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ABSTRACT Nowadays, with the increasing popularity of quadcopter unmanned aerial vehicles in several
real-world applications, achieving a fully autonomous quadcopter flight has become an imperative topic
investigated in many studies. One of the most pressing issues in such a topic is the precision landing task,
which always is devastatingly influenced by the ground effect and external disturbances. In this paper,
we present an autonomous quadcopter landing algorithm allowing the vehicle to land robustly and precisely
onto a heaving platform. Firstly, a robust control algorithm addressing the altitude flight under the ground
effect and external disturbances is derived. We strictly prove the closed-loop system stability by using the
Lyapunov theory. Secondly, a landing target state estimator is proposed to provide state estimations of the
moving landing target. In addition, we propose a landing procedure to ensure the landing task is achieved
safely and reliably. Finally, we use a DJI-F450 drone equipped with an infrared sensor and a laser ranging
sensor as the experimental quadcopter platform and conduct experiments to evaluate the performance of
our new algorithm in real flight conditions. The experimental results demonstrate the effectiveness of the
proposed method.

INDEX TERMS Autonomous landing, precision landing, moving target, quadcopter, heaving platform, ship
deck, robust control, sliding mode control, disturbance observer.

I. INTRODUCTION
Unmanned aerial vehicles (UAVs) are playing essential
roles in a variety of today’s applications in several areas
such as civil engineering, military applications, scientific
research. Specific applications to be listed include deliv-
ery services, aerial mapping, search and rescue operations,
surveillance, and risk zone inspections [1]. An important class
of UAVs is quadcopters that have attracted great attention
from researchers due to their superior properties such as
high maneuverability, reliability, diverse applicability, and
economy [2]. However, the quadcopter, which has to per-
form six-degrees-of-freedom flight with only four control
inputs [3], is known as a typical example of a coupled
underactuated system. Additionally, the ground effect and
external disturbances can further complicate the design of
controllers for the quadcopter. In order to deal with the control
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problem of such systems, a number of control algorithms
were studied, such as a proportional-integral-derivative (PID)
controller in [4], backstepping method in [5], a robust slid-
ing mode controller (SMC) in [6], a second-order SMC
subject to a known mismatched term in [7], a disturbance-
observer-based robust algorithm coping with unpredictable
time-varying disturbances in [8], and a resilient approach
in [9]. Although many control techniques were investi-
gated, designing high-performance controllers for quad-
copters remains challenging and is widely undertaken in the
scientific community.

The limited payload of a quadcopter limits the battery
amount it can carry. Hence, the vehicle needs to land fre-
quently for battery replacing or recharging after short periods
of operation. Besides, the landing task is one of the primary
missions the quadcopter has to exhibit in applications such
as delivery services, environment exploration, surveillance.
These facts make the quadcopter’s autonomous landing prob-
lem an imperative topic. An optical-flow-based strategy is
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proposed in [10] to achieve the landing task of a micro air
vehicle by adjusting the controller gains. In [11], another
approach is presented for a quadcopter based on the velocity
vector field method. While these studies only considered
fixing the landing pads on flat platforms, the authors of [12]
addressed a robust controller allowing a quadcopter to land on
a slope. In another study on landing onto such a steep platform
presented in [13], the authors introduced a landing method by
estimating the ground orientation using a camera.

Although attracting a certain number of studies, the algo-
rithms for landing on fixed platforms cannot satisfy land-
ing performance requirements when the platforms are set
in motion. Therefore, the problem of landing onto mobile
targets has been investigated. The authors of [14] proposed a
vision-based solution for the problem of quadcopter landing
onto a heaving (vertically moving) platform. Since this study
makes use of a motion capture system, it is not applicable for
outdoor applications. In another research presented in [15],
the authors used the global positioning system (GPS) naviga-
tion to enable a quadcopter to find a moving platform and a
vision-based control to approach and land onto it. Many other
vision-based approaches coming with different controllers
were presented including the studies in [16] with a model pre-
dictive controller, [17] with adaptive proportional-integral-
derivative (PID) altitude controllers, [18] with a neural
network controller, [19] with a multi-level fuzzy logic con-
troller, and [20] with a backstepping controller. Mean-
while, some other approaches focus more on improving
the landing target state estimation [21]–[24]. As described
in [22], a gimbaled camera is used to make sure the land-
ing target is detected when the vehicle is getting close
to the moving platform. In [24], an adequate landing pad
composed of different-sized patterns is designed, allow-
ing the camera to detect them from high as well as low
altitudes.

Comparedwith othermobile landing platforms, a ship deck
environment makes the landing task more challenging due
to the influences of the sea waves and strong disturbances
such as the wind. Dealing with such an issue, the authors
of [25]–[28] proposed different methods using different
control techniques, including PID [25], sliding mode con-
trol [26], robust linear feedback control [27]. However,
these studies only stopped at verifying the proposed algo-
rithm through numerical simulations. Going one step further,
the approaches [29] and [30] presented vision-based vessel
deck algorithms and experimentally demonstrated the pro-
posed methods using real quadcopters and ship deck emula-
tors. However, the vertical strokes of these emulators are only
a few centimeters that are not enough to simulate the heaving
motion of a real vessel deck.

Most of the aforementioned studies are somehow
vision-based approaches that limit their applicability during
the night time and/or in light-lacking environments. Further-
more, among them, only a few approaches address the prob-
lem of landing onto a heaving platform such as a ship deck.
Meanwhile, the presence of the ground effect and external

disturbances, which are known as the major factors degrading
the low-altitude flight performance of quadcopters [31], [32],
need to be more thoroughly considered in the design of
a quadcopter precision landing control. Motivated by the
above observations, in this paper, we propose a synthesis
algorithm allowing a quadcopter to land precisely onto a
heaving platform under the influences of the ground effect
and external disturbances. Our solution advances the current
state-of-the-art in four ways:

(i) The infrared (IR) camera and IR beacon we use for
the purpose of landing target state determination have sev-
eral advantages in comparison with typical vision systems,
i.e., (1) it enables the camera to detect the target even during
night time and/or in light-inconvenient (too-strong or lacking)
environments; and (2) the camera can detect any object that is
equipped with IR LEDs, which contributes to its economical
and straightforward applicability.

(ii) We derive a landing target state estimator with
explicit expressions representing the position of the target
in the camera-fixed, the vehicle-body-fixed, and the local
earth-fixed coordinates. Using a Kalman filter, the esti-
mator can provide stable and reliable information about
the relative position and velocity between the vehicle and
the landing target. This contributes to enhancing the accu-
racy of the precision landing task. Besides, we introduce
an autonomous precision landing planner which plays the
role of ensuring the landing task to be achieved safely and
precisely.

(iii) A robust controller based on a disturbance observer is
devised to achieve the high-performance landing task under
the influences of ground effect and external disturbances. The
system’s stability is strictly proved by using the Lyapunov
theory.

(iv) Unlike many previous studies, in which landing algo-
rithms were only verified through numerical simulations,
we conducted experimental demonstrations to highlight the
effectiveness of the proposed method. Furthermore, a tough
experimental scenario is carried out with the landing target
placed on a heaving landing platform which simulates the
vertical movement of a ship deck.

The rest of this paper is organized as follows. Section II
presents the quadcopter dynamics model and problem for-
mulation. Section III contains the main results of our work,
including the design and stability analysis of the proposed
robust altitude controller, the landing target state estimator,
and the autonomous precision landing planner. Experimental
setups, results, and discussions are given in Section IV before
ending with conclusions in Section V.

II. QUADCOPTER DYNAMICS MODEL AND PROBLEM
FORMULATION
In this section, we briefly present the quadcopter dynamics
model as it was clearly introduced and verified in many
previous studies [30], [33], [34].

Figure 1 illustrates the quadcopter configuration. The four
rotors of it generate four thrust forces Fi(i = 1, . . . , 4) that
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FIGURE 1. Quadcopter configuration.

have a relationship with the control inputs as:
u1 = F1 + F2 + F3 + F4
u2 = l(F2 − F4)
u3 = l(F3 − F1)
u4 = cfm(−F1 + F2 − F3 + F4)

(1)

The full cascaded dynamics model of the vehicle is described
as: 

φ̈ =
Iy − Iz
Ix

θ̇ ψ̇ +
l
Ix
u2

θ̈ =
Iz − Ix
Iy

φ̇ψ̇ +
l
Iy
u3

ψ̈ =
Ix − Iy
Iz

φ̇θ̇ +
l
Iz
u4

ẍ =
1
m
(cosφsinθcosψ + sinφsinψ)u1

ÿ =
1
m
(cosφsinθsinψ − sinφcosψ)u1

z̈ = −g+
1
m
(cosφcosθ )u1

(2)

where x, y, z denote the position and φ, θ, ψ the attitude
of the quadcopter in the inertial frame {E}. m ∈ R+ the
mass. g the gravitational acceleration. Ix , Iy, and Iz the inertia
momentum about the x, y, and z axes. l the vehicle’s arm
length, and cfm the force-to-moment coefficient.
In order for the landing control algorithm we will present

in the following section to take the ground effect and external
disturbance into account, the vertical translational dynamics
is rewritten with the presences of those terms as:

z̈ = −g+
σ

m
(cosφcosθ )u1 + d (3)

where

σ =
1

1− ρR2(4zr )2
(4)

with ρ being a positive coefficient, R the propeller radius, and
zr the vertical distance from the propeller surface to ground;
and d is the external disturbance, which is assumed as being
bounded and slow time-varying.

Since the value of ρ is difficult to be estimated accurately,
we can only use its nominal value, ρ̄. Let σ̄ be the nominal
value of σ corresponding to ρ̄, and 1σ represent the dis-
crimination between σ̄ and σ , i.e., 1σ = σ − σ̄ . Then, (3)
becomes:

z̈ = −g+
σ̄ +1σ

m
(cosφcosθ )u1 + d (5)

Let D = d + cosφcosθ
m 1σu1 be the compound disturbance.

Thus, (3) can be rewritten as:

z̈ = −g+
σ̄

m
(cosφcosθ )u1 + D (6)

Now, the control goal is to design a robust controller u1
to steer the quadcopter to land onto a platform that is in a
heaving motion, i.e., the landing point altitude (zd ) is time-
varying, despite the presences of both the system parameter
uncertainty and external disturbance.

III. MAIN RESULTS
A. ROBUST ALTITUDE CONTROL ALGORITHM
In this section, a disturbance-observer-based sliding mode
controller is presented for addressing the robust altitude track-
ing control problem of quadcopters under the presence of the
compound disturbance.

Let us define the altitude tracking error as:

ez = zd − z (7)

Thus, the derivative of ez is:

ėz = żd − ż (8)

A sliding surface is introduced as:

s = ėz + k1ez (9)

where k1 ∈ R+ is a controller gain to be chosen. Then,
the derivative of s is:

ṡ = ëz + k1ėz (10)

From (8) and (10), the derivative of s can be rewritten as:

ṡ = z̈d − z̈+ k1ėz (11)

To deal with the compound disturbance term, a disturbance
observer is devised as follows: ξ̇ = −λξ − λ(λż− g+

σ̄

m
(cosφcosθ )u1)

D̂ = ξ + λż
(12)

where, D̂ is the estimate of D, λ and ξ are a positive observer
gain and an auxiliary state of the observer, respectively.
Theorem 1: For a given time-varying altitude command zd ,

the quadcopter system (2) with the vertical dynamics under
the compound disturbance as described in (6) is ultimately
stable if the followings hold:

1) the controller u1 is designed as:

u1 =
m

σ̄cosφcosθ
(z̈d + g+ k1ėz + k2s− D̂) (13)

with D̂ being computed as in (12)
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FIGURE 2. Overall block diagram of the proposed precision landing algorithm.

2) the controller and observer gains satisfy:
k1, > 0

k2, >
1
2

λ, >
1
2

(14)

Proof: Let D̃ = D− D̂. Thus, we have

˙̃D = Ḋ− ξ̇ − λz̈

= Ḋ+ λξ + λ[λż− g+
σ̄

m
(cosφcosθ )u1]− λz̈

= Ḋ− λD̃ (15)

Choose a Lyapunov function candidate as:

V =
1
2
s2 +

1
2
D̃2 (16)

Then, with (14), we have:

V̇ = ṡs+ ˙̃DD̃

= s[z̈d + g−
σ̄

m
(cosφcosθ )

m
σ̄cosφcosθ

(z̈d + g+ k1ėz

+k2s− D̂)− D+ k1ėz]+ D̃(Ḋ− λD̃)

= −k2s2 − λD̃2
− sD̃+ ḊD̃

≤ −k2s2 − λD̃2
+

1
2
s2 +

1
2
D̃2
+

1
2
Ḋ2

≤ −(k2 −
1
2
)s2 − (λ−

1
2
)D̃2
+ ε

≤ −2αV + ε (17)

where, α = min{k2 − 1
2 , λ−

1
2 } and ε =

1
2 Ḋ

2.
From (17) and the comparison principle in [36], it is clear

that the sliding surface and disturbance estimate error are ulti-
mately bounded and, hence, the system is ultimately stable.

B. LANDING TARGET STATE ESTIMATOR
In this subsection, we derive a landing target state estima-
tor (LTSE) which will play the role of providing information
about the position and velocity of the target.

Through geometrical optics analyses (Figure 3), we intro-
duce a way to determine the raw position information (xvehLT
and yvehLT ) of the landing target (LT) in the vehicle body-fixed
frame {B}. This information can be obtained from the position
of the LT in the camera-sensor-fixed frame {C}. Firstly, let us
take a look at the similar trianglesMHB and A∗CB. We have:

HM
HB
=
CM∗

CB
(18)

Looking at another similar triangle pair, AHB and A∗CB,
we can obtain:

tanαx =
CA∗

CB
(19)

Noting that αx and αy are the horizontal and vertical fields of
view of the camera. Substituting (19) into (18) yields:

HM =
HBtanαx
CA∗

CM∗ (20)

With yvehLT = HM , z = HB, xcammax = CA∗, and xcamLT = CM∗,
(20) can be rewritten as:

yvehLT =
ztanαx
160

xcamLT (21)

It is similar to obtain the following formula:

xvehLT = −
ztanαy
100

ycamLT (22)

After the raw position of the LT in {B} is determined (as in
(21) and (22)), a Kalman filter [37] is applied to estimate
the target velocity. To that end, we move on establishing the
system and measurement models of the filter.

Let xvehLT |t , vx
veh
LT |t , y

veh
LT |t , and vyvehLT |t represent the state

(including position and velocity) of the target at the time
point t . Then, the state at the time point t+1 can be computed
as:

xvehLT |t+1
vxvehLT |t+1
yvehLT |t+1
vyvehLT |t+1

=

1 1t 0 0
0 1 0 0
0 0 1 1t
0 0 0 1



xvehLT |t
vxvehLT |t
yvehLT |t
vyvehLT |t

+


0
wx|t
0
wy|t

 (23)
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FIGURE 3. The position of the LT image in the camera-sensor-fixed frame ({C}) and the position of the target in the
vehicle-body-fixed frame ({B}).

where 1t denotes the interval time measuring the position,
wx and wy are the state transition noises. The measurement
can be modeled as:

z|t =
[
1 0 0 0
0 0 1 0

]
xvehLT |t
vxvehLT |t
yvehLT |t
vyvehLT |t

+
[
υx|t
υy|t

]
(24)

with υx and υy being the measurement noises.
Since the quadcopter state variables used for its controllers

are in {E}, the landing target state in {B} is converted to one in
{E} (see Figure 4) by the following coordinate transformation
formula:
x locLT
vx locLT
ylocLT
vylocLT

=

sinψ 0 −cosψ 0
0 sinψ 0 −cosψ

cosψ 0 sinψ 0
0 cosψ0 0 sinψ



xvehLT
vxvehLT
yvehLT
vyvehLT



+


x
vx
y
vy

 (25)

C. AUTONOMOUS PRECISION LANDING PLANNER
In order to achieve the landing task in a safe and precise
manner, a landing planner is introduced. Once the landing
task is triggered, the planner ensures the vehicle to follow a
landing procedure (Figure 5) that consists of five phases:

Phase 1. Landing area approach
In this phase, the vehicle is driven to reach the landing area

horizontally while maintaining its altitude.
Phase 2. Landing target approach
Once the LT is detected (by the IR camera), the planner will

steer the quadcopter to approach the target horizontally until
the horizontal distance between the vehicle and the target
satisfies a given condition.

FIGURE 4. The landing target position in the vehicle-body-fixed frame
({B}) and in the local earth-fixed frame ({E}).

Phase 3. Descent over the landing target
When the quadcopter is horizontally close enough to the

target, it starts descending while maintaining its horizontal
distance to the target.

During Phase 2 and Phase 3, if the LT is not detected
(in a certain duration), the planner will consider the target
temporally lost and will manipulate the vehicle to climb to a
predefined altitude (called search altitude) to search for the
target.

Phase 4. Final approach
When the quadcopter is vertically close to the LT,

the planner will operate the final approach phase, includ-
ing decreasing the vehicle throttle (so that it can land
quickly onto the landing platform) and disabling stabilized
control.

Phase 5. Landing complete
Once the vehicle is stationary on the landing platform,

the planner will disarm it, and the landing task is completed.
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FIGURE 5. Block diagram of the autonomous landing procedure allowing the landing task to be achieved
safely and precisely.

IV. EXPERIMENT AND DISCUSSIONS
A. EXPERIMENTAL SETUP
1) QUADCOPTER PLATFORM
We use a DJI-F450 quadcopter as the experimental plat-
form (Figure 6) which is operated by an onboard flight
computer unit (FCU) Pixhawk. The quadcopter attitude and
acceleration are provided by an inertial navigation system
(INS). We use a commercially available laser ranging sensor
LidarLite V3 to measure the altitude and a commercial GPS
receiver module to determine the position of the vehicle.

Besides, a power supplying system (including a battery and
a power adapter module), a set of remote control transmit-
ter/receiver for the manual pilot, and a set of radio telemetry
transmitter/receiver for ground station monitoring are used.

In order to determine the position of the LT precisely,
we utilize an IR Pixy camera which is fast and easy
to use. This camera can detect IR objects and provide
information about x and y position of the center of the
detected object in pixel. The data is updated at a frequency
of 50Hz through theUART interface. Additionally, anOdroid

VOLUME 8, 2020 167197



N. Xuan-Mung et al.: Autonomous Quadcopter Precision Landing Onto a Heaving Platform

FIGURE 6. The experimental quadcopter platform with equipped avionics
and mechanics devices.

FIGURE 7. The IR Pixy camera and Odroid companion computer that are
attached on the quadcopter.

TABLE 1. The parameters of the quadcopter dynamics and pixy camera.

companion computer [40] is used for operating the pro-
posed algorithm (including the robust altitude controller,
the LTSE, and autonomous precision landing planner). This
compact companion computer and the FCU communicate
with each other through the Mavlink protocol. The param-
eters of the quadcopter dynamics and the Pixy camera are
listed in Table 1.

2) HEAVING MOTION PLATFORM
The heaving motion platform is devised to simulate a UAV
landing pad on a ship deck (Figure 8). The base of this plat-
form is flat and thick, while the landing pad is a thinner and
lighter wooden plate. The LT is an IR MarkOne beacon (see
Figure 9) which is set at the center of the landing pad. Two

FIGURE 8. The heaving motion platform used to simulate a heaving ship
deck.

FIGURE 9. The devices used to make the heaving motion platform.

FIGURE 10. Block diagram of the system signal flow.

linear actuators are used to generate the heavingmotion of the
upper plate. These actuators are fixed to the wooden plates
using steel brackets and are operated by a control box that
consists of an Arduino Uno and motor drivers. When being
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FIGURE 11. Landing target approaching control performance.

FIGURE 12. Landing target state estimation results.

supplied by a 12V-DC battery, this platform can generate a lift
force up to 200Nwith a heavingmotion stroke of 300mmand
a speed of 90 mm/s. The detailed parameters of this platform
are given in Table 2.

3) SOFTWARE
While the vehicle attitude controller is implemented on
the Pixhawk FCU and runs at a frequency of 400 Hz,
the proposed controller, LTSE, and landing planner are oper-

VOLUME 8, 2020 167199



N. Xuan-Mung et al.: Autonomous Quadcopter Precision Landing Onto a Heaving Platform

FIGURE 13. The sliding surface (s) and control input (u1) performance of the proposed robust altitude controller.

TABLE 2. Parameters of the heaving motion platform.

TABLE 3. Controller gains, observer gains, and camera data sampling
time used in the experiment.

ated by the Odroid companion computer at the same fre-
quency of 100 Hz. The proposed altitude controller gains
are listed in Table 3. It is worth noting that the horizontal
position controller is designed using our multi-mode con-
troller already presented in our previous work (see [33]), and
the attitude controllers are designed using the PID control
law. Since these controllers are beyond the scope of this
paper, they will not be presented in this section. The sys-
tem signal flows are briefly described by the block diagram
in Figure 10.

B. EXPERIMENTAL RESULTS AND DISCUSSIONS
The experiment scenario is as follows: Firstly, the quadcopter
takes-off and climbs to reach an altitude of 1.9 m above the
test site floor (we chose this value after considering the fact
that our test site is covered by nets with a 3.5 m maximum-
height). Secondly, while the vehicle is hovering at a position
far from the landing area (about 2.5 m away), the landing
task is triggered. Since the landing area’s position in the local
frame is given, the quadcopter moves horizontally (altitude

maintained) to that area based on the GPS signal. Afterward,
the vehicle performs the IR-Pixy-camera-based precision
landing procedure, as described in Figure 5. Videos of our
experiments can be found at https://youtu.be/3NljwomPZYw.
The experimental results are presented in Figures 11

through 13. In order to focus on the landing task perfor-
mance, the flight data is shown from the landing task starting
time point. The vehicle’s performance can be seen consisting
of two stages: (i) GPS-based landing area approach; and
(ii) IR-Pixy-camera-based precision landing.

The first stage covers the time period from t = 0 to t = 9
s (Figures 11a and 11b). During this stage, the quadcopter
horizontally moves from its hovering position (x = −2.7
m and y = −0.2 m in the local frame) to the landing area
(x = −3.0 m and y = −2.0 m in the local frame). While
approaching the landing area, the quadcopter maintains its
altitude of 1.9 m (Figure 11c), and the Pixy camera does not
detect the LT (Figure 11d).

The second stage (from t = 9 s) starts when the vehicle
has reached the landing area, and the camera detects the LT
(Figure 11d). It can be seen in Figure 11c that, when the
camera detects the landing platform, the vehicle’s altitude
decreases from 1.9 m to 1.5 m. The reason for this is because
the landing platform, which is 0.42-0.72 m high, shortens the
range measured by the ranging sensor when the vehicle is
over the landing pad. Responding to the change of the mea-
sured range, from t = 10 s to t = 28 s, the altitude controller
manipulates the quadcopter to climb up and down while the
position controller is driving it to horizontally approach the
IR beacon (Figures 11a and 11b). From t = 28 s, when the
horizontal distance between the vehicle and the LT is less
than the expected value, i.e., 0.15 m, the quadcopter starts
to descend over the LT until the landing task is completed.

The landing target state estimation results (Figure 12)
indicate the stability and reliability of the proposed LTSE.
Besides, the stability and effectiveness of the proposed robust
altitude controller are also verified as the sliding surface s is
seen that varying in an appropriate range and converging to
zero in a short time while the control input u1 is stable and is
free from the chattering phenomenon (Figure 13).
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V. CONCLUSION
This paper presented a new method for a quadcopter landing
precisely onto a heaving platform. The experimental results
clearly demonstrate the effectiveness and reliability of the
proposed method when showing that, by using our algorithm,
the quadcopter completed its precision landing task. While
our LTSE and the IR Pixy camera enable the quadcopter’s
ability to accurately determining and approaching the LT’s
position, the proposed robust altitude controller allows it to
land stably and rapidly despite the influences of the ground
effect and external disturbances. The autonomous landing
procedure ensures that the precision landing task is achieved
safely and reliably. The proposed method is scalable and
applicable to real-world applications that require the vehicle
to land onto heaving objects such as a ship deck. Our future
work will be directed to designing and experiment with a
landing algorithm to achieve a quadcopter precision landing
onto a three-dimensional moving platform.
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