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Abstract: Near space has attracted major countries’ attention due to the fact that it is a new cognitive
space of Earth and acts as an important national security space. Near-space solar-powered unmanned
aerial vehicles (UAVs) are becoming a focus of research in the aviation field. However, it is difficult for
solar-powered UAVs to climb such high heights and achieving optimal cruising levels is challenging.
A balloon-borne-based aircraft that rises with the help of a balloon avoids difficult climbing processes
and initiates a new research direction in the near-space aviation domain. Simultaneously, the special
mode of taking off poses a great challenge for the pull-up control of balloon-borne aircraft, especially
for large wingspan aircraft. In this paper, we propose an adaptive launch control for the pull-up
process of large-scale balloon-borne-based aircraft. First, the flight control of the pull-up process for a
large-scale balloon-borne-based aircraft is analyzed. Then, a flight dynamic model considering elastic
deformation is established. Finally, an adaptive aircraft pull-up control algorithm is proposed. We
evaluate it by performing simulation experiments and comparing it with the latest control algorithm
utilized in physical experiments. The experiment’s results demonstrate the effectiveness of the
proposed algorithm with respect to overcoming challenges in controlling pull-up processes and its
superiority compared to the latest control algorithm.

Keywords: near space; balloon-borne launching; solar-powered UAV; large wingspan; pull-up
control

1. Introduction

Near space (i.e., the space measured at 20~100 km from the ground) has characteristics
of low atmospheric density, no clouds or rain, and strong solar radiation [1], and it is very
suitable for the flight of solar-powered unmanned aerial vehicles (UAVs). This characteristic
permits great value in using near space for military or other applications. Due to near
space’s significant value, near-space vehicles are becoming a focus of research. Solar-
powered UAVs, as a mainstream direction, have been researched at home and abroad.
They firstly take off from land, climb up with high-power output, and finally cruise during
the day and night, undertaking more and more tasks such as monitoring tasks or other
relay-forwarding tasks. This makes solar-powered UAV more promising.

Recently, solar-powered UAVs with large wingspans attracted increasing research
studies. A major reason for this structural design is that large wingspans increase the lift—
drag ratio. It is easier to climb up for UAVs when their lift-drag ratio increases even with
the same wing area. The increase in the lift-drag ratio enables a decrease in take-off cost as
taking off and cruising at the corresponding altitude are expensive processes. However,
there are other limitations when increasing the lift-drag ratio with a large wingspan. On the
one hand, the wing root’s load and structural complexity increase with the continuous
increase in wingspan, which further leads to the growing weight proportion of the structure.
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On the other hand, the climb state needs to be considered in the design of the aircraft. It is
hard to make the most optimal cruise point as the only design point.

In order to solve the above problems faced by UAVs with large wingspans, based on
relevant research studies [2,3], we proposed and implemented the scheme of launching
large wingspan UAVs with balloons in near space for the first time in China. The process
can be simply described as follows. First, a high-altitude balloon rises to a certain altitude.
Second, it is launched and cruises in the air. Finally, it lands via a runway. The balloon-
based large-wingspan UAV can quickly rise to the height of adjacent spaces and reduce
the impact of strong winds and jet-stream areas. This avoids the risk of overheating with
respect to the UAV’s motor caused by high-power continuous outputs in the climbing
stage and also solves the problem of the limited payload weight caused by the increase
in the weight proportion of the entire machine’s structure due to the large wingspan.
In addition, the balloon-based large wingspan UAV can use near-space cruise flights as the
only optimal design reference, which improves the aerodynamic efficiency of the aircraft
and the propeller.

Even though the increase in height with the balloon does notinvolve the complex
states of the UAV in the climbing-up process and can beneficially arrive at a certain altitude,
the characteristic of having a large wingspan poses a new challenge for launch processes.
When UAVs with large wingspan are released, their flight process after being launched is
accompanied by drastic changes in airspeed, attitudes, and attack angles. Drastic changes
lead to a large elastic deformation in aircraft with large wingspan and introduce an impor-
tant impact on flight control and flight safety. Hence, the control model is more complex
due to the large elastic deformation compared to having a common wingspan. An inaccu-
rate control model may lead to failures during launching. In addition, at the initial time
of launching, the speed of the aircraft is zero or it moves upward with the high-altitude
balloon with a small increase in speed. Thus, obtaining suitable airspeeds and attack angles
that can maintain a UAV’s cruise flight is another challenge.

Currently, launch tests of aircraft are mainly carried out for small-sized rigid aircraft,
and there is little study on launching aircraft with large wingspans and elasticity. To address
the above challenges, by carefully analyzing the launching process of UAVs with large
wingspans, we observed that it is similar to the launch and control of small unpowered
parachute gliders. For example, the “parachute-dive-horizontal flight” process of small
unpowered parachute gliders takes parachute cut-off times as the start time of the automatic
control and defined the working process as four initial states: parachute release, wing
deployment, initial horizontal flight, and cruise flight [4]. After the parachute glider falls
vertically, the pull-up control is applied to change its trajectory into horizontal flight [4,5].

Based on these observations and the analysis, our key idea is to build a complex
control model based on UAVs with large wingspans and to apply the launching strategy
of an unpowered parachute glider to balloon-borne-based UAVs with large wingspans.
To this end, in this paper, we designed an improved adaptive controller for UAVs with large
wingspans to tackle challenges that exist in the launch flight test of balloon-borne-based
solar-powered UAVs. More specifically, first, we analyze the flight control of the pull-up
process for the large-scale balloon-borne-based aircraft. Then, we establish a flight dynamic
model considering elastic deformation. This helps the design of the launching controller.
Finally, we propose an adaptive aircraft pull-up control algorithm and design an improved
adaptive controller dedicated for the launch control of balloon-borne-based solar-powered
UAVs. We perform a simulation test to evaluate the effectiveness of the proposed algorithm
and a physical test to assess the pull-up control design for balloon-borne-based aircraft
with large wingspan.
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To conclude, the main contributions can be summarized as follows:

¢  This paper propose an adaptive control model to tackle the pull-up control of balloon-
borne-based solar-powered UAVs with large wingspans, which is a tough problem
faced by these UAVs.

*  This paper introduces a series of factors that influence the elastic deformation of
fuselages in solar-powered UAVs to approximate their real-world flight dynamic
model and proposes a stage-based pull-up control strategy.

*  This paper verifies the effectiveness of the adaptive control model on pull-up processes
with the simulation experiment and demonstrates its superiority over the latest control
model utilized in physical experiments.

The rest of the paper is organized as follows. Section 2 illustrates background informa-
tion on solar-powered UAVs and related studies. Section 3 analyzes important factors in
pull-up control processes. In Section 4, a flight dynamic model of balloon-borne unmanned
aerial vehicles considering elastic deformations and the influence of a low Reynolds number
is established. Section 5 presents the UAV launch and pull-up control algorithm. Section 6
evaluates the proposed control algorithm by conduciting a simulation experiment and
comparison. In Section 7, we discuss limitations and future work. Finally, the conclusion is
presented in Section 8.

2. Background and Related Work

In this section, we mainly introduce background information about solar-powered
UAVs and related studies.

2.1. Background

Solar-powered UAVs usually fly at the height of near space and can take full ad-
vantages of near-space’s flight condition. They have already been researched for various
applications, such as monitoring tasks or relay-forwarding tasks. Since the appearance of
“sunrise-1” solar-powered UAV in November 1974, many countries carried out studies on
solar-powered UAVs [6-8]. Moreover, using large wingspans is becoming an important
development direction of solar-powered UAVs due to the fact that the lift-drag ratio of
aircraft increases with the increase in wing aspect ratios. For example, the “Odysseus”
solar-powered UAV has a wingspan of 74 m, and the “Eagle” solar-powered UAV has a
wingspan of 121.9 m. However, the large wingspan also creates other problems, such as
an increase in structural complexity and the weight proportion of the structure. These
problems could be tackled effectively by removing a small amount of the wingspan and by
combining wingtips in the air for combined flight applications and separating the wingtips
before landing.

Currently, the take-off processes of solar-powered UAVs are either from runways or
balloon-borne processes [6]. The mode of taking off from a runway is usually applied to
UAVs with large or small wingspans. These solar-powered UAVs need to cross strong
winds in jet-stream areas during the climbing phase, which impacts flight safety. The other
taking-off mode uses balloon-borne processes, which is widely used in the aircraft field.
Many high-altitude balloon-launching tests are reported at home and abroad [9-17], as
shown in the Table 1.

The specific taking-off process of balloon-borne-based UAVs consists of four phases,
including carrying high-altitude balloons, launching, cruising in the air, and landing via
a runway, as shown in Figure 1. Such forms of taking-off modes have already been
successfully applied to UAVs with wingspans that are quite small, and data show that
1090 balloon-borne launch tests in the stratosphere have been conducted since 2015 [18].
For UAVs with large wingspans, performing pull-up control processes is difficult and
challenging.



Appl. Sci. 2022,12,10992

40f17

Table 1. Launch tests of balloon-borne UAVs in the world.

Time Country Launch Height Launch Aircraft
2007 Italy 20.2 km FTB-1 Castore
2014 USA 54.9 km LDSD

2015 Japan 30.5 km NWM/LBM

2017 USA 6.0 km WHAATRR glider
2017 Spanish 25 km Bloostar balloon rocket
2018 China 10/20 km D18 Series

2019 USA 30.0 km HiDRON UAV
2022 USA 31.39 km STV-2 Reentry Capsule

Figure 1. The launch and flight process diagram of balloon-borne UAVs. The four phases are as
follows: high-altitude balloon carrying, launching, cruising in the air, and landing via a runway.

2.2. Related Work

Unpowered Parachute Glider: Studies that are most related to ours include those on
small unpowered parachute gliders [4,5]. For instance, [4] analyses the “parachute-dive-
horizontal flight” process of small unpowered parachute gliders and takes the parachute
cut-off time as the start time of the automatic control. Our work uses near-space cruise
flights as the only optimal design reference. The authors in [5] studies the attitude estima-
tion and fusion algorithm of small unpowered parachute gliders from vertical launch to
horizontal flight.

Even though our study has similarities with the studies mentioned above, there are
differences that can be summarized in terms of two aspects. First, the solar-powered UAV
is a light and flexible large wingspan aircraft; however, small unpowered parachute gliders
are small in size and have high rigidity. Second, the motion of solar-powered UAV is
completely different from launching small-sized and high-rigidity aircraft. For example,
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the former has high requirements on the overload limit of the release due to the limited
strength of the structure, so it has high requirements on the pull-up time and pull-up speed.
In addition, it also needs to consider the impact of elastic deformation on the structure and
control. On the other hand, the latter does not need to consider the problem of structural
strength limitations or the influence of stiffness on flight controls. We mainly focus on
researching the launch of flexible aircraft with large wingspans.

Aircraft with large wingspans: The authors of [19] considered the effect of nonlinear
geometries and proposed a nonlinear trim and flight load analysis method for large flexible
aircraft based on the CR (Co Radical) theory. The authors pointed out that when elastic
deformation occurs in a flexible wing aircraft with large wingspan, the attack angle of
the local wing section increases, resulting in the problem of dynamic stall [20]. Studies
established a structure/flight coupling dynamic model that can reflect the flexibility charac-
teristics of solar-powered UAV by using the Lagrange equation, analyzed the longitudinal
stability of UAVs using the Root Locus Method, and finally studied the impact of elastic
deformations on longitudinal flight control [21]. However, these works only focus on the
stability analysis and control of UAVs when elastic deformation occurs. On the contrary,
our work focuses on the control a different process (launching and pull-up process) for
aircraft with large wingspans.

Launch and pull-up control: The authors of [3] adopt different control methods based on
the flight characteristics of different stages of a model-free flight test, which well solves the
problems and provides a safe separation between the model aircraft and carrier aircraft
and provides the contorl of horizontal flight at high attack angles. The authors of [22]
established a dynamic model by considering elastic deformation, analyzed the static sta-
bility, and carried out controller designs and launch experiments for scaling UAVs . The
authors of [23] analyzed the constraints that UAVs should meet during the launching
process and optimized the command of the pitch angle by using the control variable pa-
rameterization method. Although these efforts focus on launching and pulling processes,
they do not involve the launch of aircraft with large wingspans. The launch of aircraft with
large wingspans is more challenging.

3. Flight Control Analysis of Pull-Up Process

In this section, we introduce two influencing factors, including a low Reynolds number
and elastic deformations on a UAV’s flight control in its pull-up process.

3.1. Low Reynolds Number

High-altitude balloons and solar-powered UAVs have obvious low Reynolds num-
ber characteristics in near-space areas. There are many special flow phenomena [24-29].
For asymmetric airfoils such as wings, its aerodynamic efficiency drops sharply and the
lift-drag ratio decreases with a decrease in Reynolds number. When the Reynolds number
decreases to 10, the lift-drag ratio is only 10% of the conventional Reynolds number [30].
These features affect the lift and drag of the aircraft, its propeller efficiency, and its control
surface efficiency. For symmetrical airfoils such as tje horizontal stabilizer and the vertical
fin, there is a small platform or even “s” bending near small attack angles, and the plat-
form will gradually be eased and disappear with an increase in the Reynolds number [31].
The reasons for these two special phenomena are related to the triggering and evolution
mechanism of laminar-induced separation that are formulated during its bubble variation
with the Reynolds number and attack angle.

3.2. Elastic Deformation

Apart from the low Reynolds number, elastic deformations are influencing factors on
the pull-up process. The fuselages of large-scale aircraft utilize carbon-fiber composites
when they are manufactured. Hence, the fuselage has obvious elastic deformations and
aeroelastic effects due to the special material and its large scale. Such characteristics have
negative impacts on the pull-up process. For instance, the authors in [19] proposed a
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nonlinear trim and flight load analysis method based on the structural dynamic model
of large flexible aircraft established by the CR(co rotation) theory and by considering
geometric nonlinear effects. Another work pointed out that when the flexible aircraft with
a high aspect ratio had elastic deformations or wing torsion, the attack angle of local wing
profile increases, thus resulting in flow separation and the occurence of dynamic stall [20].

Based on aircraft aerodynamic data combined with numerical simulations, ground
ballooning tests, and flight test data, our previous work involved an in-depth study on
the longitudinal control of solar-powered UAVs by considering the elastic deformation
of fuselages [22]. First, the aerodynamic force on the horizontal stabilizer is obtained by
comparing the elastic deformation of the fuselage in ballooning tests and static load tests;
thenm, static loading tests were carried out. Then, the pitch moment coefficient distribution
of the aircraft considering the elastic deformation of the fuselage is obtained by calculating
the longitudinal moment balance of the entire aircraft. The influence of flight speeds on the
pitch moment coefficient provided by the horizontal stabilizer and the influence of flight
speeds and elevator deflection angles on the control surface effect are analyzed. Finally,
a complete dynamic model including an elastic structural dynamic model is established;
the pitch angle(theta) and the value of elevator control surface (de) are compared with the
rigid model, as shown in Figures 2 and 3, respectively.

rigid
— — elastic

Pp———

0O 200 400 600 800 1000
T(s)

Figure 2. The comparison of pitch angles between rigid and elastic models.

40 + rigid
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[))
[0}
3 0
o 0/~ o
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-40

0 200 400 600 800 1000
T(s)

Figure 3. The value comparison of the elevator control surface between rigid and elastic models.

It can be seen from Figure 2 that the aircraft’s pitch angle decreases by about 0.5°.
Figure 3 shows that the elastic deformation of the aircraft fuselage and horizontal stabilizer
leads to an increase in the trim elevator angle by 13.5°. The effect of elastic deformations
will seriously weaken the efficiency of the elevator control surface, and considering the
effect of elastic deformations on the aircraft’s longitudinal alignment and compensating
the horizontal stabilizer angle are necessary.



Appl. Sci. 2022,12,10992

7 of 17

4. Dynamic Model of Balloon-Borne UAVs

This section illustrates the dynamic model of balloon-borne UAVs. The longitudinal
motion equation of the large wingspan UAV can be written as follows:

x = Ax + Bu )

where x = [V,&,4,0]" and u = [4,, (SP]T are the state matrix and control matrix,respectively.
V is the velocity, « is the attack angle, 6 is pitch rate, and q is pitch angle. The matrix of A
and B can be described as follows:

Xy Xo + g 0 -8
A —Zy ~Za 1 0
My — MyZy My — MiZy Mq +M; O !
0 0 1 0
X5, X5,
B— —Zs, —Z,
M, — MaZs, Mg, — MiZs, |’
0 0

where Xy = Q/(05xm*V)*xCp*S, X4 = —CDy*Q*S/m, Zy = (CLy +2xCL) %
QxS/(mxV?), Zy = (CD+CLy)*QxS/(mxV), My = Cmy xQxSxc/(Vx]z),
My = CmgxQxSxc/Jz, X5, = —C5,*Q*S/m, X5, = 0,25, = CLs;,*Q*S/(mxV),
Zs, =0, My = Cmg*c?%Q*S/(2%Vx]z), Ms, = Cmg, « Q*Sxc/]z, M;, = 0, and
M, = 0. They are all dependent derivative formulas. In the above equations, m indicates
mass. Jz is the moment of inertia. CL, CD, and Cm denote the lift coefficient, drag
coefficient, and pitching moment coefficient. Q represents the dynamic pressure, and S is
the longitudinal reference area. ¢ stands for the longitudinal reference length. é, 6, and ¢
illustrate the elevator control input, engine control input, and gravitational acceleration,
respectively.

Once these equations are obtained, calculating the forces and moments that act on
the UAV is necessary. The total aerodynamic force acting on the aircraft includes Fyyg,
which is generated by the wing, the aerodynamic force acting on the fuselage, Ff,;, and
aerodynamic forces on the horizontal stabilizer, F, Iz In addition, gravity affects the aircraft
(mg). Each force is illustrated in Figure 4.

\
Z J? VFhf
mg

Figure 4. The reference frame and each force on the aircraft.

4.1. Longitudinal Static Stability

Figure 5 shows the longitudinal static stability of the aircraft with the attack angle,
and it is the ratio of the distance between the center of mass and the aerodynamic focus
relative to the average aerodynamic chord length. The aircraft is stable when it has negative
static stability. The longitudinal stability is 8.16% when the attack angle is 2 degrees, which
is the minimum. In other attack angles, the static stability is more than 13%. The UAV
is longitudinally stable and can meet the requirements needed during launch and flight
processes.
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Figure 5. The longitudinal static stability of the launched aircraft.

4.2. Dynamic Stability

The weight of the aircraft used is 90.0 kg and the wing area is 14.5 m?. Combined
with the aircraft aerodynamic data in Ma = 0.064 and H = 10,000 m, matrices A and B in
Equation (1) are calculated, as shown in Equations (2) and (3). Following matrix A and B,
the corresponding characteristic roots of Equation (1) are shown in Table 2. We can see that
there are two pairs of complex roots, including —3.6256 £ 2.7985i and —0.0405 £ 0.3807i.
The first pair, —3.6256 £ 2.7985i, corresponds to short-term motions, which includes the
oscillation mode in the short-term and fast attenuation. The damping ratio is 0.7916 and the
natural frequency is 4.58. The second pair, —0.0405 £ 0.3807i, corresponds to the phugoid
mode with slow attenuation. The damping ratio is 0.1058, and the natural frequency is
0.3828. Overall, the system is dynamically stable.

—0.0476  6.9404 0 —9.8000
A _ | 00623 -26351 1.0000 0 )
lon =1 _0.0864 —8.6787 —4.6495 0
0 0 1.0000 0
—0.0615 0
—0.0852 0
Bion = | _70862 0 ©)
0 0

Table 2. The calculated longitudinal characteristic roots in Equation (1).

Characteristic Roots to.5 (m/s) T (s) Nos (s)
—3.6256 + 2.7985i 0.1912 2.2452 0.0852
—0.0405 £ 0.3807i 17.1147 16.5043 1.037

4.3. Modal and Flutter Analysis

In order to calculate the mode of the aircraft, it is assumed that the aircraft is in a
free-flight state. Using MSC NASTRAN software for model analyses, natural frequency
results are shown in Figure 6. Here, mode 2 represents the wing’s vertical first-order
bending, and mode 5 represents the load compartment’s first-order bending. Mode 10
represents the horizontal stabilizer’s first-order reversal, and mode 12 represents first-order
bending in the vertical fin.
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Figure 6. Natural frequency of the aircraft’s fuselage at each order.

In addition, unsteady aerodynamic calculations also need to be considered. To this
end, the doublet-lattice method is adopted. The atmospheric density is 1.225 kg/ m3 at
sea-level, and the reference Mach number is 0.1. The unmatched flutter is used, and the
results are shown in Figure 7. The results show that the flutter velocity is 35.2 m/s, and the
flutter frequency is 6.69 Hz at sea level. The cruise velocity is much lower than the flutter
velocity, and the control frequency is much lower than the flutter frequency. The flutter
analysis of 4 km and 10 km is similar to the sea level. This shows that the influence of
flutter cannot be considered in the aircraft’s design.

—a— Flutter velocity(m/s) —e— Flutter frequency(Hz)
T T T T T T

50 12

A
H» O
| ! !

o O
L L

Flutter velocity(m/s)
[T R N N N
N
[(e)

Flutter frequency(Hz)

w
[e)]
L

w
~

T T T —6

Height(km)

Figure 7. Flutter velocity and flutter frequency at different heights.

5. Pull Up Control Design for Balloon Launch Large-Scale Aircraft

We utilize an adaptive control for the pull-up process. The “adaptive control” is shown
with respect to two aspects. First, according to the characteristics of launch stages and our
accumulation of control algorithms [32,33], different control strategies are carried out on
three channels of the UAV. Second, the pitching angle changes with the pull-up process of
the aircraft, and considering such changes is indispensable.

5.1. Adaptive Control Strategy

Based on the characteristics of the launch and pull-up process, we divide the control
process into four stages. The corresponding control flow chart is shown in Figure 8.
Concretely, Phase 1 involves pitch angle tracking controls. The aircraft rotates around the
celestial axis before launching, which leads to uncertainties in heading and horizontal
motions. Therefore, in this phase, the longitudinal channel executes pitch angle tracking
controls, leaving the roll and heading uncontrolled. Phase 2 involves heading stability-
augmentation control. In this phase, the aircraft is pulled up according to the pitch-angle
command, and the aircraft’s heading is definite. The heading stability-augmentation control
is utilized to control the roll angle of the aircraft at 0 degrees. Phase 3 involves the fixed pitch
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angle directional glide control. As the engine increases its output continuously, the required
airspeed is provided by gliding at a fixed angle in order to ensure that the flight speed of the
aircraft is within the safety envelope. At this moment, the aircraft flies with a fixed heading
and a fixed glide angle and controls the roll angle at 0 degreea. Phase 4 involves cruise flight
controls. The UAV shifts to the cruise flight mode; i.e., the first three channels track and
control the UAV according to control commands. The pull-up process is completed.

The cutter work and the
UAV is launched

Sinusoidal pitch
angle tracking control

Sinusoidal pitch
control angle tracking control

| A |
N
)
=]
S
o
=
(=N
(¢

Fixed glide rate pitch

| A |
N
)
=]
S
2
LEN
[¢]

control angle control
e _________—_——_ I
e |
. . i
} BTT control Uhejesitary g kig BTT control |
\ control }
L . _________—_—_—__ I

Cruise flight

Figure 8. Four stages’ control strategy on the pull-up process.

The PID control is adopted for longitudinal control and lateral directional control [34].
The structure diagram of thepitch controller is shown in Figure 9. The pitch angle’s error,
Af, is calculated by subtracting the pitch angle 6 from the pitch command 6.. Control
input J, is finally obtained via the proportional integral of the pitch error Af and the
damping feedback by the pitch rate, 4. For roll control, it is consistent with pitch control.
The structure diagram of yaw control is shown in Figure 10. The difference in yaw control
is based on the proportional integral of the yaw angle’s error, AP, and the yaw rate’s
feedback, r. The feedback of roll rate p and roll angle ¢ increased to reduce the sideslip
angle. Since the dynamic pressure changes rapidly and greatly during the pull-up process,
the proportional coefficient, integral coefficient, and differential coefficient automatically
adapt to the dynamic pressure. These coefficients are mathematically described as follows:

b. = KpgA® + KigAO + Kwoq )
62 = KppAg + KigAp + Kwyp ()
6 = Kpyp Ay + Kiy A + Kwyr + KpgpAd + Kwgop (6)

where 6, d,, and J, are control inputs of the elevator control surface, aileron control surface,
and rudder control surface, respectively. Kpy, Kpg, and Kpy, are proportional coefficients
of the roll error, pitch error, and yaw error, respectively. Kip, Kig, and Kiy are integral
coefficients of the roll error, pitch error, and yaw error, respectively. Kwy, Kwy, and Kwy
are differential coefficients of the roll rate, pitch rate, and yaw rate, respectively. Kpy, and
Kwgp are coordination control coefficients.
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Figure 9. Structure diagram of the pitch controller.
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Figure 10. Structure diagram of the yaw controller.

5.2. Improved Algorithm Design

In addition to the design of the pull-up control strategy, the launch control strategy
should also be considered in the controller’s design. The balloon-based UAYV utilizes pitch
angle tracking controls based on two considerations. First, the pitch rate is 0 degrees per
second at the initial and final moment. Second, pitching movements provided by the eleva-
tor control surface is small due to the low airspeed at the initial time. The corresponding
sinusoidal pitching angle is shown in Equation (7):

0. = O * (sin(t(t —k)) — 1) (7)

in which 6 is the initial pitch angle, and 7 is the time constant related to the pull-up speed,
which is decided by the response time of aircraft model in the desired launch height. k is
a constant. Judgment conditions of the completion of the pull-up process are as follows:
(1) The time is greater than the pull-up time constant; (2) the preset pull-up completion
time is not reached, but the pull-up has been completed; (3) cruise flight is entered via
manual controls. After the UAV is pulled up, it enters the cruise flight mode. The pitch
command of pull-up control processes is shown in Figure 11.

Figure 11. Pitch command of the pull-up control; 6 stands for the initial pitch angle.
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6. Evaluation

We evaluate the proposed launch and pull-up control strategy with a simulation
experiment. This section first illustrates the experimental setup and then illustrate the
results on evaluating the proposed algorithm.

6.1. Experimental Setup

Experiment Settings. We first provide the experiment’s settings. For the simulation test,
the simulation conditions are as follows: the height is 20,000 m and velocity is [3,2, 3] Tm/s.
Considering the acceleration of the aircraft and the safety of the process, the initial pitch
angle is —76 deg, and the rotation angle’s rate is 3 deg/s.

Apart from the experiment’s settings, the rotation angle rate of the UAV tied with the
balloon affects the roll rate and yaw rate under the body’s coordinate frame. In addition,
the increase in speed under the initial coordinate will further affect the speed components
of the x-axis, y-axis, and z-axis under the body’s coordinate frame. Thus, we provide two
coordinate transformations.

Rotation speed of the platform. Considering the influence of the rotation of the balloon’s
platform at the initial time, the following conversion relationship can be obtained by
transforming the rotation angle’s rate under the inertial system into the body’s axis system.

p 1 0 —sinb ¢
g | =10 cosp cosBsing 0 ®)
r 0 —sind cos¢pcosd P

where [p g r]" is the roll rate, pitch rate, and yaw rate in the body coordinate, [¢ 6 ] is the
pitch angle, roll angle, and yaw angle.

Platform rising speed. The coordinate conversion matrix from the initial coordinate to
the body’s coordinate is described as follows:

cosfcosp cosOsinty —sinf \%N;
sinfsingcosyp — cospsinyg  sinbsingsinip + cospcosyp  singcosd VE )
sinfcosypcosyp — singcosyp  —singcosyp + sinbcosdpsiny  cos¢cosd Vu

where [ v w]T is the speed with respect to the body’s coordinate, and [Viy Vg Vp]T is the
speed with respect to the initial coordinate.

Baselines. In order to evaluate the effectiveness of our proposed strategy, we compare
the simulation experiment to the control algorithm utilized in the latest physical experi-
ment [22]. The settings of physical experiment are as follows: The aim height is 2000 m,
and the pull-up control algorithm utilizes the exponential pitch-angle-based model.

Metrics. We utilize the maximum deviation as the evaluation basis, which is § =
|Vmax — y|- We do not use the steady-state’s time that the control system spend becoming
steady mainly because the aircraft has flexible structures. When stability is attained quickly,
the aircraft may fracture more easily.

6.2. Experiment Results

The results of simulation experiment when using the proposed algorithm are shown
in Figures 12-16. Figure 12 describes the tracking of the pitch angle’s command. Overall,
we can see that two curves indicating the pitch command and the pitch angle fit well.
Concretely, at the initial time, the elevator control surface’s efficiency is low due to its low
airspeed, and then it increases until at eighth second. After the 8th second, the aircraft
has negative angular rate movements until pulls up at about 13th second. These results
demonstrates that the control strategy can track the pitch command well and realize the
pull-up of the UAV.

Figures 13 and 14 provide changes in the airspeed and altitude during the pull-up
process. The initial vertical velocity is 3 m/s and its direction is upward; then, its velocity
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sharply increases from —3 m/s under the action of gravity, and the maximum true airspeed
of the aircraft is 49.42 m/s. The altitude drops by 147.3 m during the launching process.

20

— pitch
— — pitchc

Pitch(d

Figure 12. Pitch angle command tracking in the pull-up process.
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Figure 13. Airspeed in the pull-up process.
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Figure 14. Altitude in the pull-up process.
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Figure 15. Roll angle in the pull-up process.
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Figure 16. Yaw angle in the pull-up process.

Figures 15 and 16 represent the response of the roll angle and yaw angle. For the
initial rotation speed of 3 degree per second of the aircraft and the balloon, there is an
initial roll rate and an yaw rate after launch. The roll angle changes between —3.23 deg
and 2.66 deg, the yaw angle changes from —192.3 deg to —180.2 deg, and both of them
gradually stabilize after 8 s.

In addition, we also provide results from the comparison of the simulation experi-
ment when using the latest control algorithm in the pull-up process for UAVs with large
wingspans, as shown in Figure 17. Here, the blue dotted line is the result of the proposed
control algorithm, and the blue solid line represents the algorithm used in the latest im-
plementation. We can see that the § of the pitch angle when using the proposed control
algorithm is smaller than that of the latest algorithm. This demonstrates that the proposed
pull-up control algorithm is better than the state-of-the-art pull-up control algorithm. We
still record changes in the pitch angle when performing flight tests with the latest algo-
rithm, as shown in Figures 18 and 19. Here, Figure 18 represents the rising process of the
balloon-borne solar-powered UAV, and Figure 19 illustrates the pitch angle and pitch angle
command. From Figure 19, we can see that the UAV was launched at the time of 217.3 s,
and the strategy proposed could realize pull-up before 221 s. However, the fuselage was
damaged and the UAV failed to pull up. This probably is due to the elastic deformation
and insufficient structural strength of the fuselage.
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Figure 17. The simulation comparison of the proposed and latest control algorithm.

Figure 18. The rise of balloon-borne solar-powered UAV.
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Figure 19. Pitch angle of the reduced-scale UAV launch test.

By comparing flight tests and evaluating simulation tests, we demonstrate our dy-
namic model, and the pull-up control model could be applied to solar-powered UAVs with
large wingspans.

7. Discussion

Limitations and Future Work: Our study has several limitations. First, we did not per-
form flight experiments based on the control algorithm proposed in Section 6. Experimental
flights comprise complex work involving multiple departments, and this requires coordina-
tion that would take up a long period of time. We will leave this to future studies. Second,
the balloon-borne UAV’s launch and pull-up control are designed based on the rigid body
model with the influence of the elastic deformation of the considered control surface. We
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will perform these based on the elastic model by considering the elastic deformation of the
fuselage to accurately study the pull-up control in the future. Third, the height of our flight
experiment is 2000 m, and future studies will try to explore the pull-up control mode at
higher altitudes. Fourth, we did not consider the sensitivity of the proposed model relative
to some parameters, including the mass characteristic deviation (e.g., position of mass
center and the moment of inertia), stability deviation, aerodynamic deviation, constant
wind, shear wind, and turbulence disturbances at the aircraft mass’ center, since our task is
to explore the available pull-up control algorithm for UAVs with large wingspans. As part
of future studies (prior to flight tests), we will take them into consideration to ensure
that the aircraft can achieve stable control in the presence of the initial attitude angle and
angular rate with respect to the above disturbance conditions.

8. Conclusions

In this paper, an adaptive control model for the pull-up control of a balloon-borne
large-wingspan aircraft is proposed. First, we take the effects of the longitudinal elastic
deformations with respect to the fuselage into account and establish a longitudinal dynamic
model of the balloon-borne large-wingspan aircraft. Then, according to different pull-up
stages, we present a pull-up strategy (e.g., three channels’ time-sequential control and
different control strategies) that can automatically adapt to the instantaneous azimuth of
the aircraft at the moment of launching and the dynamic pressure. Finally, combined with
the initial state of the launch and the pull-up completion state of large-scale aircraft, a pitch
angle command based on a sinusoidal function is presented. We verify the effectiveness of
the proposed algorithm by performing numerical simulation experiments and performing
comparisong to the control algorithm utilized in latest experiment.
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