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Abstract
This research deals with the autonomous landing maneuver of a quadrotor unmanned aerial vehicle (UAV) on an
unmanned ground vehicle (UGV). It is assumed that the UGV moves independently, and there is no communication
and collaboration between the two vehicles. This paper aims at the design of a closed-loop vision-based control
system for quadrotor UAV to perform autonomous landing maneuvers in the possible minimum time despite the
wind-induced disturbance force. In this way, a fractional-order fuzzy proportional-integral-derivative controller is
introduced for the nonlinear under-actuated system of a quadrotor. Also, a feedback linearization term is included in
the control law to compensate model nonlinearities. A supervisory control algorithm is proposed as an autonomous
landing path generator to perform fast, smooth, and accurate landings. On the other hand, a compound AprilTag
fiducial marker is employed as the target of a vision positioning system, enabling high precision relative positioning
in the range between 10 and 350 cm height. A software-in-the-loop simulation testbed is realized on the windows
platform. Numerical simulations with the proposed control system are carried out, while the quadrotor system is
exposed to different disturbance conditions and actuator dynamics with saturated thrust output are considered.

1. Introduction
In the last decade, researches on various kinds of unmanned aerial vehicles (UAVs) have received much
attention in the automatic control area [1, 2]. The UAVs have been widely used in different tasks such
as surveillance, visual acquisition, exploration, and disaster assistance in urban circumstances [3]. The
ability to perform autonomous landing on a moving platform is a key feature for UAVs in the aerial
transportation and logistics applications. For instance, a delivery system consists of multiple UAVs,
and a truck is introduced in ref. [4]. The effectiveness of such kinds of logistics systems depends on
minimizing travel distance and travel time [5]. The autonomous landing maneuver effectively reduces
traveling time and energy consumption per trip.

The autonomous landing problem is studied for different kinds of UAVs such as fixed-wing airplanes,
helicopters, and also quadrotors. To the best of author’s knowledge, the early researches in the field of
quadrotor’s autonomous landing on moving platform appeared around 2010 [6, 7]. Early works are
concentrated on the problem formulation and giving simple possible solutions [8, 9]. While the real-
world conditions and challenges are not considered in their work. At the initial stage of research, the
challenge of vehicle localization is overcame by using global positioning system (GPS) like VICON
[10] or Opti-Track [8] to obtain a ground-truth position for indoor experiments, while researches are
focused on the control system design, only [10]. The other challenges that are neglected frequently
in the literature are actuator dynamics [11] and wind-induced disturbance forces [11–13]. Such kinds
of challenges make the problem more complicated and severely affect the general performance of a
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control system. Sometimes, the ground vehicle communicates or cooperates with the quadrotor UAV
in the autonomous landing maneuver, and the states of the ground vehicle from its internal sensors are
available to the control system [8]. For instance, in the outdoor experiment of Daly et al. [8], the GPS
and inertial measurement unit are used for vehicles’ localization while the performance of the control
system is restricted by accuracy of GPS unit. High precision GPS units which are used in military
applications are very expensive and usually unavailable. Consequently, in most outdoor experiments,
commercial GPS units are only used in the long-range and a vision-based position estimation method
is utilized to obtain local relative positions in the short range. Using a vision-based positioning system
makes this possible to land autonomously on a moving platform without its cooperation. In this way,
researchers focus on the development of vision positioning systems while conventional proportional-
integral-derivative (PID) controllers are employed as vehicles’ motion controllers [14, 15]. For instance,
Wenzel et al. [14] have developed a pose estimation system using infrared technology which has some
restrictions due to pattern size and angle of sight that works only in 2.5-m distance and is not suitable for
outdoor experiments which is exposed to sun light. Bi and Duan [15] have introduced a visual tracking
system for a quadrotor to find and track the position of red-green-blue-colored helipad in the image
plane. The proposed method is also restricted by a limited detection range. The autonomous landing
maneuver is a complex task. A successful autonomous landing needs more precise pose estimation
method and more reliable motion controller for stabilization, tracking, and vertical landing maneuvers
of quadrotor UAV despite the wind-induced disturbance force. Visual pose estimation methods have
been used in several studies as a low-cost and efficient method for landing air vehicles on a moving
target. Kim et al. use a simple color pattern and blob detection analysis for the purpose of landing
[16]. In another study, a visual marker made of concentric rings is used on the landing pattern [17]. In
another study, researchers use a visual fiducial named ArUco [18]. Olson et al. introduced AprilTag as
a robust and flexible visual fiducial system [19]. Since then, AprilTag has been used in several kinds
of research for pose estimation proposes [20, 21]. In recent years, researchers have focused on the time
optimal solutions in the vision-based control systems to perform autonomous landing maneuver in the
possible minimum time [22]. They work around the optimal path generation for autonomous landing
maneuver while the conventional PID controller is widely used as a quadrotor motion controller [23,
24]. Unfortunately, the effects of wind-induced disturbance forces and actuator dynamics are not studied
in these works. There are a few kinds of research in this area that represents a complete solution for
autonomous landing problem and takes into the account the real-world challenges [25, 26]. In general,
optimal path generation should make the autonomous landing maneuver faster [27]. But, in our opinion,
development of a fast and robust motion controller for quadrotor system can make critical improvements
on landing time and precision in the real-world experiments that wind-induced disturbance forces are
unavoidable. In most of the previous works, the proposed control method is employed for position control
of quadrotor and the attitude control realized by using conventional PID controller. There is a known
tradeoff between fast and robust response to be obtained by conventional PID controller. Consequently, a
conventional PID controller usually is not fast or robust enough for a nonlinear under-actuated quadrotor
system to perform complicated tasks such as autonomous landing on a moving platform in the presence
of wind disturbance. In some researches, the problem is simplified by neglecting the actuator dynamics
and wind induced disturbance force in the simulations. In addition, the proposed vision positioning
systems in the literature are restricted by detection range and accuracy [28]. The most utilized vision
positioning methods are image-based visual servo (IBVS) and position-based visual servo (PBVS). The
IBVS method relies on the target location in the image frame coordinates and does not consider the
relative height. Consequently, it may cause undesirable interactions at the moment of touchdown since
there is no information to slow down quadrotor UAV during vertical landing. The PBVS method provides
more useful information for the control system since the relative height is also estimated. However, the
performance of the PBVS method relies on the target size and geometry. There is a known challenge
in the literature to estimate relative position precisely both in short and long ranges with the PBVS
method. Large fiducial markers are suitable for long range while they cannot be detected in short range
since they cannot fit in the camera frame. Inevitably, it imposes long free falls at the end of a vertical
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landing phase because of losing position feedback. Obviously, small fiducial markers cannot be detected
from far distances and cannot be applied for approaching phase. Performance of the vision positioning
method needs to be improved both in precision and detection range. On the other hand, it seems it is
necessary to have a fast and more robust controller for nonlinear under-actuated system of quadrotor
to perform autonomous landing maneuver despite wind induced disturbance force. Simultaneously, the
controller needs to be feasible for onboard implementation and tuning.

This paper aims at the design of a closed-loop vision-based control system for quadrotor UAV to
perform autonomous landing maneuver in the possible minimum time despite the wind-induced distur-
bance force. It is assumed that the unmanned ground vehicle (UGV) moves independently, and there
is no communication and collaboration between two vehicles. An onboard vision positioning system is
utilized to obtain the relative position of the moving landing pad. A compound fiducial marker is intro-
duced as the target of the vision positioning system which enables high precision relative positioning in
the range between 10 and 350 cm height. High precision positioning of the compound fiducial marker
provides opportunity of safe and precise touchdown and eliminates risk of long free falls at the last step
of vertical landings. The major contributions of this paper are as follows:

• A fractional-order fuzzy proportional-integral-derivative (FOFPID) controller is introduced for the
nonlinear under-actuated system of quadrotor.

• The actuator dynamics is included to simulate more realistic model of quadrotor and make a
challenge with transient response and saturated output thrust of actuators.

• A supervisory control algorithm is proposed as autonomous landing path generator to perform fast,
smooth, and accurate landings.

The proposed FOFPID controller is an efficient integration of fuzzy logic and fractional-order cal-
culus into the PID control hypothesis. Fuzzy systems usually provide fast and overshoot-less responses,
while fractional-order systems give higher stability and robustness. The integration makes this possi-
ble to benefit from the advantages of both systems at the same time. The proposed FOFPID controller
holds the simplicity of a conventional PID controller and is easy for onboard implementation. Also, it
has more degree of freedom (DOF) for tuning. The proposed FOFPID controller along with feedback
linearization method provides fast and more robust response for the nonlinear under-actuated system of
quadrotor which cannot be achieved by a conventional PID controller.

Performance of the proposed FOFPID controller is obtained in multiple software-in-the-loop (SITL)
simulations and is compared with fuzzy PID (FPID), fractional-order PID (FOPID), and conventional
PID controllers. Simulation results reveal the superior performance of the proposed FOFPID controller
over the other ones in terms of landing time and landing accuracy indexes.

The rest of this paper is organized as follows: Section 2 briefly represents the mathematical model
of a quadrotor and its electrical actuators. Section 3 contains an overall description of the quadrotor
control system, detailed representation of the proposed control methods, and demonstration of the vision
positioning system. Simulation setup and simulation results are demonstrated in Section 4. Conclusion
is discussed in Section 5.

2. Quadrotor model
Quadrotor is the most popular kind of multi-rotor UAVs due to its simple mechanics and high maneu-
verability (e.g., vertical takeoff and landing, stationary flight, etc.). Quadrotor’s mechanical structure
consists of a symmetric cross-shaped rigid body and four electrical rotors which are located at the end
of cross arms. Schematic model of a quadrotor is depicted in Fig. 1. It is assumed that the center of
gravity of the quadrotor is located at the intersection point of the cross arms, and the quadrotor has a
diagonal inertia tensor about its principal axes. Hereafter, the variables m, L, and I = diag

([
Ixx, Iyy, Izz

])
are the quadrotor’s mass, the arm’s length, and the quadrotor’s inertia tensor, respectively.
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Figure 1. Schematic model of a quadrotor.

2.1. Body dynamics
Two coordinate systems are introduced in Fig. 1 for dynamical analysis of the quadrotor’s body: the first
is the earth-fixed inertial frame defined by {E} : { �O, (X̂, Ŷ , Ẑ)}, and the second is the body-fixed frame
defined by {B} : {�P, (x̂, ŷ, ẑ)}. Vector �O = [0, 0, 0]T indicates the origin of the earth-fixed inertial frame
{E}. Also, vector �P = [X, Y , Z]T indicates the origin of the frame {B} in the earth-fixed inertial frame {E}.
Orientation of the body-fixed frame {B} with respect to the frame is defined by roll–pitch–yaw angles
which are denoted by φ, θ , and ψ , respectively. The quadrotor translational dynamics is obtained in the
inertial frame {E}, while its rotational dynamics is obtained in the body frame {B}.

The thrust force (Ti) and the aerodynamic torque (Qi) are produced by the four propeller spinning
rotors which are given by Eqs. (1) and (2), respectively [29]:

Ti = bωi
2 i = 1, · · · , 4 (1)

Qi = dωi
2 i = 1, · · · , 4 (2)

where ωi, b, and d are angular speed of the i-th rotor, thrust factor, and drag factor, respectively.
According to Eqs. (3)–(6), combination of the thrust forces and the aerodynamic torques produce four
generalized forces in the body frame {B} [29]:

U1 =
4∑

i=1

Ti = b
(
ω2

1 +ω2
2 +ω2

3 +ω2
4

)
(3)

U2 = T4L − T2L = Lb
(
ω2

4 −ω2
2

)
(4)

U3 = T3L − T1L = Lb
(
ω2

3 −ω2
1

)
(5)

U4 =
4∑

i=1

(−1)i+1Qi = d
(
ω2

1 −ω2
2 +ω2

3 −ω2
4

)
, (6)

where U1 is the actuation force along ẑ axis, U2 is the actuation torque about x̂ axis, U3 is the actuation
torque about ŷ axis, and U4 is the actuation torque about ẑ axis. Quadrotor’s rotational dynamics is
represented in Eq. (7) which is obtained using Euler’s rotational motion equations [29]:
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⎡
⎢⎢⎣
φ̈

θ̈

ψ̈

⎤
⎥⎥⎦ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

U2 − Jrθ̇ωr + (
Iyy − Izz

)
ψ̇ θ̇

Ixx

U3 + Jrφ̇ωr + (Izz − Ixx) ψ̇φ̇

Iyy

U4 + (
Ixx − Iyy

)
θ̇ φ̇

Izz

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, (7)

where Jr is the rotor moment of inertia and ωr is the overall speed of rotors which is given by Eq. (8).

ωr = −ω1 +ω2 −ω3 +ω4. (8)

The translational dynamics of quadrotor is given from Newton approach [25]:

⎡
⎢⎣

Ẍ

Ÿ

Z̈

⎤
⎥⎦ =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

(
CφSθCψ + SφSψ

)
U1

m(
CφSθSψ − SφCψ

)
U1

m(
CφCθ

)
U1

m
− g

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

, (9)

where S. and C. denote sin (·) and cos (·) functions, respectively. Also, the parameter g = 9.81m/s2 is
the gravity acceleration in the Ẑ direction. Note that effect of aerodynamic torques on the translational
motion and external disturbances are neglected. According to Eqs. (7) and (9), the quadrotor is an under-
actuated system because it has six DOF but only four actual inputs. As a result, only four DOFs can be
controlled independently (i.e., Z,ψ , and one from each pairs of {X, θ}, {Y , φ}). In this research, these
four DOFs {X, Y , Z,ψ} are considered to be controlled independently.

2.2. Actuator dynamics
In this study, quadrotor actuators are considered to be brushed direct current (DC) electrical motors
without speed reduction gears. Assuming that motor inductance has negligible effect, an approximated
first-order equation can be obtained for actuator dynamics:

ω̇m = − d

Jr

ω2
m − KtmKem

RmJr

ωm + Ktm

RmJr

Va, (10)

where, ωm is angular speed of rotor, Va is supply voltage of motor, Ktm is motor torque constant, Kem is
electrical constant of motor, Rm is motor resistance, Jr is rotor inertia, and d is drag factor. Electrical
DC motors have a limited input voltage and generate a limited output torque/speed. Consequently, they
generate a saturated thrust output which affects motion control of quadrotor in the presence of external
disturbances. On the other hand, transient dynamic response of DC motors is very important when
control system generates fast and high amplitude speed commands. The input voltage and output velocity
limits are included using saturation function in the actuator dynamics.

In general, the actuator dynamics is included to simulate more realistic model of quadrotor. Indeed, it
is included to make a challenge with transient response and saturated output thrust of actuators. While it
is not considered in the control design, controllers are tuned with the limitations to obtain best possible
fast and robust response. This is to ensure that stability and tracking performance are realized with
reasonable available power of the actuators.

https://doi.org/10.1017/S0263574721001181 Published online by Cambridge University Press

https://doi.org/10.1017/S0263574721001181


1436 Ali Ghasemi et al.

Figure 2. Architecture of the proposed control system.

3. Quadrotor control
Motion control of quadrotor is a challenging problem due to its nonlinear under-actuated dynamics [4].
Specially, controlling lateral motion of the quadrotor is the main problem since it is associated with
under-actuated subsystem of the quadrotor dynamics [5]. Although the quadrotor has under-actuated
dynamics, it needs six controllers to track four desired trajectories and regulate roll and pitch angles
simultaneously. Actually, roll and pitch dynamics are the internal dynamics for lateral motion of the
quadrotor. Therefore, two single closed-loop control systems are employed to control quadrotor’s alti-
tude and yaw maneuver, and an inner–outer-loop control paradigm is applied to control lateral motion
of the quadrotor. The outer loop generates desired forces to control lateral translations of the quadrotor,
while the inner loop controls roll and pitch maneuvers. Consequently, analytical inversion is needed to
generate desired roll and pitch angles from desired lateral forces. Desired roll and pitch angles (φd and
θd) can be obtained as follows [30]:

{
Ud

y = (
Cφd Sθd Sψ − Sφd Cψ

)
Ud

1

Ud
x = (

Cφd Sθd Cψ + Sφd Sψ
)

Ud
1

}
⇒

[
Sψ −Cψ

Cψ Sψ

] [
Cφd Sθd

Sφd

]
=

⎡
⎢⎢⎢⎣

Ud
y

Ud
1

Ud
x

Ud
1

⎤
⎥⎥⎥⎦

⇒
[

Cφd Sθd

Sφd

]
=

⎡
⎢⎢⎢⎣

SψUd
y + CψUd

x

Ud
1

−CψUd
y + SψUd

x

Ud
1

⎤
⎥⎥⎥⎦ ⇒

{
φd

θd

}
=

⎡
⎢⎢⎢⎣

arcsin
(−CψUd

y + SψUd
x

Ud
1

)

arcsin
(

SψUd
y + CψUd

x

Cφd Ud
1

)
⎤
⎥⎥⎥⎦ , (11)

where Ud
x , Ud

y , and Ud
1 are desired forces along X̂, Ŷ , and ẑ directions, respectively. Note, the saturation

function is applied to keep the argument of the sine inverse function in the range between [−1 and 1].

3.1. Control system architecture
Architecture of the proposed vision-based closed-loop control system for autonomous landing maneuver
of the quadrotor is depicted in Fig. 2. In the presented closed-loop control system, a vision positioning
system computes the relative position of the compound AprilTag using the acquired image from virtual
reality scene. Relative position is used as the only feedback source for the position controller subsystem
and also as an input to the autonomous landing path generator subsystem.
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The autonomous landing path generator is a supervisory control algorithm that is realized by a pro-
grammed state machine and manages the process of autonomous landing maneuver by simply generating
conditional set points.

The quadrotor control subsystem gets relative position feedback and desired set points and generates
motors speed commands using the proposed control law. Equations (7) and (9) can be expressed in the
closed form of Eq. (12):

Ẋ = f (X)+ b(X)U + D, (12)

with the state vector X = [
x, y, z, φ, θ ,ψ

]
and the disturbance vector D, the control law is presented in

Eq. (13):

Ud
i = 1

bi (x)
(ν· − fi (x)) , (13)

where a simple feedback linearization term is considered to compensate model nonlinearities and an
error dependent term (ν.) is included to achieve reliable tracking accuracy. It should be noted that the
error dependent term ν· is the main part of the proposed control law and then is designed as the pro-
posed FOFPID controller. Subsequently, the position and attitude control can be obtained by using the
following control laws:

Ud
y = FLy + mνy; Fly = 0

Ud
x = FLx + mνx; Flx = 0 (14)

Ud
1 = FLz + m

CφCθ

νz; Flz = m

CφCθ

g

Ud
2 = FLφ + Ixxνφ; Flφ = (

Izz − Iyy

)
ψ̇ θ̇ + Jrθ̇ωr

Ud
3 = FLθ + Iyyνθ ; FLθ = (Ixx − Izz) ψ̇ θ̇ − Jrφ̇ωr, (15)

Ud
4 = FLψ + Izzνψ ; Flψ = (Iyy − Ixx)θ̇ φ̇

where Ud
. is desired generalized force acting on the axis (.), FL. consist feedback linearization part of the

control law, and term ν. denotes error dependent part of the control law. Finally, from desired generalized
forces, velocity commands of the rotors are given by⎡

⎢⎢⎢⎢⎣
ω2

1

ω2
2

ω2
3

ω2
4

⎤
⎥⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎢⎣

b b b b

0 −Lb 0 Lb

−Lb 0 Lb 0

d −d d −d

⎤
⎥⎥⎥⎥⎦

−1 ⎡
⎢⎢⎢⎢⎣

Ud
1

Ud
2

Ud
3

Ud
4

⎤
⎥⎥⎥⎥⎦ . (16)

3.2. FOFPID controller
Structure of the proposed FOFPID controller is shown in Fig. 3. The proposed FOFPID controller is
formed as fuzzy fractional-order PI + fuzzy fractional-order PD subsystem with a common core of
fuzzy logic controller.

The fuzzy logic controller is a Mamdani-type fuzzy system with two scaled inputs (i.e., scaled track-
ing error and its scaled fractional-order derivative (E, Ė)). The Caputo fractional-order derivative is
presented in Eq. (17):

C
0 Dμ

t U (t)= 1

� (a −μ)

t∫
0
(t − τ)

a−μ−1U(a) (τ ) dτ , (17)
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Table I. Fuzzy rule base.

U e·
NL NM NS Z PS PM PL

NL NL NL NL NL NM NS Z
NM NL NL NL NM NS Z PS
NS NL NL NM NS Z PS PM

ė. Z NL NM NS Z PS PM PL
PS NM NS Z PS PM PL PL
PM NS Z PS PM PL PL PL
PL Z PS PM PL PL PL PL

Figure 3. Structure of the proposed fuzzy FOPID controller.

Figure 4. Membership function of fuzzy input–output.

where, μ is the order of derivative, a is integer supremum or least upper bound of μ (a − 1<μ< a),
and U(t) is a continuous time-variant function. The Gamma function is denoted by �(.). Seven fuzzy
sets with Gaussian membership function of Eq. (18) are considered for the fuzzy inputs and the fuzzy
output in the range between [−1 and 1].

μ(x)= e
−(x−c)2

2σ2 . (18)

The membership functions are depicted in Fig. 4. The proposed fuzzy rule base consists of 49 rules,
and it is demonstrated in Table I. The fuzzy rule base is generally obtained by try and error in our
previous work [30]. In the manual tuning procedure, fuzzy rule base is somehow rearranged to obtain
smooth and homolographic surface for the fuzzy system output while counteracting the error growth.
Abbreviations NL, NM, NS, Z, PS, PM, and PL mean negative large, negative medium, negative small,
zero, positive small, positive medium, and positive large, respectively.

Every rule is expressed in the form of Eq. (19), and the output rule firing strength is obtained by using
Eq. (20). Kindly, see ref. [31] for more detailed descriptions on the fuzzy sets and fuzzy functions.

If E is NL And Ė is NL Then UFLC is NL (19)

μNLE∩NLĖ
= min

(
μNL (E) ,μNL

(
Ė
))

. (20)
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(a) (b) (c)

Large AprilTag Small AprilTag Compound AprilTag

Figure 5. AprilTag fiducial markers.

In the proposed fuzzy logic controller, Mamdani min–max method is considered for inference engine.
Consequently, a rule output and interfered output of the whole rules can be obtained by Eqs. (21)
and (22), respectively. Kindly, see ref. [32] for more detailed descriptions on the Mamdani min–max
inference method.

μk

NL
′ (UFLC)= min

(
μNLE∩NLĖ

,μNL (UFLC)
)

(21)

μFLC (UFLC)= max
{
μ1

· , · · · ,μk

NL
′ , · · · ,μN

·
}

k = 1, · · · N. (22)

The centroid method is used for defuzzification to obtain the fuzzy system output (UFLC) according
to Eq. (23).

UFLC = ∫U y ·μFLC (y) dy

∫U μFLC (y) dy
. (23)

Finally, output of the proposed fuzzy FOPID controller is given by

ν· = αU + βD−λ
0,t (U) , (24)

where D−λ
0,t (U) denotes a fractional-order integration which is defined in Eq. (25).

D−λ
0,t U(t)= 1

�(λ)

t∫
0

(t − τ)
λ−1U(τ ) dτ . (25)

There are six variables for tuning of the proposed FOFPID controller: variables Ke and Kd are the
scaling factors of the tracking error (e·) and its fractional-order derivative (C

0 Dμ
t e), respectively. Also,

variables α and β are proportional and integral gains, respectively. Coefficients μ and λ are derivative
and integration fractional order, respectively. Kindly, see refs. [33] and [34] for general stability analysis
of the proposed FOFPID formulation.

In this research, it is assumed that The UGV move independently, and there is no communication
and collaboration between two vehicles. Consequently, the onboard vision positioning system is the
only available feedback source for position control subsystem and supervisory control algorithm.

3.3. Vision positioning system
Vision positioning systems are utilized to obtain the precise position and orientation of a desired object.
For this purpose, a certain pattern is placed on the desired object as the target of vision positioning
system. To simplify the detection, recognition, and tracking of moving object, the pattern can be a simple
color pattern or a complex one. Using the camera parameters and patterns geometry, the pose of the
camera with respect to the center of the pattern can be estimated. Pose estimation methods are critically
dependent on the accuracy of camera calibration and object geometry [35].

In this paper, the PBVS method is employed for visual position estimation of the landing pad. A com-
pound fiducial marker is introduced to be used as the target of PBVS method. The proposed compound
fiducial marker is made of two concentric AprilTag fiducial markers as shown in Fig. 5.

As shown in Fig. 5(c), the compound AprilTag consists of a large tag and a small tag which are shown
separately in Fig. 5(a) and 5(b), respectively. The large AprilTag with a size of 50 × 50 cm is used for
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detection in far distances, and the small AprilTag with a size of 3 × 3 cm tag is used for near distances
and high-precision landing. The small AprilTag, because of its small size, does not distort the overall
pattern of the large AprilTag. The proposed compound fiducial marker enables high precision relative
positioning of the landing pad using the PBVS method in the range between 10 and 350 cm height. It
should be noted that the upper range can be extended easily by using a bigger large AprilTag.

The lower range is very important for autonomous landing maneuver since it implies minimum
detectable relative height. Autonomous landing controller has to turn off the engines for a free fall and
hopes a successful landing when reaches the minimum detectable relative height. There is a high risk
for long free falls during vertical landing since it implies undesirable interaction forces with landing
pad or the ground for unsuccessful landings (land outside of the landing pad). Also, long free fall cause
inaccurate landing since the landing pad is moving by ground vehicle.

Using the proposed compound fiducial marker with PBVS method provides suitable detection ranges
that eliminates the risk of free falls and can be employed by a supervisory landing controller to perform
fast, smooth, and accurate landings.

3.4. Supervisory control algorithm
The supervisory control algorithm motivates the quadrotor UAV in the autonomous landing maneuver
according to a mission scenario. The proposed supervisory control algorithm is depicted in Fig. 6. In
the mission scenario, the quadrotor takes off from the landing pad surface and goes to 3 (m) height and
hovers for 5 s. UGV starts moving within these 5 s and goes on an elliptic trajectory defined in Eq. (26).

X(t)=
⎧⎨
⎩

0 0 ≤ t ≤ 20

2 cos
( π

30
t − π

2

)
20< t

Y(t)=
⎧⎨
⎩

0 0 ≤ t ≤ 20

1 + sin
( π

30
t − π

2

)
20< t

. (26)

Then quadrotor starts following ground vehicle and tries to achieve rendezvous conditions of Eq.
(27):

CR =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Case1: if

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

|rx| ≤ 0.2

|ry| ≤ 0.2

|ṙx| ≤ 0.2

|ṙy| ≤ 0.2

rz ≥ 0.5

Then Zd = Rz − 0.10

Case2: if

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

|rx| ≤ 0.15

|ry| ≤ 0.15

|ṙx| ≤ 0.15

|ṙy| ≤ 0.15

0.32< rz < 0.5

Then Zd = Rz − 0.01

Case3: if

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

|rx| ≤ 0.15∣∣ry

∣∣ ≤ 0.15

|ṙx| ≤ 0.15∣∣ṙy

∣∣ ≤ 0.15

rz ≤ 0.5

Then Zd = 0.25 (m)

, (27)
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Figure 6. Proposed supervisory control algorithm.

where, rx, ry, and rz are relative positions obtained from the vision positioning system along X, Y , and
Z axes, respectively. Rendezvous conditions are defined on the relative position and velocity states.
Whenever rendezvous conditions are satisfied, quadrotor starts vertical landing while tries to preserve
rendezvous conditions. If rendezvous conditions are lost, the quadrotor preserves its height and tries to
achieve rendezvous condition again. Rendezvous margins and vertical decent rate are decreased going
step by step for smooth and accurate landings. When the quadrotor reaches the landing conditions of
Eq. (28), supervisory controller commands turn off engines for a vertical touchdown. It should be noted
that the final set point for relative height should be considered according to landing gear height for a
smooth touchdown.

CL = If

⎧⎪⎪⎨
⎪⎪⎩

|rx|< 0.15 (m)∣∣ry

∣∣< 0.15 (m) Then Turn off engines.

rz ≤ 0.3 (m)

(28)
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Table II. Numerical parameters of the quadrotor model [29].

Symbol Value Symbol Value
Ixx 0.007 Kgm2 m 0.68 Kg
Iyy 0.007 Kgm2 L 0.17 m
Izz 0.012 Kgm2 b 4.13 × 10−5 Ns2

Jr 6.5 × 10−5 Kgm2 d 8.5 × 10−7 Nms2

Figure 7. Autonomous landing of quadrotor in the absence of wind disturbance. Symbols ∨ and ⊗ illus-
trate UAV and UGV position at the touchdown sequence of autonomous landing maneuver, respectively.

4. Simulation results
An SITL simulation testbed is realized on the windows platform which integrates MATLAB/Simulink,
Virtual reality, and Opencv softwares to simulate the proposed closed-loop control system. ViSP [36]
is a modular cross-platform library and is based on open-source libraries including OpenCV which is
used to detect and estimate position of the compound AprilTag. Numerical simulations are carried out
on the windows platform on a personal computer with Intel core i7-5600 CPU and 16GB of RAM.

Main parameters associated with the quadrotor model are given in Table II Also, manually tuned gains
for the proposed controllers are reported in Table III. The tuning procedure involves several numerical
simulations of different set-point regulation and trajectory tracking tasks where the controller gains are
tuned accordingly toward the best possible tracking and disturbance rejection performance.

The quadrotor system is exposed to wind induced disturbance force in X direction. Four different
conditions are considered in the simulations for wind induced disturbance force. At first, performance
of the proposed FOFPID controller is examined in the absence of wind disturbance and is compared
with the other controllers. Figure 7 shows translational motion of the quadrotor UAV and the UGV in
the cartesian space within the first simulation.

According to simulation results in Fig. 7, all of the controllers have successfully performed the
autonomous landing maneuver while the proposed FOFPID controller is faster than the others.
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Table III. Controller gains for the studied control methods.

Control methods

PID FPID FOPID FOFPID

DOFs KP KI KD Ke Kd α β KP λ KI μ KD Ke Kd μ λ α β

X 80 5 40 1.3 0.5 60 0.8 70 0.9 5 0.5 25 1.2 1.5 0.7 1.8 100 0.1
Y 80 5 40 0.45 0.5 70 5 70 0.9 5 0.5 25 0.45 0.6 0.8 0.8 100 0.5
Z 2 0.5 1 0.5 0.8 4 6 1 0.9 1.1 0.59 2 3 1 1.2 0.8 5 0.9
φ 100 10 50 1.5 2 20 40 50 0.5 10 0.8 50 3 0.9 1.5 0.9 5 2
θ 100 10 50 4 2.5 40 80 50 0.5 10 0.8 50 3.2 1 1.5 0.9 10 4
ψ 100 5 50 1.6 2.2 15 30 50 0.5 5 0.8 50 3 0.9 1.5 0.5 15 1.1
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Figure 8. Autonomous landing of quadrotor in the presence of wind disturbance D1 = 0.1sin (0.5t) .
Symbols ∨ and ⊗ illustrate UAV and UGV position at the touchdown sequence of autonomous landing
maneuver, respectively.

In the second simulation, the wind induced disturbance force is considered as a sine function
(D1 = 0.1sin (0.5t)). Performance of the proposed controllers in the autonomous landing maneuver of
quadrotor is demonstrated in Fig. 8 in the presence of wind induced disturbance D1 = 0.1sin (0.5t).

Although all of the controllers have successfully performed the autonomous landing maneuver, the
other controllers are more affected by wind disturbance. The proposed FOFPID controller provides faster
and more robust responses for the under-actuated nonlinear system of the quadrotor.

In the following simulations, the quadrotor system is exposed to higher amplitude disturbance forces
of D2 = 0.2sin (0.5t) and D3 = 0.3sin (0.5t), respectively.

Performance of the controllers in the autonomous landing maneuver in the presence of wind dis-
turbance of D2 = 0.2sin (0.5t) is depicted in Fig. 9. Fuzzy controller could not achieve and preserve
rendezvous conditions in at least 500 s. Consequently, it has failed to perform autonomous landing
maneuver in the presence of wind disturbance of D2 = 0.2 sin (0.5t).

Simulation results in Fig. 9 reveal that the proposed FOFPID controller is more robust against the
wind disturbance and very better preserve the rendezvous conditions. So that, it can perform autonomous
landing maneuver in less time. Conventional PID and FOPID controllers are completely affected by wind
disturbance and have lost the rendezvous conditions several times during simulation. Consequently, the
quadrotor has landed on the moving platform in multiple attempts.

Performance of the proposed FOFPID controller is examined against the wind induced disturbance
forces of D3 = 0.3sin (0.5t) and D4 = 0.4sin (0.5t), and results are depicted in Fig. 10.

The other controllers have failed to perform successful autonomous landing maneuver in at least
500 s. They could not achieve and preserve rendezvous conditions. Therefore, their trajectories are
eliminated from the results.

The proposed FOFPID controller strongly resists the wind disturbance force and preserve rendezvous
conditions. It could perform autonomous landing maneuver as fast as ideal conditions against the
wind disturbance of D3 = 0.3sin (0.5t). While it is considerably affected by the wind disturbance of
D4 = 0.4sin (0.5t) and has lost the rendezvous condition several times. It has successfully performed the
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Figure 9. Autonomous landing of quadrotor in the presence of wind disturbance of D2 = 0.2sin (0.5t).
Symbols ∨ and ⊗ illustrate UAV and UGV position at the touchdown sequence of autonomous landing
maneuver, respectively.

Figure 10. Performance of the proposed FOFPID controller against the wind disturbances
D3 = 0.3sin (0.5t) and D4 = 0.4sin (0.5t). Symbols ∨ and ⊗ illustrate UAV and UGV position at the
touchdown sequence of autonomous landing maneuver, respectively.
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Table IV. The tochdown position of the UAV and the UGV during autonomous landing maneuver.

Touchdown position (m)

No disturbance D1 = 0.1sin (0.5t) D2 = 0.2sin (0.5t) D3 = 0.3sin (0.5t)

Controller UGV UAV UGV UAV UGV UAV UGV UAV
FOFPID x = 1.954

y = 0.788

x = 1.962
y = 0.784
z = 0.299

x = 1.953
y = 0.785

x = 1.999
y = 0.781

z = 0.3

x = 1.951
y = 0.780

x = 2.040
y = 0.776

z = 0.3

x = 1.947
y = 0.772

x = 2.083
y = 0.768

z = 0.3

FOPID x = 1.932
y = 1.257

x = 1.925
y = 1.261

z = 0.3

x = 1.965
y = 1.186

x = 2.039
y = 1.198

z = 0.3

x = 1.240
y = 1.784

x = 1.158
y = 1.786

z = 0.3
– –

FPID x = 1.716
y = 1.513

x = 1.728
y = 1.524
z = 0.290

x = 1.730
y = 1.501

x = 1.589
y = 1.512
z = 0.297

– – – –

PID x = 1.988
y = 1.107

x = 2.004
y = 1.111
z = 0.298

x = 1.991
y = 1.090

x = 2.075
y = 1.093
z = 0.299

x = 0.181
y = 1.995

x = 0.240
y = 1.997
z = 0.299

– –
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Table V. Performance of the proposed controllers in term of the landing time.

Landing time (s)

Controller No disturbance D1= 0.1sin (0.5t) D2= 0.2sin (0.5t) D3= 0.3sin (0.5t)
FOFPID 28 28 28 28
FOPID 32 32 159 ∗
FPID 35 35 ∗ ∗
PID 31 31 164 ∗
∗Unsuccessful rendezvous.

Table VI. Performance of the proposed controllers in term of the landing accuracy.

Landing accuracy (m)

No disturbance D1= 0.1sin (0.5t) D2= 0.2sin (0.5t) D3= 0.3sin (0.5t)

Controller rx ry rx ry rx ry rx ry

FOFPID −0.0078 0.0045 −0.046 0.0045 −0.088 0.0045 −0.1356 0.0045
FOPID 0.0074 −0.0037 −0.0742 −0.0128 0.0818 −0.0025 – –
FPID −0.0121 −0.0108 0.1406 −0.0106 – – – –
PID −0.0162 −0.0033 −0.0840 −0.0035 −0.0562 −0.017 – –

autonomous landing maneuver in 70 s against the strong wind disturbance of D4 = 0.4sin (0.5t)with the
accuracy of rx = 0.14 ry = 0.04. The tochdown position of the UAV and the UGV during autonomous
landing maneuver is reported in Table IV.

Tables V and VI give a comprehensive breakdown of the controllers’ performance in term of landing
time and landing accuracy indexes where superior results are bolded. From the viewpoint of landing
time, the proposed FOFPID controller has performed the best among the studied control methods.
Clearly, the proposed FOFPID controller tries to perform the autonomous landing maneuver as fast
as possible while scarifies the landing accuracy. It can be concluded that the proposed FOFPID con-
trol method provides fast and robust response simultaneously which is usually difficult to achieve with
constant control gains for nonlinear under-actuated systems like quadrotors.

5. Conclusion
This research is concentrated on the design of an FOFPID controller for nonlinear under-actuated sys-
tem of the quadrotor. Also, a supervisory control algorithm is proposed as autonomous landing path
generator to perform fast, smooth, and accurate landing. On the other hand, a compound AprilTag fidu-
cial marker is employed by the PBVS method to obtain the relative position of the landing pad which
extends positioning range and enables high precision positioning both in short and long ranges.

SITL simulation method is realized on the windows platform to perform numerical simulations of the
proposed PBVS control system. The quadrotor UAV is exposed to different wind-induced disturbance
forces while the actuators dynamics are included in the quadrotor model to make a challenge with tran-
sient response and saturated output thrust of actuators. Simulation results reveal superior performance
of the proposed FOFPID controller over the other ones in terms of landing time and landing preci-
sion indexes. The proposed FOFPID controller provides fast and more robust response for nonlinear
under-actuated system of quadrotor which cannot be achieved by conventional PID controller.

The proposed FOFPID controller has more DOF for tuning and provides superior performance at
the cost of more difficult and time-consuming manual tunings. In the future work, an adaptive gain
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scheduling method will be adopted to the FOFPID controller to overcome the labor of manual tuning
and to improve system robustness against unknown time varying disturbances.
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