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ABSTRACT Unmanned aerial vehicles, especially quadcopters, play key roles in many real-world applica-
tions and the related quadcopter autonomous control algorithms have attracted a great deal of attention.
In this paper, we address the vision-based autonomous landing problem of a quadcopter on a ground
moving target. Firstly, we propose a disturbance observer-based control algorithm, consisting of a nonlinear
disturbance observer and robust altitude and attitude controllers. This algorithm is based on the quadcopter
dynamics model, and its stability is strictly proved using Lyapunov’s theory. Secondly, we develop an
autonomous landing planner which we test for various landing scenarios to deliver improved reliability and
accuracy of the landing mission. These theoretical studies are complemented by a numerical feasibility study,
before demonstrating the effectiveness of our approach under actual flight conditions with an experimental
quadcopter platform.

INDEX TERMS Autonomous vehicle, quadcopter, unmanned aerial vehicle, precision landing, moving
target, disturbance observer, robust control, mission planing.

I. INTRODUCTION

In recent decades, quadcopter unmanned aerial vehi-
cles (UAVs) have gained much appreciation in the community
due to their various benefits over other UAVs, namely an abil-
ity for vertical takeoff and landing, high agility and maneu-
verability, compact size, and affordable cost [1]. Therefore,
they have attracted a growing attention for various appli-
cations, including search and rescue, environmental explo-
ration, surveillance, and aerial mappings [2]. In all these
applications, landing the vehicle is an essential yet delicate
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maneuver [3], with sensing limitations, external disturbances,
and unknown landing surfaces posing the main challenges.
The task is complicated even further if the landing target is
in motion. Hence, the ability to reliably land a quadcopter
autonomously on a moving platform remains a highly chal-
lenging but also rewarding topic as it promises a multitude of
applications.

Positioning is one of the fundamental parameters that
directly affect landing performance. While the global posi-
tioning system (GPS) is popular for outdoor positioning [4],
it is considerably degraded in clustering environments such
as cities with high buildings, narrow valleys, and forests.
Furthermore, there is no GPS reception indoors or in caves.
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To resolve these issues, many studies successfully employed
other onboard sensors to provide alternative solutions to the
positioning problem in GPS-denied environments [5]. The
most commonly used onboard sensors include ultrasonic
rangers, laser rangers, light detecting and ranging (Lidar)
sensors, and visual cameras [6].

From among these approaches, visual cameras are highly
suitable for precision landing missions as they can provide
3-dimensional (3D) or at least 2D information about the
landing target’s state [7]. In the past, two main approaches
have been employed for vision-based autonomous quad-
copter landing, namely image-based visual servoing [8] and
position-based visual servoing (PBVS) [9], with the latter
having several advantages considering that quadcopters are
an underactuated system. As a result, PBVS has been utilized
in many landing algorithms, including linear [10], [11] and
nonlinear [12], [13] control techniques. However, all these
studies tackled the landing problem for stationary platforms
only and did not consider moving platforms.

Since many applications require quadcopters to be able to
land on a mobile target, some studies have attempted to solve
this problem. However, in [14] it was assumed that the target’s
velocity is known, which is not the case in most real-world
applications. In [15], the PID control technique was used to
land a quadcopter on a fast-moving ground vehicle, although
the vehicle’s position and velocity had to be determined from
an attached smartphone’s GPS information. Several other
approaches that are based on the landing target’s model have
been presented in the literature [16], [17], [18], including
approaches using control methods and data estimation algo-
rithms [19], [20], [21], [22], [23]. However, most of these
works used optical cameras operating in the visual part of the
spectrum and are therefore unsuitable for dark environments,
e.g., during nighttime or for applications in caves or tunnels.
Moreover, most of these studies did not present any experi-
mental verifications of the proposed algorithms. Meanwhile,
the problem of reliably landing a quadcopter on a moving
target remains unresolved for a wide range of real-world
applications and solutions are desperately needed.

In an effort to provide such a solution, we propose the fol-
lowing approach to land a quadcopter precisely on a ground
moving target in the presence of external disturbances. The
main contributions of this work are fourfold:

(i) A novel disturbance observer-based (DOB) control
algorithm is proposed to deal with the robust altitude and
attitude tracking control problems of quadcopters in disturbed
flight conditions. The stability of the closed-loop system is
strictly proved using Lyapunov’s theory. Our proposed con-
troller only requires tuning of a few parameters and is robust
against external disturbances, which are omnipresent and
can severely degrade the low-altitude flight performance of
quadcopters [24], [25], especially when close to the landing
pad.

(ii)) A new autonomous landing planner is developed.
By testing several landing scenarios, we ensure that the
planner can execute the mission safely and precisely. More

VOLUME 10, 2022

£}

FIGURE 1. A typical quadcopter configuration.

specifically, our planner achieves a higher landing success
rate, and even when the UAV cannot be safely landed on the
moving target, it will deviate the vehicle and safely land it in
an alternative landing location.

(iii) We employ an infrared (IR) camera for the landing
target detection and state estimation which ensures that our
approach remains fully functional also in dark environments,
while making it cost efficient and simple to operate as it
requires only one small, lightweight IR beacon that can
be easily attached to any landing platform. This is highly
beneficial from a practical point of view as many missions
require quadcopters to be able to operate in the dark (e.g.,
disaster monitoring, surveillance, search and rescue) and land
autonomously on moving targets (e.g., ship decks or trucks).

(iv) Unlike many existing studies, who only validated
their algorithms through numerical simulations, we con-
ducted several experiments with realistic flight conditions
to demonstrate the effectiveness of our method. The move-
ment of a ground vehicle is simulated by attaching a landing
platform onto a rover. To the best of our knowledge, only
few studies [26], [27], [28] have been able to verify their
approach experimentally and we highlight the advantages of
our method in a direct comparison (Table 1).

The remainder of this paper is organized as follows.
Section II presents preliminaries. The proposed DOB robust
controller and the autonomous landing planner are described
in Section III. Experimental setups and results are presented
in Section IV, and conclusions are given in Section V.

Il. QUADCOPTER DYNAMICS AND PROBLEM
STATEMENT

A widely used configuration of a quadcopter is depicted in
Figure 1. With four motors and four propellers, the vehicle
can generate forces Fi(i = 1,...,4) that manipulate the
vehicle’s rigid body through control inputs, including the
thrust force (u#1) and torques (u2, u3, and us):

w=F+F+F+F,

up = L(F, — Fy)

uz = L(F3 — F1)

ugs = cqg(—F1 + F» — F3 + Fy)

ey
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TABLE 1. Comparing our proposed work and the most related works in the literature [26], [27].

Comparison Criteria [26] [27] [28] Our Work Merit
Low Proposed Improved Reliability
Landing (altitude and at- PID p_p complexit DO]I; Our work is theoretically and practically reliable for
titude) controller con tfollery controller quadcopter landing on mobile targets in the presence of
considerable external disturbances.
Higher Realism
. The large speed of our landing target provides a more
Maximum speed of the L L ; N .
movine tar eI; 0.4 m/s 0.8 m/s 0.5 m/s 2 m/s realistic approximation of the landing target’s motion,
glag thus ensuring the applicability of our work to real-world
applications.
Visual spec- Visual Multifunction
Camera system IR camera trum ca n[i ora  Sbectrum IR camera Our solution remains functional even in low-light or dark
camera environments.
Improved Accuracy
Landing error 35cm --- 10 cm 18.6 cm Our approach allows quadcopters to achieve missions
requiring high landing accuracy.
Disturbance
Zq
> 3 Proposed
DOB
X ~ T, ¢ Robust
Proposed d > d o~
Auto:omous “' Multi-mode /) > C(.)ntroller
Landing ¥y Position Conversion 0 4 I(”’Cg’desd
~ altitude an
Planner d ~’\/—> Controller d Ny R a”’i/“du
p r controllers) Quadcopter
l//d Ol L4, Dynamics
%4
i plo|\v
z| x|y

loc loc loc loc

LT>7LT? LT > LT ‘

l Landing Target State Estimator [ ‘

| Information of the Region of Interest ‘ IR Pixy

camera

FIGURE 2. Block diagram of the proposed algorithms, including a DOB controller and a autonomous landing

planner, in the whole control system of the quadcopter.

where L is the quadcopter’s arm length; ¢4 the force-to-torque
coefficient; and g the gravitational acceleration.

The quadcopter dynamics was described and verified in
various existing studies [29], [30], [31]. Its horizontal trans-
lational dynamics model is expressed as

X = %(cosd)sin@cosinw + singsinyr)u; @
y= %(cosqﬁsin@sinw — singcosinyr)u;
and its vertical and rotary dynamics are described as
I=—-g+ %(cosqﬁcos@)ul +d;
¢ = Jy‘]_szél/'/ + iuz +ds 3)

§ =226+ Ly 1y

. J‘('_Jv.. 1
U =27290 + Jus +da

with x, y being the position, z the altitude, and ¢, 6, ¥ the
attitude (in the inertial coordinate {E}); m denotes the mass;
Jy, Jy, and J; represent the momentum of inertia about the
x,y, and z axes, respectively; d = [dy, d», d3, dq]T is the
disturbance vector.

It is worth noting that the quadcopter’s dynamics are sep-
arated into horizontal translational terms in (2) and the other
terms in (3) because of the following reasons.
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(i) As per (2), the dynamics of the position x, and y are
dependent to the attitude ¢, 6, ¥ and the control input u;.
Therefore, we can manipulate the vehicle’s position by con-
trolling its altitude and attitude in (3).

(i) In this paper, we are going to focus on proposing a
disturbance observer-based controller to stabilize the vertical
and rotary dynamics (3).

Let & = [z20.0.9]), u = [u,u,u3,u4)",

Sy=Je 55 Jo=dx i i Ix=dy S AT
o= l-s A 0y, ~jv Vo, T *¢0]", and B =

diag(%cos¢c0s9, J% % Jl) Then, (3) becomes

E=f+Bu+d )

In the following sections, we are going to present a dis-
turbance observer-based controller, u, and a landing planner
(Figure 2), which allow the quadcopter to land precisely on
a moving target with a time-varying position of (xg, y4). In
this paper, we use a mini-rover as the landing target, whose
car-like model is illustrated in Figure 3 and kinematics is
described as follows [32].

X, = vcosH,
Yy = vsinG, )
6, = L—VrtanSr
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FIGURE 3. The car-like model of the mini-rover, which is used as a
moving landing target in this study.

where x, and y, denote the position of the characteristic point
located midway of the rear wheels, 6, the heading angle, and
4, the steering angle of the rover. Before moving forward, the
following assumption and lemma are introduced.

Assumption 1: The disturbance d and its time-derivative
are bounded, i.e., the followings hold: || d ||< dy and || d || <
81, where dj, and §;, are unknown positive constants.

Lemma 1 [33]: Consider a system x = h(x) + u + d(t, x)
where x € R”, h(x) is a vector of smooth functions, and u is
the control signal, then, the following disturbance observer is
introduced:

d(t,x) = p + n(x)

6
p=—Lx)p — LE)A(Xx) + u+ n(x)] ©

where L(x) = 9dn(x)/dx denotes the observer gain, n(x) is
selected in such way that L(x) be a positive-definite gain
matrix for all x € R”. The disturbance observer (6) ensures
that the observation error d(7, x) = d(z, x) — Ei(t, X) expo-
nentially tends to a residual set containing the zero whose
radius is adjustable by tuning the function n(x). If d;, = 0,
the observer error exponentially tends to the origin.

IlIl. MAIN RESULTS

A. DISTURBANCE OBSERVER-BASED CONTROLLER

Let &p = [z, ¢sp, Osp, wsp]T be the control setpoint, then
the tracking error can be defined as:

e =§—&y (N
Then, we have the followings:

és =& — & ®)
and

e =8k ©)

From (4) and (9), we have the dynamics of the tracking error
as
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Let (10) be rewritten as
G = v (11)
with v being a virtual control input,
v=f+Bu+d—E, (12)

The selection of virtual input v is based on the stability of
the tracking error dynamics. Thus, by defining the following
variable

o = &5 + Aegleleg + 1) (13)
a control law is proposed as
v=—Ko = —Kés—K Aeg(el ez +1)72 (14)

where K and A are controller’s gains. By substituting (15)
into (12), the following DOB controller is obtained

u=B"'[—Kég—K Aeg(efes + 1) % — t—f + £, —d]

(15)

where,
¢ = Ad(eles +1)72 (16)
d=pn+To a7

ft=-Tpu—T[f —&,+Bu+¢+To] (18)

where d is the estimate of the disturbance and T is the
observer gain. Thus, the time-derivative of (13) along (10)
gives:

& = & + Al ec +1)77
—f+Butd—Ep+ Ads(eleg +1)72
= —Kés—KAeg(efeg + 172 +d (19)
where, d=d—d.
From (17)-(18), one can obtain:
d=d+Tu+Tlf —Ey+Bu++Tol  (20)
which can be simplified as
d=d—-Td @

The stability of the closed-loop system with the proposed
disturbance observer-based controller is summarized in the
following theorem.

Theorem I: For a given time-varying setpoint &, the
control law (15), based on the observer in (17) and (18),
asymptotically stabilize the quadcopter system (4), i.e., the
tracking error, eg, is forced to zero in a finite time.

Proof: Consider the following Lyapunov function
candidate:

1 1y-
V=(ele+Di—145070+2d"d @)
Then, the derivative of V gives
. ) 3 12r-
V=(elec+ 1) 2eles +0T6 +dTd+ 3dTd (23)
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Substituting (19) and (21) into (23) yields
V= (egeg + 1)7%e§a — (egeg + 1)7%e§TAeg(e§Te§ + 1)7%
—o'Ko +old+dd —d" (T +1d)2 (24)

Considering [JT(FT + F)c~z'/2 > yogiTZZ and the fact that ab <
ea* + bz/(4e), Ve > 0, we have

. 1
V< —(A—eeferlefes + 1) — (K - v )o'lo
1 I
T ———eodld+— | d|?
= —add+ —ld]
<Al Q% e (25)

where A := min(he, Ao, Ag), With A, ;= A —€ > 0, Ay :=
K—li—e > 0,and A5 := yo—ﬁ—e >0;Q:= [e,g(egeg+
D72,07,d7T;and ¢ := sup,>0(4i€ I d |?).

Following the comparison principle in [35], inequality
(25) indicates the closed-loop system is uniformly ultimately
bounded, and the tracking error converges to a small neigh-
borhood of the origin. This completes the proof.

Remark 1: The larger A, the faster the altitude and attitude
tracking errors converge to zero. However, care must be taken
when choosing A as large values can cause the chattering
phenomenon which increases system vibration and shortens
the actuators’ span. Furthermore, the convergence speed of
o is proportional to K. In our experiments, we found that
A ranged from 0.8 to 1.2, while K was about 10 times
larger than A. However, these ranges may depend on the
type of quadcopter system and need to be tuned carefully by
evaluating the system performance.

Remark 2: The larger I', the faster the disturbance esti-
mation errors converge to zero. However, a large I' makes
the observer more sensitive to external disturbances which
may cause jerks or even render the system unstable. There-
fore, thorough evaluations using numerical simulations are
recommended before applying the chosen observer gain to
an experimental platform.

Remark 3: Equation o = 0 plays the role of a sliding
manifold [35], and the tracking error, eg, is brought to this
manifold and is maintained there by the controller (15).

B. LANDING PLANNER
We propose an autonomous landing planner to ensure that the
landing mission executes safely and precisely. The planner
activates a predefined procedure once the landing task has
been triggered. The autonomous landing procedure is as fol-
lows:

Step 1: Start

Step 2: GPS-based horizontally approach the landing area.

Step 3: If the landing target (LT) is visible, vision-based
horizontally approach the LT.

Else, jump to Step 7.

Step 4: If the vehicle and the LT are horizontally close,
descend over the LT.

Else, jump to Step 3.

Step 5: If the LT is lost, jump to Step 6.
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FIGURE 4. The approach angle scheduling algorithm used to avoid the
target-loss situations in the autonomous quadcopter precision landing
onto a ground moving target.

Else, jump to Step 4.

Step 6: 1f the vehicle and the LT are vertically close, final
approach the LT’s surface.

Else, jump to Step 7.

Step 7: If the vehicle has used the maximum attempts of
target search, jump to Step 8.

Else, climb to the predefined LT searching altitude.

Step 8: If the landing target is visible, jump to Step 3. Else,
land at its current position.

Step 9: If the quadcopter is fully landed, landing complete.

Else, jump to Step 8.

Step 10: Finish.

The flowchart in Figure 5 illustrates the above procedure.
Additionally, the steps from Step 3 through Step 6 can be
described in more detail as follows.

Once the camera detects the LT, the planner will instruct the
quadcopter to reduce its current altitude by a specific amount
while horizontally approaching the LT, i.e., the quadcopter is
commanded to pass through several discrete altitude setpoints
until the landing task completes. If we let N be the number
of discrete setpoints, i the current step among the N steps
of setpoint changes (Figure 4), «; the so-called approach
angle, i.e., the angle between the horizontal plane and a vector
pointing toward the ground (these angles are chosen by trial
and error), Ad; and Ah; (i = 1...N) the horizontal and
vertical displacements from the vehicle’s current position to
its next setpoint, respectively, then A#h; is calculated as:

Ah; = Adjtana; (26)

Then, the desired altitude corresponding to the ith step, zgpj;,
is determined as

Ispli = Zspli—1 — Ah; 27
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FIGURE 5. The flowchart illustrating the proposed autonomous landing
procedure target.

IV. SIMULATION AND EXPERIMENT RESULTS

A. SIMULATION RESULTS

We first ran numerical simulations in Matlab/Simulink to
verify the proposed DOB controller before applying our
approach to a real-world quadcopter system. The numerical
simulation was conducted based on the following assump-
tions. The quadrotor altitude, attitude, and the corresponding
rates are measured by appropriate sensors and fed back to
the DOB controller. The vehicle’s dynamics (4), the con-
troller (15), and the disturbance observer (17) are imple-
mented in Matlab/Simulink and operated at a sampling time
of 0.0025 seconds, corresponding to a frequency of 400 Hz.
The dynamical parameters are collected based on our exper-
imental quadcopter’s specifications (Table 2). The controller
and observer gains are listed in Table 3. The disturbance
influencing the dynamics is introduced as:

0.55in(0.87¢t)
0.2sin(2mt)
0.2sin(2wt 4+ 7/3)
0.25in2rt — w/12)

d= + wg (28)

with wy being the vector of four white noise elements.
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TABLE 2. The parameters of the quadcopter dynamics.

Parameter Value Unit
m 2.68 kg

Jz, Jy,J> 0.0175,0.0140,0.0223 kg.m?
L 0.225 m
g 9.81 m/s?

TABLE 3. The controller and observer gains.

Symbol Value and Unit Description
K diag(10.48, 9.65, 9.65, 8.8) Controller gain
A diag(0.82, 1.15, 1.15, 1.05) Controller gain
I diag(9.0, 11.0, 11.0, 10.5)  Observer gain

IS
%)

—— setpoint s setpoint

E} m——— gctual %“ 10 actual
N 5
32 w0
E H z
wim s T\ gl V| M T
0 20
0 10 20 30 0 10 20 30
time [s] time [s]
a) b)
15
- — — setpoint
2 20 ) ol
3 210 — . —— actua
s Y o
) 5 e — \
g £ I
f: 20 setpoint E 0 =
[ actual
-5
0 10 20 30 0 10 20 30
time [s] time [s]
) d)

FIGURE 6. The altitude (a) and attitude (b)-(d) tracking performance in
the numerical simulation.

The simulation scenario can be described as follows.
Att = 0 s, the quadcopter is armed on a level surface at an
altitude z = 0 m. At ¢ = 5 s, the vehicle takes off and begins
to ascend to the desired altitude of 3 m (Figure 6). At the same
time, the quadcopter starts tracking the time-varying attitude
setpoints:

T, T T
bsp = Esm(O.Zt); Oy = gcos(O.Zt + E); Vsp = 0;
(29)

At t = 20 s, while tracking the attitude references, the
vehicle is commanded to land.

It can be seen in Figures 6 through 8 that the entire
algorithm, including the disturbance observer and the DOB
controller, delivers superior stable and robust performance.
As per the insets in Figure 6, the altitude command is tracked
with a tracking delay of fewer than 0.25 seconds, and the
attitude tracking performance is also superior with negligi-
ble tracking delays and errors (less than 0.05 seconds and
0.2 degrees, respectively). Furthermore, the control inputs
are stable and do not exhibit any chattering (Figure 7). The
disturbance observer also provides stable and reliable esti-
mations (Figure 8), which has a time delay of fewer than
0.1 seconds and an average error of less than 7%. These sim-
ulation results provide a convincing numerical verification
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FIGURE 8. The disturbance estimation performance of the proposed
disturbance observer in the numerical simulation. (a) d;; (b) d,; (c) ds;
(d) dg-

of the stability and feasibility of our DOB control algorithm
for quadcopter systems. However, despite these encourag-
ing theoretical results, we still need to test the performance
of our approach on an experimental platform in real flight
environments.

B. EXPERIMENTAL SETUP

1) EXPERIMENTAL QUADCOPTER PLATFORM

The quadcopter used in the experiment (Figure 9) is operated
by an onboard computer Pixhawk FCU. A light detecting and
ranging sensor LidarLite V3 is used to provide the altitude
information while a commercial GPS receiver is used for
positioning. The vehicle is also equipped with an inertial
navigation system (INS) for its attitude and acceleration
determination purposes. In addition, a Li-Po battery and a
power regulator for power supply, a set of radio frequency
transmitter/receiver for manual control, and a pair of wireless
telemetry for ground station monitoring are utilized. We use
an IR Pixy camera [36] to detect the landing platform and
determine its position. The measurement is updated at a
frequency of 50 Hz. Besides, an Odroid XU4 [37] serves as
a companion computer to execute the proposed algorithms

83586

Odroid companion computer meeler

GPS receiver module

Flight control unit

Odroid XU4

FIGURE 9. The experimental quadcopter platform and its equipped
devices.

TABLE 4. Parameters of the ground moving vehicle.

Parameter Value Unit
LxWxH 0.95x0.75x0.2 m
L, 0.25 m
Max. speed 2.0 m/s
Max. payload 5.0 kg
Power supply 148 —17.4 A%

(Figure 10). The Odroid XU4 and Pixhawk FCU exchange
data through the Mavlink protocol. All relevant quadcopter
dynamic parameters are listed in Table 2.

2) GROUND MOVING TARGET
The horizontally mobile platform simulates a UAV landing
pad placed on ground vehicles like a car. It is constructed
by a wooden plate attached to the top of a rover (Figure 11).
The rover is equipped with a radio receiver and 4-cell Lithium
battery and can be controlled remotely through a radio trans-
mitter. A wheel-gear is attached at each corner of the wooden
plate supporting the pad in case the quadcopter approaches
the pad at its corners. The IR beacon is located at the center
of the plate and shares the power supply system with the rover.
The detailed parameters of this platform are listed in Table 4.
From the practical point of view, the landing platform
may move along various kinds of trajectories. Nevertheless,
in the most popular applications, such as disaster monitoring,
surveillance, and search and rescue, the landing targets move
in large areas, and their trajectories can be approximately con-
sidered successive straight lines. Therefore, we implemented
the same directed movement in our rover. Due to the limited
size of our flight test site, we could only choose the moving
target with maximum speed of 2 m/s. Perceiving that this is
not a large speed, we let the rover’s speed continuously varies
in the range close to 2 m/s to have a fast enough movement
of the landing target.

3) SOFTWARE

The proposed DOB controller is implemented on the Pix-
hawk FCU at 400 Hz, while our autonomous landing plan-
ner operates on the Odroid XU4 at 100 Hz (see Figure 10
which also includes other important elements of the control
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FIGURE 12. Landing target approaching control performance, including
(a, b) the positions of the quadcopter and landing target (LT) in {E}, and
(c, d) their relative position and (e, f) their relative velocity in {B}.

system). For the experiments, we used the simulation-verified
observer and DOB controller gains from Table 3, tuning them
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(d) when the quadcopter is exhibiting the landing mission over a ground
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FIGURE 14. The control input performance, uj(i = 1...4), while it is
exhibiting the landing mission over a ground moving target (rover).
(a) uy; (b) uz; (c) uz; (d) uy.

only slightly. It is worth noting that for the quadcopter to
track and land precisely on the moving target, its horizontal
position (relative to the target) needs to be known fairly
precisely which requires a position controller that can deliver
the required level of precision. To that end, we used our
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FIGURE 15. The quadcopter attitude performance while it is exhibiting the landing mission over a
ground moving target (rover). (a) roll angle; (b) pitch angle; (c) yaw angle.

previously published vision-based landing target state estima-
tor [31] and our multi-mode control technique [38], which
have both been verified experimentally (see [31] and [38] for
detailed descriptions of these algorithms).

C. EXPERIMENTAL RESULTS AND DISCUSSIONS

In this experiment we intended to test the tracking and landing
performance of the quadcopter with a ground moving tar-
get (rover) using the following scenario: (1) the vehicle takes
off and climbs to an altitude of 2.2 m above the test site floor;
(2) the vehicle horizontally approaches the moving landing
platform; (3) once the LT is detected by the IR camera, the
landing task is triggered.

Once the LT has been detected (at t ~ 11 s), the quad-
copter’s performance (Figures 12 through 14) can be seen
as consisting of two stages: (i) LT tracking; and (ii) LT
approaching and landing. The first stage is from ¢t ~ 11 to
t &~ 22 s. As long as the distance to the target remains large
(> 0.3 m), the planner maintains the UAV at the 2.2 m altitude
setpoint (Figure 13a), and the approach angle remains zero
(Figure 13b). The UAV thus only tracks the landing target
(Figures 12a and 12b) while maintaining a constant altitude
(Figure 13c). During this stage, the position controller is try-
ing to manipulate the quadcopter closer to the LT in order to
reduce their horizontal distance. It can be seen in Figure 13c
that, at ¢+ ~ 15 s, the feedback altitude saw a declination
of 0.2 meters as the UAV started to be directly above the
0.2-meter-high landing platform, thereby shortening the dis-
tance measured by the raging sensor (the attached LidarLite).

Once the horizontal distance has been reduced to < 0.3m
(t =~ 11 s), the approach angle starts to change and the
altitude setpoints are starting to decrease as the UAV initiates
the landing procedure. In response to these commands, the
DOB controller lowers the vehicle’s altitude until the landing
task is completed (Figure 13c) while the position controller
maintains the horizontal tracking of the target (Figures 12a
and 12b). However, the planned approach angle occasionally
returns to zero and the altitude setpoint to 2.2 m (Figure 13b)
indicating that the approach is not smooth throughout. These
changes are due to the fact that the landing target and quad-
copter are both in motion and as their relative horizontal
distance is close to the limit that initiates the landing proce-
dure (0.3 m), the UAV may change back and forth between
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TABLE 5. Landing accuracy over several experiments of the autonomous
quadcopter precision landing onto a ground moving target.

Criteria / Flight 1 2 3 4 5 Average
x error (cm) 12 18 10 8 13 12.2
y error (cm) 10 12 20 15 10 13.4
x — y error (cm) 16 22 22 17 16 18.6

a purely tracking and landing mode. Once the final landing
procedure has been initiated (at t & 22), the landing mission
completes within about 10 s and an accuracy of 16 cm. Both
the attitude (Figure 15) and the control input performance
(Figure 14) confirm the stability and effectiveness of the
proposed method.

In order to verify the reliability of our algorithms, we con-
ducted five additional experiments, two of which at night,
with results shown in Table 5. As per this table, the best
landing accuracy reaches 8 cm and 10 cm along the x and y
axes, respectively. In the x — y plane, the landing accuracy
varied from 16 cm to 22 cm with an average of 18.6 cm.
These values demonstrate the stability and reliability of the
proposed method under real-world flight conditions. Fur-
thermore, these encouraging results indicate that quadcopter
UAVs may be suitable for use in many new real-world appli-
cations.

V. CONCLUSION

This paper presented a landing solution for a quadcopter to
land precisely on a ground moving target. The successful
landing experiments clearly demonstrated the effectiveness,
reliability, and applicability of our work. The proposed DOB
controller enables the quadcopter’s ability to exhibit the land-
ing missions stably and rapidly in actual flight conditions
where the vehicle is always considerably influenced by many
kinds of external disturbances. The landing planner allows
the mission to be conducted automatically in a safe and
reliable manner. Our method is extensible and can be directly
used in real-world applications that require moving target
landing. We dedicate our future work to a solution enabling
quadcopter precision landing on a three-dimensional, i.e.,
horizontally and vertically, moving target.
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