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Abstract: To solve the lateral-directional control problem of the high aspect ratio full-wing unmanned
aerial vehicle (UAV) without an aileron and rudder, a control method is proposed that uses the
differential thrust of propellers as the control output and the yaw angle as the controlled attitude angle.
Meanwhile, simulation analysis and experimental verification are carried out. First, a lateral-direction
mathematical model and a differential thrust of propeller model of the full-wing drone are established.
The influence of the aerodynamic derivative CYβ on the lateral-direction mode is analyzed. Second,
based on nonlinear dynamic inversion (NDI) and active disturbance rejection control (ADRC) theories,
a yaw angle controller that uses the differential thrust of propellers as the control output is designed.
Finally, the vector field (VF) method is improved to obtain the straight-line trajectory tracking method
satisfying different speeds, and the logic of waypoint switching is given. The research shows that
CYβ has a great influence on the dutch roll damping of the drone. For the full-wing configuration,
it is feasible to use the yaw angle as the controlled attitude angle without considering the roll angle.
The simulation and experimental results show that the designed lateral-directional control method
for the high aspect ratio full-wing UAV has a good control effect and disturbance rejection ability.
Meanwhile, the control method has less parameters to adjust and less calculation, which is very
suitable for engineering applications.

Keywords: high aspect ratio; full-wing; lateral-directional control; without an aileron; differential
thrust of propellers; nonlinear dynamic inversion; active disturbance rejection control; vector field
path following; flight test

1. Introduction

High aspect ratio full-wings have a higher lift-drag ratio at low speed and simpler structure than
the conventional configuration, so they are favorable for solar-powered UAVs. Meanwhile, the flat
upper surface of high aspect ratio full-wings makes this configuration have a larger and more complete
solar-cell laying area. The most famous high aspect ratio full-wing UAVs are Pathfinder and Helios [1],
solar-powered UAVs designed by NASA. The high aspect ratio full-wing UAV researched in this paper
consists of a central wing, two outer wings, and two vertical stabilizers, as is shown in Figure 1.

Limited by solar radiation energy, all solar-powered UAVs have high aspect ratio wings and
ultra-low structures in order to improve aerodynamic efficiency and reduce structural weight. However,
this makes wings prone to torsional deformation, and the aileron’s control efficiency is very low,
as well as aileron reversal may occur. Meanwhile, in order to reduce the weight, the high aspect
ratio full-wing UAV usually does not have rudders. To solve the lateral-directional control problem,

Appl. Sci. 2019, 9, 4236; doi:10.3390/app9204236 www.mdpi.com/journal/applsci

http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0002-4000-4773
http://dx.doi.org/10.3390/app9204236
http://www.mdpi.com/journal/applsci
https://www.mdpi.com/2076-3417/9/20/4236?type=check_update&version=2


Appl. Sci. 2019, 9, 4236 2 of 16

high aspect ratio full-wing UAVs, such as Pathfinder [2], use the differential thrust of propellers
instead of ailerons and rudders. Different from the aileron directly generating the rolling moment,
the differential thrust of propellers will first produce sideslip and then rely on the lateral stability to
produce the roll angle, so the stabilities of UAVs become essential.

Figure 1. High aspect ratio full-wing configuration.

Due to the low flight speed and poor yaw static stability of the full-wing UAV, it is sensitive to
wind field disturbances and speed changes during its flight. According to the cascade control theory,
the lateral-directional control of full-wing UAVs can be divided into the lateral-directional attitude
control and the lateral-directional trajectory control. For the former, Han [3] and Gao [4] proposed the
theory of active disturbance rejection control, which is a control theory with a strong robust ability
and easy engineering realization [5], and it is very suitable for flight control design [6–8]. Nonlinear
dynamic inversion control (NDI) is widely used in flight control research [9–11]. The work in [12]
showed that NDI has a good control effect, but it needs a precise mathematical model of the controlled
drone. For the latter, the vector field trajectory tracking method, proposed by Nelson [13], is one of
the most popular trajectory tracking methods presently [14–16]. Compared with other trajectory
tracking methods, such as the line-of-sight method [17], the nonlinear guidance method [18], and the
LQRmethod [19], Sujit’s [20] research showed that the vector field method has the best wind resistance,
which is a good choice to control high aspect ratio full-wing UAVs.

Based on the above analyses, this paper will focus on the lateral attitude control and trajectory
control for a high aspect ratio full-wing UAV. First, a lateral-direction mathematical model of a full-wing
configuration UAV with twin propellers is established, and its lateral-direction flying qualities are
analyzed. Then, based on active disturbance rejection control (ADRC) and NDI theories, a full-wing
UAV lateral attitude control law is designed, which uses the differential thrust of propellers as the
control output. Third, the vector field trajectory tracking method is improved to meet the requirements
of linear tracking control for this UAV. Finally, the control effects of the designed controller are verified
with simulations and flight tests.

2. Mathematical Model and Flying Qualities

2.1. Lateral-Directional Mathematical Model

The lateral-directional mathematical model of a high aspect ratio full-wing UAV can be
expressed as: 

v̇ = pω− ru + g cos θ sin φ + Y/M

φ̇ = p + q sin φ tan θ + r cos φ tan θ

ψ̇ = q sin φ sec θ + r cos φ sec θ

ṗ = Γ1 pq− Γ2qr + Γ3l + Γ4n

ṙ = Γ5 pq− Γ1qr + Γ4l + Γ6n

(1)

and: {
Γ = Ix Iz − I2

xz, Γ1 = Ixz
(

Ix − Iy + Iz
)

/Γ, Γ2 =
(

Iz
(

Iz − Iy
)
+ I2

xz
)

/Γ

Γ3 = Iz/Γ, Γ4 = Ixz/Γ, Γ5 =
(

Ix
(

Ix − Iy
)
+ I2

xz
)

/Γ, Γ6 = Ix/Γ
(2)

Y = q̄SCYββ (3)
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l = q̄SbClββ +
q̄b2

2Va
S
(

Clp p + Clrr
)

(4)

n = q̄SbCnββ +
q̄b2

2Va
S
(
Cnp p + Cnrr

)
+ ∆Fpdp (5)

In the equations, Ix, Iy, Iz, and Ixz are the moments of inertia and the product of inertia, respectively.
M is the mass. u, v, w are velocities in the body-fixed frame. p, q, r are angular rates in the body-fixed
axes. β, θ, φ, and ψ are the sideslip angle, pitch angle, roll angle, and yaw angle. Y, l, n are the lateral
force, roll, and yaw moments. CYβ, Clβ, Cnβ are the lateral force derivative, roll, and yaw static stability
derivative. Cnp, Clr are the dynamic cross derivatives, and Clp, Cnr are the roll and yaw damping
derivatives. Va, S, b are the airspeed, planform area, and wingspan of the aircraft. q̄ is the dynamic
pressure. ∆Fp is the differential thrust of propellers, while dp is the distance between the propellers
and the symmetric plane of the UAV.

The author of this paper improved the propeller thrust model proposed by Beard [21] through
experimental data in the article [22].

Fp =
1
2

ρSpCp

(
kp1δp

2 + kp2δp −V2
p

)
(6)

The testing picture of the propeller thrust and the propeller thrust fitting results is shown in
Figures 2 and 3. The fitting R-squared reached 0.997.

Figure 2. The testing picture of the propeller thrust.

Define ∆δp as the differential throttle; the throttles of the left and right propellers are δpl = δp +∆δp

and δpr = δp − ∆δp. Then, Vp of the left and right propellers are Vpl = Va + dpr and Vpr = Va − dpr.
The differential thrust of the propellers is:

∆Fp = Fpl − Fpr = ρSpCp(2kp1δp∆δp + kp2∆δp − 2Vadpr) (7)

When the error between the course angle χ and the yaw angle ψ is not considered, the horizontal
position of the drone can be expressed as:{

Ṗx = Ve sin ψ

Ṗy = Ve cos ψ
(8)

where Ve is the ground speed of the drone. Px and Py are the positions of the drone in the east and
north directions.
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Figure 3. Propeller thrust fitting results.

2.2. Flying Qualities

The three-view and isometric drawings of the high aspect ratio full-wing configuration UAV in
this paper are shown in Figure 4.

20
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600mm
900mm
1800mm

elevator

Figure 4. The three-view and isometric drawings of the high aspect ratio full-wing drone.

As shown in Figure 4, the UAV has a wingspan of 1.8 m and a chord length of 0.2 m. The wing is
composed of three parts: the central wing and two outer wings. The larger dihedral angle of the outer
wing reaches six degrees. Two vertical stabilizers are arranged below the central wing, and tires can be
installed on the vertical stabilizers as the landing gears. Two motors are mounted on the outer wings,
and the distance between them is 0.9 m.

In order to make a more intuitive comparison, the full-wing UAV in this paper is compared with
a conventional configuration UAV with the same wingspan length, chord length, and a similar weight.
Their basic parameters are shown in Table 1.

Table 1. The basic parameters of the full-wing and conventional configurations.

Basic Parameters M Ix Iz CYβ Clβ Cnβ Clp Cnp Clr Cnr

full-wing configuration 1.053 0.160 0.164 −0.400 −0.118 0.020 −0.671 −0.040 0.113 −0.003
conventional configuration 1.090 0.111 0.208 −0.143 −0.143 0.016 −0.707 −0.036 0.102 −0.014

Table 1 shows that the full-wing drone weighs only 1.053 kg, and the wing load is 2.925 kg/m2.
Ix of the full-wing configuration is smaller than that of the conventional configuration, because the
full-wing configuration has no fuselage; thus, it has a more reasonable inertial load distribution.
Because of the tail, Iz of the conventional configuration is larger. The static stability derivatives Clβ and
Cnβ and the damping derivative Clp are basically the same for both configurations. However, thanks to
the larger vertical stabilizer, the side force derivative CYβ of the full-wing is three-times as large.
Meanwhile, because of the tailless design, the yaw damping derivative Cnr of the full-wing is
extremely small.
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The lateral-directional modes of both configurations at Va = 11 m/s are shown in Table 2.

Table 2. The lateral-directional modes of full-wing and conventional configurations.

Roll Subsidence Mode Dutch Roll Mode Spiral Mode

Mode Parameters Characteristic Characteristic Damping Ratio Natural Frequency Characteristic

full-wing −13.34 −0.26± 1.48i 0.17 1.50 −0.050
conventional −18.98 −0.55± 3.39i 0.16 3.44 −0.055

Table 2 shows that the roll subsidence mode and dutch roll mode characteristics of the
conventional drone are 1.42- and 2.29-times as much as those of the full-wing drone. According
to the MIL-F-8785C specification, even if the full-wing configuration does not have a tail, it can still
satisfy the Class I flying quality of the lateral-directional mode. The analysis shows that CYβ may play
an important role. Recalculate the lateral-directional modes of the full-wing drone in Table 3 after
setting CYβ to −0.1, −0.2, −0.3, and −0.4 respectively.

Table 3. The lateral-directional modes of the full-wing drone at different CYβ.

Roll Subsidence Mode Dutch Roll Mode Spiral Mode

CYβ Characteristic Characteristic Damping Ratio Natural Frequency Characteristic

−0.1 −13.32 0.020± 1.48i −0.014 1.48 −0.050
−0.2 −13.33 −0.088± 1.49i 0.059 1.49 −0.050
−0.3 −13.33 −0.20± 1.49i 0.13 1.50 −0.051
−0.4 −13.34 −0.26± 1.48i 0.17 1.50 −0.051

From Table 3, we can see that CYβ has little effect on the roll subsidence and spiral mode, but it
has a very large impact on the real root and damping ratio of the dutch roll mode. Too small a CYβ will
lead to the dutch roll mode of the full-wing drone being unstable. Since the vertical stabilizer is the
most important component for generating lateral forces, it is important to select properly the size of
the vertical stabilizers for the lateral-directional modes of the full-wing configuration.

3. Lateral-Directional Control Law Design

3.1. Lateral-Directional Attitude Control Law Based on ADRC and NDI

The lateral-directional attitude of UAVs can be divided into the roll angle and yaw angle.
The full-wing drone in this paper has no aileron or rudder, so the yaw control moment can only
be generated by the differential propeller thrust. Although the yaw control moment generated by the
rudder in the paper [23] achieved roll angle control, the control process was not direct enough, and the
response speed was slow. Therefore, this paper draws lessons from Pathfinder’s [24] lateral-directional
attitude control law, that is using the differential propeller thrust to control the yaw angle, while the
roll angle is not considered in the control process.

When the roll angle and the roll angle rate are not taken into consideration, Equation (1) can be
simplified as: {

ψ̇ = q sin φ sec θ + r cos φ sec θ

ṙ = Γ5 pq− Γ1qr + Γ4l + Γ6n
(9)

Obviously, Equation (9) can be divided into a yaw angular rate loop and a yaw angle loop.
According to the time scale separation theory, the yaw angle control loop and yaw rate control loop
can be designed, respectively. Therefore, ADRC control with a strong disturbance rejection ability
and good robustness was adopted in the yaw angle rate loop because it is sensitive to disturbance
moment and has no accurate mathematical model, while the yaw angle loop does. Thus, using NDI
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controller not only has a good control ability, but also solves the singularity problem that appears
when ψ = ±180◦ and the ADRC controller is used. The control structure is shown in Figure 5.

fu
ll-w

in
g 

U
A

V

Sensors

Yaw angle control loop Yaw rate control loop

Figure 5. Structure diagram of lateral-directional attitude control law. ESO, extended state observer

3.1.1. Yaw Angle Control Loop

The first part of Equation (9) can be represented as:

ψ̇ = fψ + gψr (10)

where fψ = q sin φ sec θ and gψ = cos φ sec θ.
Based on the NDI control theory, the feedback control law of the yaw angle is designed as follows:

r̄c =
[
Kψ (ψc − ψ)− fψ

]
g−1

ψ (11)

Because there is a singularity in the yaw angle, Equation (11) can be improved as:

r̄c =
[
Kψ (ψc − ψ + 2πn)− fψ

]
g−1

ψ (12)

where n is an integer that makes −π < ψc − ψ + 2πn ≤ π. In order to prevent excessive yaw rate
command, the command is limited to rcmax.

rc = sat(r̄c,−rcmax, rcmax) (13)

where sat(·) is the saturation function.

3.1.2. Yaw Angle Rate Control Loop

The second part of Equation (9) can be expressed as:

ṙ = fr + gr∆δp (14)

gr is the control efficiency of the differential propeller thrust:

gr = Γ6ρSpCp
(
2kp1δp + kp2

)
(15)

Obviously, the control efficiency of ∆δp is related to throttle δp.
fr is a multi-variable function of both the states and external disturbances, so fr cannot be

accurately measured and calculated in practice. In the ADRC control theory, fr is called the total
disturbance, which can be estimated by the extended state observer (ESO).

er = r̂− r
˙̂r = ∆̂r − β1er + gr∆δp
˙̂∆r = −β2fal(e, σ, δ)

(16)
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where ∆̂r is the observed value of fr. β1 and β2 are the gains of ESO, whose larger parameters lead to
a better performance, but easier divergence. fal(·) is a nonlinear function defined as:

fal(e, σ, δ) =

{
e

δ1−σ , |e| ≤ δ

|e|σsign(e), |e| > δ
(17)

where sign(·) is the signum function.
Based on the ADRC theory, the feedback control loop is designed as:

¯∆δp =
(
Kr(rc − r)− ∆̂r

)
g−1

r (18)

In practice, δpl and δpr must be in the range of (0, 1]. It is necessary to limit ∆δp in ∆δpmax to
prevent δpl and δpr from saturation.

∆δp = sat( ¯∆δp,−∆δpmax, ∆δpmax) (19)

3.2. Lateral-Directional Trajectory Tracking Control Law Based on VF

Presently, the flight path of the UAV is still dominated by a linear trajectory, and a mission path is
composed of many linear trajectories. The linear trajectory is usually defined by waypoints, and the
line segment defined by two waypoints is a straight line trajectory, as shown in Figure 6.

waypoint1 waypoint2 

waypoint3 

path1 

waypoint4 

path4 

path3 

path2 

Figure 6. Waypoints and paths.

In practical applications, the drone cannot reach the waypoint accurately, so it is necessary to
design the switching logic of the waypoints. One way is by judging the distance between the drone
and its waypoint: assuming that the UAV is tracking path i, then when the distance between the drone
and waypoint i + 1 is less than R, the tracking path is switched to i + 1. However, the flying speed
of the high aspect ratio full-wing UAV in this paper is too low, and it may not be able to reach the
waypoint in a strong wind. Therefore, it is necessary to supplement the switching logic. Another way
is by judging the relative position of the drone and its path: assuming that the UAV is tracking path i,
the dotted line in Figure 6 passes through the waypoint i + 1 and is perpendicular to path i. When the
drone passes through this dotted line, the tracking path is switched to i + 1.

Figure 7 shows the calculation process of the waypoint switching logic. First, Cwp and Lwp are
the current and last target waypoints, so the line between the two waypoints is the current path. wpn

is the number of waypoints. Cwp < 1 or Cwp > wpn are irrational; when this happens, set Cwp = 1.
When Cwp = 1, set Lwp = wpn; thus, let the waypoints form a closed loop. Second, determine whether
the waypoint needs to be switched considering the distance between the drone and the waypoint or
the relative position of the path. If necessary, add one to the current waypoint, which is Cwp+ = 1.
Cwpx,Cwpy,Lwpx and Lwpy are the east and north positions of the current and last target waypoints.
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Px and Py are the drone’s positions. Finally, calculate the direction angle of the straight line path ψt

and the distance between the drone and path d.

1 ; 1 ;
2 ; 2 ;

wpx wpx wpy wpy

x wpx y wpy

x C L y C L
x P L y P L
= − = −

= − = −

1>wpC
<wp nC wp 1wpC =

wp nL wp=1wpC ≠

1wp wpCL = −

( ) ( )2 2 2− − >+ yx wpx wpyP C P C R
( ) ( )1 1 2 1 1 2 0− + − >x x x y y y

Start

NO

NO

NO

Outputs 

current and last 
waypoint

change
waypoint

( )arctan 1/ 1=t y xψ

( ) 2 21 2 2 1 / 1 1= − +d x y x y yx

1wpC + =

, td ψ

Figure 7. Switching logic of the waypoints.

Presently, most small UAVs use the global navigation satellite system (GNSS) to get 3D position
information in the World Geodetic System 1984 (WGS84) coordinate system. WGS84 is too complex for
small UAVs. In order to simplify the calculation, the Earth is approximated as a sphere. After ignoring
the flying height, the relative distance between the two points can be expressed as:{

x = Re cos (lat2)(lat2− lat1)

y = Re(lon2− lon1)
(20)

where x, y are the distances between the two points in the east and north. Re = 6371 km is the
average radius of the Earth. lat1, lon1, lat2, and lon2 are the latitudes and longitudes of the two points.
During the experiment, all the positions are obtained by calculating the relative positions in relation to
Waypoint 1.

When analyzing a straight path separately, the position relationship between the drone and the
path is as shown in Figure 8.
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Figure 8. Schematic diagram of the lateral-directional trajectory tracking control law.

d is the distance between the drone and the path. ψt is the direction angle of the straight line path.
When the error between the course angle χ and the yaw angle ψ is not considered:

d = Ve sin (ψ− ψt) (21)

Based on the vector field (VF) trajectory tracking theory, the yaw angle control command can be
expressed as:

ψc = ψt − ψ∞ 2
π

tan−1(Kdd) + 2πm (22)

When d is large enough, the UAV is directed to approach the path at a ψ∞ angle, so the range of
ψ∞ is

(
0, π

2
]
. m is an integer that ensures −π < ψc ≤ π.

Obviously, Formula (22) does not consider the effect of the velocity. Usually, the higher the speed,
the smaller Kd should be. Therefore, the parameter Kd is redefined as:

Kd = K̄d/sat (Ve, Vmin, in f ) (23)

4. Simulations and Flight Tests

Verify the designed lateral-directional control law through simulations and flight tests. The control
law’s parameters are shown in Table 4.

Table 4. The lateral-directional control law parameters.

Parameters Kψ rcmax β1 β2 σ δ Kr ∆δpmax ψ∞ K̄d

Values 1 π
9 300 400 0.5 0.1 10 0.2 π

4 0.75
Equation (11) (13) (16) (16) (17) (17) (18) (19) (22) (23)

4.1. Simulations

4.1.1. Attitude Control

Verify the effectiveness, robustness, and anti-disturbance ability of the proposed yaw angle control
law based on the nonlinear dynamic inversion and active disturbance rejection control (NDI-ADRC)
theory with simulations. Figure 9 is the response curves of the NDI-ADRC yaw angle controller
when tracking commands at 8, 11, and 17 m/s. In order to verify the robustness of the controller,
the aerodynamic parameters is 30% bigger than the original ones, while the control efficiency of the
differential propeller thrust is 20% smaller during the simulations. At the same time, in order to test
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the wind resistance ability of the controller, when t = 100 s, add a cross discrete gust wind in the
simulations. The gust amplitude and length are 3 m/s and 50 m. Figure 10 is the response curves
of the NDI-ADRC controller when tracking the command under the condition of an 11-m/s speed
and disturbed by yaw moment n = 1.2 sign

(
sin
(

π
4 t
))

N ·m. Comparing the control effects, the PID
controller has the same gain parameters as the NDI-ADRC controller.

Figure 9a shows that even if the aerodynamic parameters and the control efficiency of the
differential propeller thrust are changed, the NDI-ADRC yaw angler controller can still track command
signals effectively at different flying speeds. The tracking process is smooth and without overshoot.
The rise time is about 5 s when tracking a 90◦ step signal in the time range of 45–50 s. Figure 9b
shows the sideslip angle β < ±8◦ during the simulation. As shown in Figure 9c, the output time of
the differential propeller thrust is very shot, and there is no output in most cases. From Figure 9a,b,
we can learn that the gust will influence the sideslip angle β. According to Table 1, we can see∣∣∣Clβ

∣∣∣� ∣∣Cnβ

∣∣, so the cross gust wind mainly affects the roll angle, not the yaw angle.
As shown in Figure 10a, the average tracking error and error amplitude of the NDI-ADRC

controller are 0.37◦ and 1.00◦ during 10–40 s, while those of PID controller are 2.30◦ and 2.92◦.
Obviously, the NDI-ADRC controller has a much better anti-disturbance ability than the PID controller,
which is mainly because ESO has a very effective observation of the disturbance in Figure 10d.
Although the disturbance moment of 1.2 N is very large for such a small aircraft, the differential
propeller thrust is still not saturated, which shows that the control efficiency of the differential propeller
thrust is very high in flight.
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0
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0 20 40 60 80 100 120
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Figure 9. The yaw angle (a), side-slip angle (b), differential propeller thrust (c) and observer (d) curves
of the nonlinear dynamic inversion and active disturbance rejection control (NDI-ADRC) yaw angle
controller when tracking the command at different speeds.
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Figure 10. The yaw angle (a), side-slip angle (b), differential propeller thrust (c) and observer (d)
curves of NDI-ADRC and PID controllers for the disturbed yaw moment.

4.1.2. Trajectory Tracking Control

Verify the effectiveness of the trajectory tracking control law based on VF theory. Figure 11 shows
the flight path when the full-wing drone is tracking a four-sided path square with a side length of
300 m. Arrows are the drone’s heading angles at each position. Based on the simulation of Figure 11,
Figure 12 is the experimental results after adding a 3-m/s constant east wind at the beginning of
the simulation.

As shown in Figure 11, the improved VF method can control the drone to track the linear trajectory
at different speeds. Meanwhile, by adjusting parameter R, the waypoint switching process is smooth
and without overshoot. Figure 12 shows that wind will reduce the accuracy of UAV trajectory tracking.
When the flight is relatively stable, both Paths 1 and 3 have errors of about 10 m. Observing the
trajectory curve of the tracking Path 3, we find a lower the speed, the more it is influenced by wind.
Compared with Path 3, Path 1 is less affected by wind. This is because the UAV will roll to the right
when it switches from Path 2 to Path 3, and the wind field will intensify the roll. However, when it
switches from Path 4 to Path 1, the roll-induced sideslip is opposite the wind-induced sideslip, which
forms a counteraction effect.
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Figure 11. The flight path of the full-wing drone when tracking a four-sided path.
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Figure 12. The flight path of the full-wing drone when tracking a four-sided path in the east wind.

4.2. Flight Tests

The flight test of the lateral-directional control method for the high aspect ratio full-wing UAV
designed in this paper was carried out through experiments.

4.2.1. Flight Test Bed

In order to solve the problems of a long flight test cycle and high cost, an experimental test bed
of the UAV with a large aspect ratio and full-wing configuration was designed, which consisted of
a small aircraft, a small autopilot, and some accessories.
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The small aircraft is shown in Figure 13, the shape of which is exactly the same as in Figure 4.
Pictures of the flight process are shown in Figure 14, and a flight video can be found at https://www.
bilibili.com/video/av48090653.

Figure 13. The high aspect ratio full-wing UAV for the flight experiments.

Figure 14. The high aspect ratio full-wing UAV in flight.

Figure 15 shows the connection of the small autopilot and its electronic equipment. The control law
code of the small autopilot system adopted graphical programming and automatic code generation
technology, which greatly shortened the period of modifying the control law and accelerated the
experimental cycle. The sensors of the autopilot and accessories are shown in Table 5.

PWM

SBUS

TTL

TTL&

IIC

IIC

USB

2
.4

G

Motor

Motor ESC
Receiver

Transmitter
T
r
a
n
s
m
i
t
t
e
r

servoGNSS&CompassAirspeed

9
0
0
M

Computer RC Controller

Airborne equipment

Ground equipment

Figure 15. The connection of the small autopilot and its electronic equipment.

Table 5. Sensors of the autopilot and accessory.

Processor Accelerate & Gyro Compass Air Speed GNSS Motor Propeller

Stm32f407 Mpu6050 Hmc5983 Ms4525do Ublox m8n 2212-1400 APC8060

https://www.bilibili.com/video/av48090653
https://www.bilibili.com/video/av48090653
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4.2.2. Flight Test Results

Figure 16 shows the trajectory curve of the UAV with full-wing configuration tracking four-sided
paths during the experiment. Figure 17 shows the response curves of yaw angle, yaw angular rate,
differential propeller thrust and ESO during the flight.
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Figure 16. The trajectory curve of the drone when tracking four-sided paths.
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Figure 17. The yaw angle (a), yaw angular rate (b), differential propeller thrust (c) and observer (d)
curves during the flight.
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Figure 16 shows that the improved vector field trajectory tracking method still had a good control
effect in the flight experiments. The maximum error of the controller was 12 m, and the average error
was 5.06 m, which can meet the requirements of practical applications.

The curve of 18–30 s in Figure 17a shows that the response time of the NDI-ADRC yaw angle
controller was about 5 s, which was the same as in the simulations. When the command signal was
stable at 10–18 s, the average tracking error was 0.91◦. Therefore, the NDI-ADRC yaw angle controller
also had good control effects and control accuracy in the experiments. The curves of 18–25 s and
33–38 s in Figure 17b show that the yaw angular rate reached the maximum designed value 20◦/s,
but the overshoot was only 2◦/s. Figure 17c shows that the output of the differential propeller thrust
was very small, which corresponds to the simulation results. Therefore, the energy consumption of
the differential propeller thrust was very small, which is suitable for the solar UAV with strict energy
consumption requirements.

5. Conclusions

This paper presents a lateral-directional control method for the high aspect ratio full-wing UAV
without an aileron and rudder by using the differential thrust of propellers as the output. By doing
research on flight stability, the yaw angle attitude control and trajectory tracking of the full-wing UAV
through simulations and flight tests, the authors demonstrated the following key points:

(a) CYβ was very important for the dutch roll mode of the high aspect ratio full-wing UAV. Large CYβ

can significantly improve the dutch roll mode damping.
(b) It was feasible and effective to use the yaw angle instead of the roll angle as the controlled state for

the high aspect ratio full-wing UAV. The differential propeller thrust had good control efficiency,
which can replace an aileron and rudder to control the drone’s lateral-direction.

(c) The simulation and experiment results show that the lateral-directional control method for the
high aspect ratio full-wing UAV designed in this paper had a good control effect, robustness,
and disturbance rejection ability. At the same time, the controller had less calculation, fewer
parameters to be adjusted, and a simple implementation process, which is very important for
engineering applications.
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