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Abstract

The autonomous landing of unmanned aerial vehicles (UAVs) on moving platforms has
potential applications across various domains. However, robust landing remains challeng-
ing because the detection reliability of UAVs decreases when the UAV is close to a moving
platform. To address this issue, this paper proposes a novel landing strategy that ensures
a high detection rate. First, a robust detectable region was established by considering
the sensing range and maneuverability limitations of the UAV. Second, a vector field was
designed to guide the UAV to the moving platform while remaining in a robust detectable
region. Next, safe and accurate landings were achieved by considering the current velocity
and vector field. The landing strategy was validated through outdoor flight experiments.
A quadrotor equipped with a gimbal-mounted camera was used, and a fractal marker was
attached to the moving platform for detection and tracking. When the moving platform
moved at a speed of 2–4.3 m/s, the UAV successfully landed on the platform with a distance
error of 0.4 m. Because of the robust detectable region and vector field, the detection was
conducted with a high success rate (94.9%).

Keywords: unmanned aerial vehicle; autonomous landing; moving platform; robust
detectable region; vector field

1. Introduction
Advancements in autonomous techniques for unmanned aerial vehicles (UAVs) have

extended their application to various fields, such as search and rescue, military, agriculture,
surveillance, inspection, and transportation [1,2]. Particularly, the integration of UAVs
with computer vision has led to remarkable developments in UAV autonomy [3,4]. For
example, vision-based autonomous landing enhances the potential for cooperation between
UAVs and other vehicles. However, autonomous landing on moving platforms remains
challenging due to various factors such as environmental disturbances, model uncertainties,
and detection failures [5,6].

Several issues hinder reliable landing on moving platforms, including a limited sensor
field-of-view (FoV), perspective distortion, gimbal angle constraints, perception delay,
wind-induced disturbances, and the unpredictable motion of moving platforms. These
issues become more severe when the UAV altitude decreases during landing. All issues
except disturbances are directly related to detection failures. To mitigate such failures,
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previous studies used fish-eye lenses [7] and gimbal-mounted cameras [8,9]. Although
fish-eye lenses offer a wide FoV, significant image distortion caused by the lenses lowers
the localization accuracy. Gimbal cameras can stabilize images during agile maneuvers
and continuously track dynamic platforms. The tracking motion of the gimbal effectively
reduces the likelihood of the moving platform exiting the FoV of the camera.

Another research area associated with vision-based landing is occlusion-robust fidu-
cial markers for platform detection. Although widely used fiducial markers, such as
ArUco3 [10] and AprilTag3 [11], can be easily implemented, they may fail in detecting the
markers when occlusion occurs. To address this problem, fractal-structured markers have
been developed because they can maintain robust detection even in partially occluded
scenarios [12].

Perception delay is unavoidable in vision-based autonomous landings owing to the se-
quential processes of image capture, data transmission, and computational processing [13].
Furthermore, it is difficult to accurately and quickly estimate unpredictable platform dy-
namics. Under these conditions, robust perception or control approaches alone may prove
insufficient in landing applications, and a decision-making layer is necessary to select
a robust landing strategy. Within a decision-making framework for adaptive landing,
temporarily ascending to regain visibility during platform acceleration is more effective at
preventing detection failures than continuing the descent.

Trajectory optimization and model predictive control are widely used for landing
control. Because these approaches are beneficial when considering constraints, they have
been adopted to incorporate limitations associated with visual detection into optimal
controls [14–16]. However, because of the limited computational resources of quadrotor
platforms, solving nonlinear optimization problems with nonlinear constraints in real time
is extremely challenging, particularly at low altitudes, where considerable computational
latency and replanning caused by disturbances can cause landing failure.

To overcome these limitations, this paper proposes a novel landing strategy that
accounts for detectability while minimizing the computational burden. First, detectability,
defined as the ability to visually track the landing platform when the UAV approaches, is
guaranteed. Factors influencing detectability include system constraints such as the FoV
of the camera, gimbal angle range, and perspective effects, and external factors such as
occlusion, perception delay, and unknown motion. To realize robust landing, it is essential
to maintain high detectability at high and low altitudes. Hence, a robust detectable region
(RDR) was defined, within which reliable visual tracking is guaranteed. Subsequently, a
vector field was designed to guide the quadrotor toward the landing platform. Because
vector fields are computationally lightweight, they can be executed using a real-time
onboard landing controller. Furthermore, vector fields naturally inherit robustness to
disturbances through closed-loop behavior [17]. In this study, a quadrotor was used as
the UAV, and a gimbal camera was employed to enlarge the RDR. A fractal marker was
attached to the moving platform for visual localization.

The main contributions of this study are as follows:

• RDR: This new region was determined to ensure consistent detectability for moving
platforms by considering the sensor and quadrotor constraints.

• Vector field for landing: This vector field ensures that the quadrotor remains with the
RDR and successfully lands on the platform while considering the mobility constraints
of the quadrotor.

• Real-world validation: The proposed landing strategy was empirically verified
through extensive outdoor experiments involving dynamically moving platforms.

The rest of this paper is organized as follows: Section 2 describes the derivation
of the RDR. Section 3 presents the design of the vector field, its stability analysis, and
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the admissible set from the perspective of quadrotor acceleration. Section 4 presents the
experimental results obtained from a real-world flight test. Section 5 discusses the results
obtained using the proposed landing approach, and Section 6 presents the conclusions
drawn from this study.

2. Robust Detectable Region
2.1. Reference Frames and Relative Position Representation

To describe the RDR, the world frame, body frame of the quadrotor, and marker
frame of the moving platform are denoted as {W}, {B}, and {M}, respectively, as shown
in Figure 1a. The x, y, and z axes of the {W} frame are denoted as ŵx, ŵy, and ŵz,
respectively. The axes of the other frames are denoted similarly, as shown in Figure 1a. The
angle between ŵx and m̂x is denoted by ψt and is referred to as the reference heading angle.

 

(a) (b) 

Figure 1. (a) Overview of frames; (b) simplified scenario in longitudinal-vertical plane.

For simplicity, it is assumed that the frames of the camera and gimbal coincide with
the frame of the quadrotor body, a condition that can generally be established using the
Kalibr toolbox to calibrate the inertial measurement unit (IMU) and camera [18].

If the heading directions of the quadrotor and moving platform are aligned, the posi-
tions can be described as shown in Figure 1b. The positions of the quadrotor and fiducial
marker are denoted as p = [x′, z]T and pt = [x′t, zt]

T, respectively. Their relative positions
can be represented as r = [x′r, zr]

T = [x′ − x′t, z − zt]
T. The position of the quadrotor can

also be considered with a polar coordinate as follows: (r, φ) =

(√
x′r

2 + z2
r , atan

(
x′r
zr

))
. The

thrust force vector is obtained as u = λ
[
sinθq, cosθq

]T ∈ R2, where θq ∈
[
θq,min, θq,max

]
is

the pitch angle of the quadrotor, and λ ∈ [λmin, λmax] is the thrust magnitude. The tilt angle
of the gimbal is denoted as θg ∈

[
θg,min, θg,max

]
.

The camera FoV can be considered as an isosceles triangle in two-dimensional
space [19,20]. Consider a vector ζ starting from the quadrotor and pointing to a
point in the FoV of the camera. The vector ζ can be represented as ζ = l1f1 + l2f2,

where vectors f1 and f2 are defined as
[
cos
(
θq + θg +

FoV
2

)
,−sin

(
θq + θg +

FoV
2

)]T
and[

cos
(
θq + θg − FoV

2

)
,−sin

(
θq + θg − FoV

2

)]T
, respectively, as shown in Figure 1b. l1 and

l2 satisfy relationships 0 ≤ l1 ≤ ls, 0 ≤ l2 ≤ ls, and 0 < l1 + l2 ≤ ls
cos( FoV

2 )
, where ls is the
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maximum detection range. If the vector ζ spans opposite direction of the relative position
vector r, then moving platform exists within the FoV of the camera. The unit vector of an
optical axis can be obtained as o = f1+f2

∥f1+f2∥
.

2.2. Visible Region and Marker Detectable Region

Because the pitch angle of the quadrotor is controlled to compensate for external
disturbances such as wind, the detection quality can vary depending on the external
disturbance. Thus, a conservative visible region C1 was introduced. If the platform exists
in region C1, it remains in the FoV of the quadrotor camera as long as the pitch angle of
the quadrotor is within the predefined range. However, depending on the perspective
distortion and the detection algorithm, detection can fail. Thus, a more conservative
detectable region DRDR is needed to consider the detection performance of the detection
algorithm. Since the detection quality of the fiducial marker varies depending on the
orientation of the fiducial marker, it can be represented in the fiducial marker frame. Then,
the region C2 needs to be represented in the (quadrotor) body frame to merge it with the
region C1. Because C1 and C2 are independent of each other, they can be separately defined
and then be combined to find DRDR.

Regions C1 and C2 are defined to consider the kinematic constraints of the quadrotor
and gimbal, as follows:

• C1 =

{
ζ | θq ∈

[
θq,min,θq, max

]
, θg ∈

[
θg,min,θg, max

]
, 0≤ l1 ≤ ls, 0≤ l2 ≤ ls, 0< l1+ l2 ≤ ls

cos(FoV
2 )

}
:

the visible region, which is the intersection of the union of all FoVs when the gimbal
moves in its angle limit and the union of all FoVs when the quadrotor tilts in its pitch
angle. These regions are illustrated in Figure 2a.

• C2 =
{
ζ||ϕ| ≤ α,

∣∣θq
∣∣ ≤ π

2 , θg ∈ (−π,π]
}

: the marker detectable region, where the
marker can be detected with high probability. Here, ϕ is the angle between the optical
axis and normal vector of the fiducial marker; α is the angle at which the detection
performances of the fiducial marker start to decrease steeply; and sgn(·) denotes the
signum function. These regions are shown in Figure 2b.

 

 

(a) (b) (c) 

Figure 2. (a) Visible region; (b) detectable region; (c) intersection of regions.

The FoV, gimbal angle range mechanical constraints, and pitch range of the quadrotor
tilt angle constraints were considered to determine C1. These constraints should be con-
sidered owing to quadrotor dynamics. The quadrotor must be tilted forward to accelerate
in the forward direction. This tilting motion prevents the quadrotor from detecting the
moving platform. Therefore, by considering the pitch constraints of the quadrotor, the
platform can be detected even during agile maneuvers.

Here, the C2 should be considered because the detectability of fiducial markers is
primarily influenced by the angle between the optical axis and the normal vector of the
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fiducial marker [21–23]. Previous studies have shown that the detection accuracy and rate
remains high if the marker exists within region C2 through simulation [21] and real-world
validations [22,23].

The moving platform can be detected by the quadrotor while it exists within the
intersection D = C1 ∩ C2 shown in Figure 2c. This intersection can also be represented from
the platform perspective, as shown in Figure 3a. This transformed region is defined as the
RDR, as follows:

DRDR = Cm
1 ∩ Cm

2 (1)

 

(a) (b) 

Figure 3. (a) Platform referenced robust detectable region (RDR); (b) reference bisector line and
boundaries of RDR.

If the quadrotor remains in the RDR, it can detect a moving platform. Thus, robust
and autonomous landing can be realized by guiding the quadrotor to the landing point
while remaining within the RDR. Specifically, a vector field was designed to guide the
quadrotor along the bisector line, as shown in Figure 3b. The relationship between the x′

and z coordinates is modeled as follows:

x′ =
1
2

z(tan(φ1) + tan(φ2)) (2)

The RDR can also be represented with polar coordinates as follows:

DRDR =
{
(r, φ)|0 < r ≤ rmax, φ ∈

[π

2
− φ2,

π

2
− φ1

]}
(3)

where φ1 = max(π− θg,max + θq,min − FoV
2 , π−FoV

2 − α),
φ2 = min(π− θg,min − θq,max +

FoV
2 , π+FoV

2 + α+ FoV/2), and ∆φ = π
2 + φdes − φ1. As

long as the quadrotor exists in DRDR, the quadrotor system is robust in the perspective of
visual tracking.

3. Region-Based Vector Field for Quadrotor Landing Guidance
This section presents the vector field designed to guide a quadrotor to land on a

moving platform. A stability analysis and a reduced admissible set are also presented to
demonstrate that the proposed vector field satisfies the conditions of the RDR.

3.1. Vector Field Design

The quadrotor position relative to the moving platform can be represented in polar
coordinates as η =

(
r,

∼
φ
)

, where
∼
φ = φ − φdes, and φdes

(
= π−φ1−φ2

2

)
is the angle of
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the bisector line, as shown in Figure 3b. A new vector field for landing was developed
as follows:

h(η) = h1(η) + h2(η) = −k1sech

( ∼
φ

c1

)
r1/ner − k2tanh

( ∼
φ

c2

)
r1/neφ, (4)

where k1, k2, c1, c2, and n are the vector field parameters. The vector field is shown in
Figure 4a. When the quadrotor approaches the boundary of the RDR, it may move out of
the RDR owing to practical issues such as perception or response delays. A quadrotor can
descend despite being far from the bisector line. In both cases, landing failures may occur.
Therefore, the vector field is divided into two side regions and a central region, as shown
in Figure 4b. Particularly, the vector field guides the quadrotor toward the central region
when it is located in the side region. When the quadrotor entered the central region, it was
guided to move in a radial direction for landing. Thus, the tangential velocity toward the
bisector line was high in the side regions and low in the central region. The radial velocity
was high in the central region and low in the side regions. The central and side regions can
be divided by the tangential critical angle φc,t and radial critical angle φc,r. Once the critical
angles are determined, parameters c1 and c2 can be obtained by solving sech

(
φc,r
c1

)
= 0.1

and tanh
(

φc,t
c2

)
= 0.9.

   
(a) (b) (c) 

Figure 4. (a) Proposed vector field and trajectories of three initial positions; (b) tangential velocity
map of vector field; (c) radial velocity map of vector field. The dashed lines represent the boundary
between the center and side regions.

The term r1/n in Equation (4) suppresses rapid quadrotor motion when it approaches
the moving platform and encourages faster movement at longer distances to enhance
tracking performance.

The vector field can be modified effectively by adjusting the tangential and radial
critical angles. As shown in Figure 5a–d, decreasing φc,t allows the quadrotor to converge
toward the bisector line before reaching the landing point. Because the bisector line provides
the highest robustness within the RDR, decreasing φc,t enhances the overall robustness.
Excessively small φc,t values induce oscillations near the bisector line. The φc,r makes
the convergence order of the vector field obvious by suppressing the radial velocity in
the unsafe region. As shown in Figure 6a–d, the range of angles at which the quadrotor
descends becomes clear as φc,r decreases.
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(a) (b) (c) (d) 

Figure 5. Vector field map of tangential component: (a–d) represents map when (n, φcrt) = (1, ∆φ),
(1, ∆φ/4), (3, ∆φ), and (3, ∆φ/4), respectively.

    
(a) (b) (c) (d) 

Figure 6. Vector field map of radial component: (a–d) represents map when (n, φcrt) = (1, 2∆φ),
(1, ∆φ/2), (3, 2∆φ), and (3, ∆φ/2), respectively.

Notably, a vector field lacking term r1/n exhibit certain limitations. First, prolonged
hovering at low altitudes is undesirable because the RDR is significantly smaller near the
landing surface. Second, when the quadrotor approaches the moving platform, the vector
magnitude becomes extremely small, resulting in excessively slow landing. To address
these limitations, a fractional power function r1/n was incorporated into the vector field
design. As the parameter n in Equation (4) increases, the tangential and radial velocities
at low altitudes increase, as shown in Figure 5c,d and 6c,d. This means that the ability to
attract the bisector line and maintain radial velocity is enhanced at low altitudes.

3.2. Convergence Analysis and Reduced Admissible Set

To ensure that the quadrotor can stably land on the moving platform, it must be
shown that a quadrotor operating within the RDR under the guidance of the vector field
described by Equation (4) converges to the landing point at

(
r,

∼
φ
)
= (0, 0). To establish

this convergence, the following lemmas are first demonstrated:

Lemma 1. A quadrotor operating in the RDR and guided by the vector field expressed by
Equation (4) will converge to the equilibrium point

(
r,

∼
φ
)
= (0, 0).

Proof of Lemma 1. Let W1 : R2 → R be a continuously differentiable Lyapunov candidate
function defined as follows:

W1(η) =
1
2

ηTη, (5)

where η =
(

r,
∼
φ
)
∈ DRDR. Because the equilibrium point for the system presented in

Equation (4) is
(

r,
∼
φ
)
= (0, 0), W1 is positive definite and bounded. The time derivative of

W1 can be obtained as follows:

∂W1(η)

∂t
= ηT .

η = ηTh(η)= −k1sech

( ∼
φ

c1

)
r(1+n)/n − k2

∼
φtanh

( ∼
φ

c2

)
r1/n. (6)
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Because this is negative definite, the system is asymptotically stable at the equilibrium
point of RDR. □

To realize this vector-field guidance, the quadrotor must follow the vector field defined
by Equation (4). This can be accomplished using the acceleration control law [24], expressed
as follows:

acmd = −γ
( .
η− h

)
+

.
h, (7)

where γ ∈ R is a positive gain.

Lemma 2. The acceleration control law defined by Equation (7) ensures that
.
η asymptotically

converges to the vector field expressed by Equation (4).

Proof of Lemma 2. Let W2 : R2 → R be a continuously differentiable error Lyapunov
candidate function defined as follows:

W2

(∼.
η

)
=

1
2

∼.
η

T∼.
η, (8)

where
∼.
η =

.
η− h is the difference between the quadrotor velocity and the desired velocity

provided in the vector field. W2 is positive definite and bounded. The time derivative of
W2 can be obtained as follows:

∂W2

(∼.
η

)
∂t

=
( .
η− h

)T
( ..

η−
.
h
)

. (9)

By substituting Equation (7) into Equation (9), the time derivate of W2 can be calculated
as follows:

∂W2

(∼
η
)

∂t
= −γ

( .
η− h

)T( .
η− h

)
. (10)

Because this is negative semi-definite, the tracking error is asymptotically stable at the
origin of the RDR. □

According to Lemma 1, the quadrotor converges to the landing point when it moves
along the vector field. Additionally, according to Lemma 2, it can follow the vector field
asymptotically. Therefore, the quadrotor operating within the RDR and controlled ac-
cording to the proposed vector field will converge asymptotically to the landing point(

r,
∼
φ
)
= (0, 0).

The achievable accelerations of the quadrotor are limited by the physical constraints
and can be characterized by the following admissible set:

A =
{

a = u + g =
(
λsinθq, λcosθq − g

)
, λ ∈ [λmin, λmax], θq ∈

[
θq,min, θq,max

]}
(11)

where u is the actual control acceleration vector; g is the gravity vector; and a is the total
acceleration, which is zero when the quadrotor hovers. Again, λ and θq represent the thrust
and pitch angle of the quadrotor. Figure 7a shows the relationships between u, g, and a.
The admissible set is shown in the blue region in Figure 7b.
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(a) (b) (c)  

Figure 7. (a) The blue dotted line represents the actual control acceleration vector u generated by
the rotor thrust, the red dotted line indicates the gravity vector g, and the black dotted line indicates
the total acceleration vector a. The quadrotor moves with the acceleration of a; (b) admissible set A;
(c) reduced admissible set AR when ∥a∥ ≤ R1 = ∥g∥ − λmin.

Then, a reduced admissible set AR ⊂ A can be defined as follows:

AR = {∥a∥ ≤ aR}, where aR = min(R1, R2, R3). (12)

The radii R1 = ∥g∥ − λmin, R2 = λmax − ∥g∥, and R3 = ∥g∥sin
(
θq,max

)
are three

distances from the origin to the boundaries, as shown in Figure 7c. The system is robust
with respect to the dynamic limitations of the quadrotor, provided that the quadrotor
acceleration remains within the reduced admissible set. In this case, the reduced admissible
set, highlighted in red, corresponds to condition min(R1, R2, R3) = R1.

To control the quadrotor while considering its thrust and pitch angle constraints, the
acceleration command expressed by Equation (7) should belong to a reduced-admissible
set. Because the reduced admissible set is created as a circle centered at the origin in the
acceleration space, as shown in Figure 7c, the upper bound of the acceleration command
should be less than aR. The upper bound of acmd can be derived as follows:

∥acmd∥ =
∥∥∥−γ

( .
η− h

)
+

.
h
∥∥∥

≤ γ
∥∥ .

η
∥∥+ γ∥h∥+

∥∥∥ .
h
∥∥∥ (13)

If the relative velocity of the quadrotor to the moving platform is assumed to be∥∥ .
η
∥∥ ≤ M1, the bound of the vector field magnitude can be calculated as follows:

∥h∥ =

(
k2

1sech2
( ∼

φ
c1

)
r

2
n + k2

1tanh2
( ∼

φ
c2

)
r

2
n

) 1
2

≤ r
1
n

(
k1sech

( ∼
φ
c1

)
+ k2tanh

( ∼
φ
c2

))
< r

1
n
max(k1 + k2) = M2,

(14)

where 0 < r ≤ rmax, and rmax is the maximum radius from the landing point. Subsequently,
the time derivative

.
h of the vector field can be obtained as follows:∥∥∥ .

h
∥∥∥ =

∥∥∥∥∂h
∂η

· ∂η

∂t

∥∥∥∥ ≤
∥∥∥∥∂h

∂η

∥∥∥∥
F
· M1 ≤ M3 · M1, (15)

where ∥·∥F is the Frobenius norm of the 2 × 2 Jacobian matrix. Theoretically,
∥∥∥ ∂h

∂η

∥∥∥
F

tends
to infinity at r = 0 if n > 1. However, owing to the landing gear, the value of r is not
zero, even when the quadrotor lands. Therefore, r has a positive lower bound rmin (that is,
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0 < rmin ≤ r ≤ rmax). Then,
∥∥∥ ∂h

∂η

∥∥∥
F

is bounded in this radial range, and thereby
∥∥∥ .

h
∥∥∥ can be

bounded. Then, the upper bound of acmd can be determined as follows:

∥acmd∥ ≤
∥∥γ

.
η
∥∥+ ∥γh∥+

∥∥∥ .
h
∥∥∥ ≤ γ(M1 + M2) + M1 · M3 = M4. (16)

If M4 ≤ min(R1, R2, R3), the acceleration command always belongs to the reduced
admissible set. Therefore, if γ ≤ min(R1,R2,R3)−M3

M1+M2
, the acceleration command satisfies the

pitch and thrust constraints. Again, M1 is the upper bound of the relative velocity, and

M2 = r
1
n
max(k1 + k2). The value of M3 can be obtained as follows:

∥∥∥ ∂h
∂η

∥∥∥
F

= r
1
n

[
k2

1sech2
( ∼

φ
c1

){
1

n2r2 + tanh2
( ∼

φ
c1

)}
+ k2

2

{
1

n2r2 tanh2
( ∼

φ
c2

)
+ 1

c2
2
sech4

( ∼
φ
c2

)}] 1
2

≤ r
1
n
max

[
k2

1

(
1

n2r2
min

+ 1
)
+ k2

2

(
1

n2r2
min

+ 1
c2

2

)] 1
2
= M3.

(17)

4. Experimental Results
Several real-world experiments were conducted to validate the performance of the

proposed landing strategy. The supplementary video can be found at: https://www.
youtube.com/watch?v=uzD8aMVH_I4 (accessed on 30 May 2025). A Robot Operating
System (ROS) package used in this study is available at: https://github.com/bwh1270/
vector_field_landing (accessed on 30 May 2025).

4.1. Experimental Setup
4.1.1. Hardware Specifications

A customized quadrotor and moving platform were developed to validate the pro-
posed landing strategy in the real world. The moving platform comprised a wheeled base,
A0-sized white foam board, and 60 × 60 cm2 fractal marker, as shown in Figure 8a. A
5-layer fractal marker configuration (5L6) was used because this configuration is robust
against occlusions and suitable to autonomous landing tasks [25]. As shown in Figure 8b,
the quadrotor was built using a DJI F450 frame, equipped with a Holybro Pixhawk4 flight
controller running the PX4-Autopilot firmware [26]. The landing gear of the quadrotor
was constructed from lightweight carbon fiber tubes and equipped with a noise-damping
interlayer pad to absorb impact forces during landing. For accurate quadrotor positioning,
both the M9N GPS and KASS GNSS modules were integrated. High-level functionalities
were executed using ROS on an NVIDIA Jetson Xavier NX board. A Tarot T4-3D gimbal
was used to control the orientation of the camera. Visual tracking of the moving platform
is performed using the Arducam Global Shutter USB camera (B0332), which captures
monochromatic images at a resolution of 800 × 600. The Tarot gimbal can operate in its
full range since the Arducam camera (69 g) is lighter than the GoPro HERO3, which is
the recommended camera for the gimbal. The overall weight of the quadrotor system
was 2.01 kg. The gimbal angle range, camera FoV, and pitch range of the quadrotor are
presented in Table 1.

Table 1. System constraints.

System Domain Range

Quadrotor
Roll/Pitch −40◦ ∼ 40◦

Thrust 0.1 ∼ 2 g

Gimbal
Roll −25◦ ∼ 25◦

Tilt −115◦ ∼ 0◦

Camera Vertical FoV
Horizontal FoV

43.75◦

70◦

https://www.youtube.com/watch?v=uzD8aMVH_I4
https://www.youtube.com/watch?v=uzD8aMVH_I4
https://github.com/bwh1270/vector_field_landing
https://github.com/bwh1270/vector_field_landing
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(a) (b) 

Figure 8. (a) Quadrotor and moving platform; (b) quadrotor hardware.

4.1.2. System Architecture

An overview of the system architecture is presented in Figure 9. The fractal marker
detection module requires the longest computation time. The maximum loop rate that
the onboard system can sustain was approximately 40 Hz. Because the vector field is
computationally efficient, the full landing algorithm could be used at a 40 Hz loop rate
without additional delay.

Figure 9. Block diagram of quadrotor system.

Images were captured at approximately 40 Hz, and a single-scale retinex (SSR) was
applied for illumination correction. This preprocessing effectively mitigates the detection
failures caused by the shadow of the quadrotor at low altitudes. The preprocessed image
is transmitted to the next module, along with a timestamp indicating the image capture
time. This time stamp was used to synchronize various signals, including the gimbal
angle, quadrotor pose, and fractal marker detection results. The perception delay was
approximately 0.07 s.

By considering the gimbal angles and quadrotor attitude, the relative positions of the
fractal marker and quadrotor can be represented by the world frame. The gimbal angle
was controlled using a lead compensator to track the marker on the moving platform.

The velocity of the moving platform was estimated using a linear Kalman filter
(LKF) based on a constant velocity model. The estimated velocity was decomposed into
longitudinal and lateral components, which were fed into the vector field generator and
lateral controller, respectively. Then, the reference acceleration command and heading angle
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of the ground platform were used to compute the thrust and desired attitude commands for
the quadrotor. The mission stages, ranging from search to final landing, were coordinated
using a finite-state machine to achieve full autonomy.

The position estimation error of the fractal marker is very small (less than 10 cm), and
the yaw measurement of the gimbal is inaccurate. Thus, the estimation error about the
platform position can be large when the gimbal rotates about its yaw axis. However, since
the platform moves along a straight path in the experiments and LKF compensates for the
sensor measurement errors, the effects of position estimation errors on the landing were
not considerable.

4.2. Vector Field Parameters

The vector field was determined by the design parameters c1, c2, n and gain parameters
k1, k2, γ. As mentioned in Section 3.1, c2 can be obtained from the tangential critical angle
φc,t that discerns the center and side region of the vector field. If this angle is too large, the
quadrotor is excited at the RDR boundary in the presence of a considerable delay. If φc,t is
extremely small, then it can oscillate near the bisector line. As the critical angle decreases,
the quadrotor is more likely to remain in the RDR, which is particularly important at low
altitudes. This study empirically determined the critical angle by reducing it until the
quadrotor did not oscillate at low altitudes.

The value of c1 can be calculated from the radial critical angle φc,r, which determines
where the radial velocity begins to increase exponentially. If the critical angle is determined
to be the same as the critical angle used in c2, the center and side regions can be clearly
distinguished. However, a rapid acceleration change occurs, as shown in Figure 10a.
Consequently, a large oscillation can occur owing to the sudden acceleration change (jerk).
Therefore, in this study, the critical angle was set to be larger than that used for c2. Figure 10b
shows a smooth acceleration profile, with a noticeable reduction in peak acceleration.

  
(a) (b) 

  
(c) (d) 

Figure 10. Acceleration contour of vector field: (a) when (φc,r, φc,t, n) = (10◦, 10◦, 1), that is, the criti-
cal angle used in c1 is equal to the critical angle used in c2; (b) when (φc,r, φc,t, n) = (34.375◦, 10◦, 1),
that is, the critical angle used in c1 is larger than the critical angle used in c2; (c) when (φc,r, φc,r, n) =
(34.375◦, 10◦, 2); (d) when (φc,r, φc,r, n) = (34.375◦, 10◦, 3).
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While a larger value of n improves landing speed, it adversely affects the smoothness
of acceleration transitions. Nonetheless, a large n is advantageous, as a smaller n leads to
slow speed at low altitudes, increasing the risk of the quadrotor exiting the RDR. However,
when n is very large, the acceleration variation at low altitudes increases, as shown in
Figure 10c,d. Significant changes in acceleration were observed at extremely low altitudes.
This suggests that a very large value of n also makes landing challenging. Hence, the value
of n was set to 2 in this study.

The gain parameters were empirically determined to ensure that the acceleration
command remained within the reduced admissible set and that the velocity magnitude did
not exceed the vector field bound expressed by Equation (14). The parameters of the vector
field are listed in Table 2.

Table 2. Vector field parameters.

Parameters Values

φdes −27.5◦

φ1 83.1◦

φ2 151.9◦

∆φ 34.4◦

φc,r 34.4◦

φc,t 10◦

rmin 0.3 m
rmax 2.5 m

c1 0.200
c2 0.119
n 2
k1 0.35
k2 0.30
γ 3.5

M1 0.5 m/s
M2 1.028 m/s
M3 2.622 m/s2

M4 5.601 m/s2

aR
1 6.306 m/s2

1 aR = min(R1, R2, R3).

4.3. Simulation Results

To verify the proposed method, its landing performance was compared with a baseline
method in Gazebo simulation, as shown in Figure 11a. The forward motion of the baseline
method was controlled by feedforward control [27]. The desired value of the descending
velocity was set to 0.2 m/s in the baseline method. Then, the descending velocity is
controlled using a PID controller to track the desired speed.

The drone model used in the simulation is the Typhoon h480 used in [26]. The camera
resolution is chosen at 800 × 600 resolution. The tilt angle of the gimbal ranges from −90◦

to 45◦. The landing performances were compared in three different scenarios, as shown in
Figure 11b. Results were obtained both without sensor delay and with a 0.02-s delay.

The proposed method showed a higher landing success rate than the baseline, as
provided in Table 3. In scenario 1, which is the easiest scenario, landings were successful
in all trials for both the baseline and proposed methods. Whereas the proposed method
can also land the quadrotor successfully in scenario 2, detection failures frequently took
place in the baseline method. Moreover, landing failed in every trial when the perception
delay was added. Finally, in scenario 3, the baseline method is never able to land with
or without the perception delay. The detection failures were observed when the ground
platform rapidly decelerated. Meanwhile, the proposed method can land in scenario 3
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because it considered the physical constraints of the system. These results indicate that the
proposed method enables robust landing even when sudden changes occur in the platform
motion.

 

(a) (b)  

Figure 11. Simulation environments: (a) gazebo simulator; (b) velocity profiles of the ground
platform.

Table 3. Comparison of the landing performance.

Platform Velocity
Profile

Trials for Each
Methods Methods

Landing Success Rate
w/o Delay

[%]

Landing Success Rate
w/Delay

[%]

Scenario 1 5
Baseline 100 100

Proposed 100 100

Scenario 2 5
Baseline 60 0

Proposed 100 100

Scenario 3 5
Baseline 0 0

Proposed 100 100

4.4. Outdoor Experimental Results

To validate the performance of the proposed vector field-based landing strategy,
several real-world experiments were conducted with the platform moving at zero, low, and
high speeds.

Figure 12 shows the trajectories of the quadrotor for three different initial positions
when landing on a stationary platform. The ideal paths that moved perfectly along the
vector field were compared with the trajectories observed in the actual flights. These
results reveal that the quadrotor reliably converges to the landing point regardless of its
initial position.

The landing results obtained when the platform moved at low velocity are presented
in Figure 13. The distance to the platform and the angle to the bisector line steadily
decreased, as shown in Figure 13b,c. A lag in the longitudinal velocity response was
observed at the beginning, as shown in Figure 13d. Consequently, the angle to the bisector
line increased during this interval. At the same interval, the acceleration of the ground
platform was observed. After acceleration, the quadrotor was successfully aligned with the
bisector line and converged at the landing point. Figure 13e shows that the acceleration
command remained within the reduced admissible set, verifying Equation (16). The actual
acceleration closely tracks the command with a delay of less than 0.5 s. Consequently,
the pitch angle remained within the maximum pitch range of the quadrotor, as shown in
Figure 13f.



Aerospace 2025, 12, 590 15 of 19

 

Figure 12. Comparison between ideal and actual trajectories from three initial conditions in the static
platform scenario. The arrows represent velocity vectors created by the vector field.

 
  

(a) (b) (c) 

 
  

(d) (e) (f) 

Figure 13. Landing results obtained with low-speed platform: (a) 3D landing trajectory; (b) distance
from quadrotor to platform; (c) angle to bisector line; (d) proceeding velocities; (e) acceleration law
and response; (f) pitch angle profile.

When the platform moved at high speeds, more complicated dynamics were observed,
as shown in Figure 14. Initially, the ground platform moved with high accelerations.
Consequently, the quadrotor was driven away from the center region of the RDR. Then, the
quadrotor was controlled to move from the side region to the center region and reduced its
descent velocity by the vector field. Due to this motion, detection failure can be prevented.
As a result, the quadrotor stayed at the boundary between the center and side regions
until the ground platform acceleration decreased. Once the platform velocity stabilized,
the quadrotor rapidly descended toward the landing point while aligning itself with the
bisector line. Even in this scenario, the generated acceleration command remained within
the reduced admissible set. Therefore, the pitch angle constraints were not violated, as
shown in Figure 14e,f. Additionally, the quadrotor acceleration cannot track the acceleration
command due to the delay, as shown in Figures 13e and 14e. Moreover, the error in the
acceleration was increased with the platform speed.
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(a) (b) (c) 

 
  

(d) (e) (f) 

Figure 14. Landing results obtained with high-speed platform: (a) 3D landing trajectory; (b) distance
from quadrotor to the platform; (c) angle to bisector line; (d) proceeding velocities; (e) acceleration
law and response; (f) pitch angle profile.

Figures 13b and 14b show that the descent speed at low altitudes was maintained as
mentioned in Section 3.1. The proposed acceleration command enabled the quadrotor to
follow the vector field with small errors, as shown in Figures 13d and 14d. The control sys-
tem showed its robustness in the perspective of RDR and acceleration. First, the quadrotor
constantly existed in the RDR during the tracking flight, as shown in Figures 13c and 14c.
Second, the acceleration command remains in the reduced admissible set, as shown in
Figures 13e and 14e. These results indicate that the developed controller can maintain
robustness, at least when the ground platform speed is below 4.3 m/s.

The quantitative performances are summarized in Table 4. Five trials were conducted
for each platform speed. The landing distance error was calculated using the Euclidean
distance between the final position of the quadrotor and the center of the fractal marker.
The detection success rate indicates how the platform can be detected during each trial.
This performance metric was measured to quantitatively verify the effects of RDR on
detectability. It is defined as the ratio of the number of frames where the marker was
successfully detected to the total number of frames acquired during the trial. Note that
the platform was moved along a straight path. The detection success rate was high
in all scenarios, validating the effects of the RDR. The detection success rate decreased
slightly as platform speed increased. The detection success rate was reduced primarily
by the illuminations caused by the shadow of the quadrotor, even though the image
preprocessing method of SSR was applied. As a result, some detection failures occurred
even for stationary platforms.

Table 4. Detection and landing performances with different platform speeds.

Platform Speed Trials Distance Error of Landing
[m, Mean ± Std]

Detection Success Rate
[%, Mean ± Std]

0 m/s (stationary) 5 0.1020 ± 0.0164 97.2080 ± 1.9595
0 − 2 m/s 5 0.1714 ± 0.1109 96.1555 ± 2.0367

2 − 4.3 m/s 5 0.4137 ± 0.1369 94.9080 ± 4.9974
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In all trials, the 450-size quadrotor successfully landed on the platform with a small
distance error (less than 0.4 m), which was clearly caused by the platform speed. The
mean value of the error decreased by approximately 1.7 to 4.1 times as the platform
velocity increased.

These results confirm that remaining within the RDR is important for a successful
landing. Moreover, the proposed vector field-based landing strategy provides a robust
landing capability at different platform speeds.

5. Discussion
This study mathematically proved the convergence of the quadrotor to the landing

point in the RDR. Thus, the initial conditions were also sampled in the RDR. The parameters
of the vector field can be adjusted according to the motions of the ground platform. When
the ground platform moves with an irregular velocity change, the rotational vector field
gain k2 should be larger to maintain the quadrotor within the central region. In addition,
as the platform velocity increases, the gains of the vector field γ should be increased to
enhance tracking performance.

Outdoor experiments were conducted up to the maximum speed at which the ground
platform can be steered along a straight path. It is expected that successful landing can
be achieved on a platform with higher speeds by increasing the gain γ until the sensor
noise is significantly amplified by the large gain value. The distance error at landing would
increase considering the error trends provided in Table 4.

A key observation is that setting the vector field parameter n to a large value introduces
noticeable oscillations. Although a larger n enables faster descending motion at lower
altitudes, it also leads to abrupt acceleration changes. Therefore, n must be carefully tuned
to balance landing speed and jerk smoothness.

The outdoor experiments were conducted in a windy outdoor environment where
trees were even shaking. Due to the wind disturbance, the quadrotor velocity was slowly
fluctuating over time, as shown in Figures 13d and 14d. The proposed vector field-based
landing theoretically guarantees convergence of the quadrotor to the landing point. One
can argue that the landing may fail in real-world experiments if external disturbances,
noise, and delays are significant. It is obvious that these factors increase the tracking control
error. However, if the disturbing factors are not strong enough to push the quadrotor
outside the RDR, successful landing is still possible due to sustained detection.

The quadrotor successfully landed on the moving platform without detection failure
in outdoor flight tests, even when the platform moved with relatively large acceleration.
In some challenging cases, the quadrotor failed to follow the ideal vector field trajectory.
The primary reason for this is the inaccurate and delayed estimation of platform velocity.
This limitation was particularly evident in scenarios where the quadrotor approached the
platform faster than the estimated platform speed, as presented in Table 4. In these cases,
the quadrotor temporarily lost tracking of the ground platform and exited the RDR owing
to unreliable velocity estimations at low altitudes.

The stability of the vector field can be maintained, provided the position and velocity
of the platform are accurately estimated. Hence, improved velocity estimation is essential
for landing on fast-moving platforms. Moreover, the relative height estimation between the
quadrotor and the moving platform is affected by measurement noise and perception delay.
For example, the quadrotor occasionally failed to detect a successful touchdown, even
after the landing gear came into contact with the platform. This is attributed to imprecise
height measurements near the final approach. To address this issue, a threshold-based
termination condition was introduced: the quadrotor motors shut down when the relative
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height between the landing gear and the platform drops below 5 cm. This rule ensures the
reliable recognition of landing completion despite sensing uncertainties.

6. Conclusions
This paper proposes a robust landing strategy for quadrotor-targeting moving ground

platforms, addressing critical challenges related to detectability under physical limitations
and disturbances. One of the main contributions of this study is the identification of the
RDR, which ensures high detectability throughout the flight. A vector field-based control
approach was developed to guide the quadrotor within this region without violating the
requirements of the RDR.

The proposed strategy was implemented using a gimbal-mounted monocular camera
and an occlusion-robust fractal marker. Real-world experiments revealed that the quadrotor
consistently achieved high detection success rates and precise landings. Even when the
platform moved with high acceleration, the system achieved consistent landings. When the
distance between the quadrotor and the platform rapidly increases due to high acceleration
of the platform, the quadrotor is guided to the central region and decreases its descending
velocity. This control strategy prevents detection failures that may result from high platform
acceleration. These results verify the theoretical foundation and practical robustness of the
RDR and vector field approach.

Future work will primarily focus on improving the estimator for accurate moving
platform velocity estimation and developing a compensator for perception and response
delays. To this end, a vector field-based planning strategy and observer-based robust
control approaches are considered.
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