     ψ   P   = 90   degrees, as shown Equation (15).


  ϕ <     tan   − 1    ⁡    1   α + β      



(15)







Using Equation (4), the blocking area can be clarified in relation to   β   and   ϕ  . As examples of realistic values assumed in HAPS, the results in the case of   α   = 0.075 and   α   = 0.15 are shown in Figure 10a,b, respectively. Blocking can be prevented by flying HAPS under flight conditions that avoid the yellow blocking area in Figure 10. The results also confirm that the smaller that   β   and the velocity are, the bigger that   α   is and, in turn, the lower the risk of blocking.




3.4. Blocking Judgement Flow


Figure 11 shows the flow to judge blocking of the antenna’s pointing direction by UAV body. When blocking, change the communication method.





4. Size and Target Pointing Accuracy of Antennas


The size of any antenna mounted on a fixed-wing UAV should comply with the ITU-R Recommendations and Report [17,18]. In particular, the maximum equivalent isotropically radiated power (EIRP) [17], taking into account the antenna pattern and transmitting power, should be lower than the specified values. At the same time, smaller antennas are desirable from the viewpoint of driving the inertia moment. Using recommendations applied to the extremely high frequency (EHF) [19] bands at 31.0–31.3 GHz, the antenna size can be calculated (Figure 12).



As a result, the size of     D   a     is 22 cm, and its beam’s width is 2.6 degrees. If the antenna is smaller than 22 cm, then it will exceed the line specified by ITU Recommendations. By allowing less than 0.7 dB of deviation in the EIRP, the antenna’s pointing accuracy was determined to be 0.13 degrees, or 1/20 of the beam’s width.




5. Design of the Antenna Pointing Control System


5.1. Configuration


The configuration of the proposed antenna pointing control system, shown in Figure 13, consists of two independent control systems, an antenna driving control system, and a flight control system. Antenna pointing angles are measured by using a radio frequency sensor [20]. Generally, the two control systems interfere with each other as reaction torques. However, the magnitude of the interference depends on the magnitude of the inertia moment to be controlled in each system, which can be calculated by using the interference factor [21].



Because the two-axis gimbal with the antenna is directly attached to the bottom of the fixed-wing UAV, the attitude angle error of the UAV is added to the pointing direction error. As mentioned in Section 1, the commands into the antenna pointing control system change every moment and should be generated by using measured attitude angles. This means that commands themselves, shown in Equations (7), (13), and (14), should be calculated by using measured attitude angles   ϕ   and     ψ   P    , which may deteriorate antenna pointing accuracy. Therefore, it is very important to measure antenna pointing angles directly and accurately by using a RF sensor. The antenna driving control system controls the elevation angle and the azimuth angle independently, as shown in Figure 14 and Figure 15 by using the commands.




5.2. Equation of Motion for the Fixed-Wing UAV and Two-Axis Gimbals


To design the proposed control system, it is necessary to clarify the rotational equation of motion for both the UAV and the two-axis gimbals. The reaction torques between the antenna driving control system and the flight control system are explicitly expressed in the equations and can be used to calculate the interference factor.



Equation (5) shows the rotational motion around each axis in the body-fixed coordinates of the UAV and the two-axis gimbals. The equation clarifies that the attitude angular acceleration of the two-axis gimbals multiplied by the inertia moment of the UAV works as a torque on the two-axis gimbals, while the drive of the angle angular acceleration of the two-axis gimbals multiplied by their inertia moment works as a torque on the UAV.



Because the two-axis gimbal structure for the antennas continues to rotate in the azimuth direction, the coordinate system does not match the aircraft axis of the fixed-wing UAV. As a result, the motion in the roll and pitch directions of the aircraft interferes with the driving of the elevation angle of the two-axis gimbals, and the motion in the yaw direction interferes with the driving of the azimuth angle.


          I   x x     0   0   −   I   G Y     sin  ⁡    ψ   A Z       0     0     I   y y     0     I   G Y     cos  ⁡    ψ   A Z       0     0   0     I   z z     0     I   G Z       −   I   G Y     sin  ⁡    ψ   A Z         I   G Y     cos  ⁡    ψ   A Z       0     I   G Y     0     0   0     I   G Z     0     I   G Z               p  ˙        q  ˙        r  ˙          θ   G    ¨          ψ   G    ¨       =      L     M     N       T   G Y         T   G Z                                                       +        I   x z     r  ˙    + I   x z   p q +     I   z z   −   I   y y     q r +   I   G Y   ( r     θ   G    ˙    cos  ⁡    ψ   G     +     θ   G    ˙      ψ   G    ˙    cos  ⁡    ψ   G     ) −   I   G Z       ψ   G    ˙  Q     −     I   x x   −   I   z z     p r −   I   x z       P   2   −   R   2     +   I   G Y   (     θ   G    ˙  r   sin  ⁡    ψ   G     +     θ   G    ˙      ψ   A Z    ˙    sin  ⁡    ψ   G     ) +   I   G Z   p     ψ   G    ˙        I   x z     p  ˙  −     I   y y   −   I   x x     p q −   I   x z   q r −   I   G Y   ( p     θ   G    ˙    cos  ⁡    ψ   G     + q     θ   G    ˙    sin  ⁡    ψ   G     )     0     0        



(16)








5.3. Design


First, the interference between the two control systems can be calculated by the interference factor [21]. After the interference is found to be small enough for the gain margin and phase margin of classical control theory, the two control systems can be designed independently. The interference factor is obtained by converting the block diagram, as shown in Figure 16, for an example, into the form of a block diagram shown in Figure 17 and by calculating Equation (24). For simplicity’s sake and for a worst-case scenario, equations of motion in Equations (17)–(19) are used, and the converted block elements are expressed in Equations (18)–(21).


    I   z z     ψ  ¨  =   T   Z   −   I   G Z       ψ  ¨    G    



(17)






    I   G Z       ψ  ¨    G   =   T   G Z   −   I   G Z     ψ  ¨   



(18)






    ψ   A   =   K   B     ψ   G   + ψ  



(19)






    H   11   =   1     I   z z   −   I   G Z     ·   1     s   2      



(20)






    H   12   = −   1     I   z z   −   I   G Z     ·   1     s   2      



(21)






    H   21   =   1 −   K   B       I   z z   −   I   G Z     ·   1     s   2      



(22)






    H   22   =   1     I   G Z     ·     K   B   − (     I   G Z    /    I   z z     )   1 − (     I   G Z    /    I   z z     )   ·   1     s   2      



(23)






  λ =      H   12     H   21       H   11     H   22      =      1 −   K   B       K   B   − (   I   G Z   /   I   z z   )       



(24)







In the control system, the ratio,     K   B    , of the fluctuation angle of the antenna’s beam to the drive angle of the two-axis gimbal is 1, meaning that interference factor λ is 0. The same result was obtained for the elevation angle of the two-axis gimbal. Those outcomes show that the effect of interference between the two control systems is nil.




5.4. Control Frequency of Antenna Driving Control System


The control frequency required for antenna driving control system can be calculated from the required antenna pointing accuracy and the attitude angular velocity of the fixed-wing UAV, as shown in Equation (25) [22]. Therefore, the calculation results are shown in Figure 18.


    θ   a m   ≥     ω   U A V     2 π   f   A      



(25)







The average absolute values of the attitude angular velocities of the fixed-wing UAV are 4 deg./s for roll angular velocity, 7 deg./s for pitch angular velocity, and 4 deg./s for yaw angular velocity.



Therefore, the control frequency of the antenna driving control system was set to 10 Hz to be satisfied these.





6. Evaluation of Antenna Pointing Control Error


6.1. Conditions


A simulation of the antenna pointing control system was performed by using MATLAB and Simulink. Table 2 shows the parameters for the UAV and the onboard antenna. Assuming that the UAV weighs 30–100 kg, we have adopted the UAV with a mass of 65 kg as an example.



Table 3 shows the flight conditions and the positional relation between the UAV and the ground station as conditions of the simulation. In addition, the wind disturbance was set to 10 m/s with reference to the wind speed in the stratosphere [3].



Errors of attitude angles and accuracy of RF sensor are expected to greatly deteriorate antenna pointing accuracy. So, the pointing accuracy is evaluated by computer simulation assuming that all sensors except RF sensor are normal. The standard deviations of RF sensor are selected as a parameter.



Noises of sensors were considered to be random variables with a zero mean and a specified variance     σ   2    . The standard deviations   σ   for sensors used are summarized in Table 4. As for the RF sensor, its standard deviations are selected as 0.1, 0.05, and 0.01 degrees because the noise deviation should be less than the required antenna pointing accuracy of 0.13 degrees, mentioned in Section 4.



In this simulation, the attitude angle sensor noises become the error of the target command of the antenna driving angle. Therefore, the sensor output of the attitude angle is passed through a low-pass filter with a time constant of 0.3 s and used for the target command Equations (7), (13), and (14).




6.2. Stability Analysis


The controller, which consists of PID elements, for the antenna driving control system was designed by using classical control theory. The bode diagram of the open loop transfer function is shown in Figure 19. From the diagram, the influence can be secured. The phase margin is secured to be about 90 degrees. The crossover frequency of 10 Hz is secured.




6.3. Results


Figure 20, Figure 21, Figure 22, Figure 23, Figure 24 and Figure 25 show the results of the simulation in the listed conditions. Figure 20 shows the attitude angle profile of the UAV, Figure 21 shows the history of the target command of antenna driving angle, Figure 22 shows the history of the antenna’s pointing directions, and Figure 23, Figure 24 and Figure 25 shows the history of the antenna’s pointing control errors. The antenna’s pointing control error is the difference between the target antenna’s drive angle and the antenna’s pointing directions, as defined in Equations (15) and (16).


  Δ   θ   A   =     θ   A   − θ   G C    



(26)






  Δ   ψ   A   =   ψ   A   −   ψ   G C    



(27)







The results of the simulation confirmed that two control systems designed independently worked well. In the case of using commonly available sensors with standard deviations of 0.1 or 0.05 degrees for RF sensor, the target antenna pointing accuracy was not satisfied. However, when using a high-accuracy sensor of 0.01 degrees, regardless of attitude deviations, with a roll angle of ±1.9 degrees, a pitch angle of 3.0 ± 2.4 degrees, and an azimuth angle of −0.8 ±9.2 degrees, the antenna’s pointing control errors as standard deviations were 0.10 degrees for the elevation angle and 0.020 degrees for the azimuth angle, respectively.



The results also confirmed that the design method is valid and the proposed antenna pointing control system meets the required antenna pointing control accuracy in terms of the standard deviation of the elevation and azimuth angle for typical fixed-wing UAVs for wireless relay stations. In addition, we found that the effect of noise from the RF sensor is important, given that the RF sensor requires a standard deviation of 0.01°.





7. Conclusions


We have proposed an antenna pointing control system to realize a wireless relay system using a fixed-wing UAV with two-axis gimbals able to stay in the stratosphere. We have also clarified the motion of the UAV’s onboard antenna and the antenna pointing error via simulation, in addition to evaluating the antenna’s pointing error. Given the results of the simulation, we have confirmed not only that the antenna pointing control system worked well, but also that the antenna pointing control error is greatly reduced and can achieve the required antenna pointing control accuracy using high accurate RF sensor with a standard deviation of 0.01 degrees and the validity of the control system’s design. The antenna pointing control system for wireless relay UAV is characterized by time varying commands, which are generated by the noisy attitude angle and the highly accurate antenna pointing accuracy, which is deteriorated by the commands, and it is greatly improved by using a highly accurate RF sensor, which measures antenna pointing deviation from the target ground station. In further research, we will prepare hardware, such as fixed-wing UAVs and two-axis gimbals, and we will demonstrate results through flight experiments.



The HAPS will fly at an altitude of 20 km, with a temperature of −56 °C and an air density of 0.889   k g /   m   3     [23]. The actual hardware to be developed must be within thermal operating range at that temperature and density. The antenna to be mounted on the aircraft will have a frequency of 31–31.3 GHz and a diameter of 22 cm, as defined in Chapter 4. For the demonstration experiment, the functionality of the antenna pointing control system will be verified first at low altitude.
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Abbreviations




	
       a   ( )    _    

	
vector of pointing

	
     v   0     

	
target turning flight velocity




	
   D   

	
horizontal distance

	
     W   d     

	
wind disturbance




	
     D   a     

	
antenna diameter

	
       X   B    _    

	
unit vector of UAV’s X-axis




	
     f   A     

	
control frequency of antenna drive

	
     Z   o p     

	
Z element of       X   B    _  ×     a   B , x y    _   




	
H

	
flight altitude

	
   α   

	
ratio of radius and altitude




	
     H   ( ) ( )     

	
the converted block elements

	
   β   

	
ratio of horizontal distance and altitude




	
     I   ( ) ( )     

	
moment or product of inertia

	
   θ   

	
pitch angle of UAV attitude




	
     K   B     

	
ratio of fluctuation beam to drive

	
     θ   a m     

	
antenna pointing accuracy




	
L

	
moment of X body axis

	
     θ   ( )     

	
elevation angle




	
M

	
moment of Y body axis

	
   Δ   θ   ( )     

	
control error of elevation




	
N

	
moment of Z body axis

	
   λ   

	
interference factor




	
       n   B    _    

	
unit vector of UAV’s Z-axis

	
   σ   

	
standard deviation of sensor noise




	
p

	
angular velocity of X axis

	
     σ   A ( )     

	
standard deviation of pointing error




	
q

	
angular velocity of Y axis

	
   ϕ   

	
roll angle of UAV attitude




	
r

	
angular velocity of Z axis

	
   ψ   

	
yaw angle of UAV attitude




	
R

	
turning radius

	
     ψ   ( )     

	
azimuth angle




	
     T   G ( )     

	
control torque of two-axis gimbal

	
   Δ   ψ   ( )     

	
control error of azimuth




	
   v   

	
turning flight velocity

	
     ω   U A V     

	
angular velocity of UAV




	
Subscripts

	

	




	
A

	
antenna pointing

	

	




	
B

	
in the body frame coordinate

	

	




	
G

	
gimbal driving

	

	




	
GC

	
target command of gimbal driving

	

	




	
x, y, z

	
body axis or gimbal axis

	

	




	
1, 2

	
block number
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Figure 1. A HAPS-based wireless relay system. 
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Figure 2. Antenna scanning method. 






Figure 2. Antenna scanning method.
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Figure 3. Antenna with two-axis gimbal onboard a UAV. 
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Figure 4. Position of the fixed-wing UAV and ground station. 
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Figure 5. Driving angle of the two-axis gimbal. 
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Figure 6. Two-axis gimbal when the     Z   o p     is bigger than or equal to zero. 
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Figure 7. Two-axis gimbal when the     Z   o p     is smaller than zero. 
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Figure 8. Fluctuation in gimbal elevation angle. 
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Figure 9. Fluctuation in gimbal elevation angle when   ϕ = 10 °  . 
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Figure 10. Blocking area in relation to   β   and   ϕ  . (a)   α   = 0.075. (b)   α   = 0.15. 
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Figure 11. Blocking judgement flow. 






Figure 11. Blocking judgement flow.



[image: Aerospace 10 00323 g011]







[image: Aerospace 10 00323 g012 550] 





Figure 12. Antenna’s EIRP compared with ITU-R Recommendations. 
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Figure 13. Antenna pointing control system. 
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Figure 14. Antenna driving control system for elevation angle. 
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Figure 15. Antenna driving control system for azimuth angle. 
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Figure 16. Block diagram. 
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Figure 17. Format after conversion. 
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Figure 18. Control frequency of antenna driving against antenna pointing accuracy. 
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Figure 19. The bode diagram of antenna driving control system. 
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Figure 20. Time history of fixed-wing UAV’s attitude. (a) Roll angle. (b) Pitch angle. (c) Yaw angle. 
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Figure 21. Time history of target command of antenna driving angle. (a) Elevation. (b) Azimuth. 
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Figure 22. Time history of the antenna’s pointing directions. (a) Elevation. (b) Azimuth. 
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Figure 23. Time history of the antenna’s pointing control errors using RF sensor with 0.1 deg. accuracy directions. (a) Elevation. (b) Azimuth. 
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Figure 24. Time history of the antenna’s pointing control errors using RF sensor with 0.05 deg. accuracy directions. (a) Elevation. (b) Azimuth. 
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[image: Aerospace 10 00323 g024]







[image: Aerospace 10 00323 g025 550] 





Figure 25. Time history of the antenna’s pointing control errors using RF sensor with 0.01 deg. accuracy directions. (a) Elevation. (b) Azimuth. 
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Table 1. Merits and demerits of two scanning method.
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	Electrical Scanning
	Mechanical Scanning





	Gain fluctuation
	Large
	Small



	Pointing accuracy
	Inverse proportional to number of arrays
	Constant



	Weight
	Inverse proportional to pointing accuracy
	Constant



	Complexity
	Proportional to number of arrays
	Constant
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Table 2. Parameters of the fixed-wing UAV and antenna.
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	     I   x x     
	   [ k g ·   m   2   ]   
	37.4



	     I   y y     
	   [ k g ·   m   2   ]   
	25.2



	     I   z z     
	   [ k g ·   m   2   ]   
	55.7



	     I   x z     
	   [ k g ·   m   2   ]   
	0.033



	     I   G Y     
	   [ k g ·   m   2   ]   
	0.01



	     I   G Z     
	   [ k g ·   m   2   ]   
	0.01
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Table 3. Conditions of the simulation.
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	   α   
	-
	0.15



	   β   
	-
	7.5



	     v   0     
	[m/s]
	30



	     W   d     
	[m/s]
	10
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Table 4. Standard deviations of the noises of sensors.






Table 4. Standard deviations of the noises of sensors.





	Attitude (  ϕ , θ , ψ  )
	[deg.]
	0.5



	H
	[m]
	0.2



	RF sensor
	[deg.]
	0.1, 0.05, 0.01



	   v   
	[m/s]
	0.17



	GPS position
	[m]
	1
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