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Abstract—Grasping, manipulation, and inspection by 

multirotor systems require soft landing without any bumps; 

hence, the one-shot landing subject is critical due to 

aerodynamics effects under a multirotor unmanned aerial 

vehicle (UAV). One of the tasks in the HYFLIERS project is 

landing on a rack of pipes for inspection, mainly measurement 

of the pipe thickness and corrosion. The rack of pipes generates 

an unknown disturbance caused by the induced airflow by the 

propellers during the landing phase. The modeling of this 

problem is developed for two cases, landing on the ground and 

rack of pipes. The ground effect modeling is straightforward; 

however, the rack of pipes imposes more uncertainty on the 

system modeling. The source of aerodynamics disturbance also 

could be either external wind or the one caused by the UAV’s 

propellers near the pipes or ground. This work proposes a 

solution for the one-shot landing of a quadrotor considering the 

ground effect. First, the induced wind by the rotors near the 

ground is computed and then the reflection model of that near 

the ground is defined. Modeling of the quadrotor considering the 

wind in the environment is done. Next, the reflected wind by the 

ground is set in the wind model of the system. The uncertainty 

in the modeling exists due to interference of airflow under the 

UAV and behavior of that, so a robust nonlinear control is 

selected to control the system. The correction gain of the sliding 

mode controller was defined based on the steady-state thrust 

that plays the role of an upper bound of uncertainty. A 

simulation has been successfully done to present the advantages 

of the soft landing method considering the ground effect. The 

resultant input thrust decreased smoothly near the pipes that 

compensated the ground effect thrust. 

I. INTRODUCTION 

Maintenance and inspection of pipes in refineries are 
necessary tasks in overhauls and during regular checks. The 
position of the pipes in some cases is out of reach, e.g. see Fig. 
1 that a person cannot walk on the pipes to inspect the 
corrosion and other factors such as the thickness of the pipe. 
HYFLIERS (HYbrid FLying-rollIng with-snakE-aRm robot 
for contact inSpection) was defined as a research and 
innovation action of the EU Horizon 2020 program for aerial 
robotic inspection in such places to provide a solution [1]. 
Hybrid aerial robot prototypes that can land on pipes [2] and 
rack of pipes [3] and move along them have been developed in 
the project. 

Landing over the rack of pipes for setting up the inspection 
device requires delicate touch down for the safety of the 
inspection device and avoiding hard contact. 

 
*Research partially supported by the HYFLIERS (H2020-ICT-25-2017-

779411) and PILOTING (H2020-ICT-2019-871542) projects funded by the 

European Union’s H2020 programme, and the ARTIC project (RTI2018-

102224-B-I00), funded by the Spanish Ministerio de Economia, Industria, y 
Competitividad. 

  
Fig. 1. A sample rack of pipes [4]. 

A hard contact generates several bumps and endangers the 
refinery since explosive material runs through the pipes. This 
research introduces the soft-landing (one-shot landing) 
approach for multi-rotor drones over a rack of pipes. 

Here the mathematical modeling and control are performed 
in two phases: design based on flat ground for primary 
assessment and adding the disturbance model to control the 
landing over the rack of pipes. 

The role of the ground effect has been more highlighted in 
the literature of helicopter control rather than multirotor 
UAVs. This is extremely difficult for small-scale helicopters 
since the environment-dependent nature of such a system is 
strongly effective in control [5]. The ground effect 
compensation method was used for having a stable flight 
during take-off and landing [6, 7]. The subject is more critical 
for small unmanned helicopters since the weight is lower than 
the big ones and the wind could have been more effective 
during the take-off and landing. A similar condition is imposed 
on multirotor UAVs since their weight is kept at a minimum 
rate. The interference of four or six rotors of the same size 
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makes the aerodynamics effect under the UAV more complex 
than the helicopters. 

The ground effect for a single propeller was reported by 
Betz [8], and used for helicopter ground effect in forward flight 
[9]. Sharf et al. presented ground effect experiments and model 
validation with Draganflyer X8 rotorcraft [10]. It was reported 
that the ground effect is stronger for multirotor rather than 
single rotor helicopters. Danjun et al. investigated the 
autonomous landing of quadrotors based on ground effect 
modeling [11]. The extension of the image method of Betz was 
developed and verified experimentally [12]. The practical limit 
of the ground effect was found at a distance of five radii 
between the UAV and the ground [12]. The image method of 
Betz provides a relation for thrusts near the ground as a 
function of radius of the propellers, total thrust of the rotor and 
the distance between the UAV and the ground. In this current 
research, the intention is to find the reflected wind speed, 
caused by the rotors near the ground based on the image 
method of Betz. Then the generated wind information will be 
sent to the generalized model of the quadrotor which consists 
of a wind gust model. 

Wind gust can be modeled as a disturbance force vector in 
the model [13], or as a wind speed component in the state-
space representation of the system [14]. Ambati and Padhi 
presented the wind gust model for a six-degree-of-freedom 
(DoF) model of an aircraft [14]. A set of neural networks was 
employed to learn the unknown sets of the system model and 
update the system online. Lungu used wind gust modeling 
based on wind speed for the landing problem of an aircraft 
based on the backstepping control approach [15]. 

The main contribution of this work is to combine the 
generated wind speed, based on the image method of Betz, 
with the wind speed model (Ref. [15]) to propose a smooth, 
soft-landing approach for quadrotors. The application is the 
delivery of the inspection device and soft-landing on the rack 
of pipes in the refineries. The dangerous site requires extra 
safety for a landing without bumps and a sudden touchdown. 

The rest of the work is structured as follows. Section II 
expresses quadrotor and wind modeling, ground effect, and 
computation of induced wind velocity. Section III presents the 
control design, sliding mode control, and implementation of 
that on the system. Section IV expresses the simulations. The 
concluding remarks are summarized in Section V. 

II. QUADROTOR AND WIND MODELING 

A. Generated wind by a rotor, induced velocity 

Consider a propeller to study the momentum theory to find 
the induced velocity of the airflow passing through one 
propeller, presented in Fig. 2. Following assumptions must be 
held for momentum theory [16]: 

 The velocity is constant over the disc. 

 The pressure is uniform over the disc. 

 Rotation imparted to the flow as it passes through the 

propeller is neglected. 

 The flow pass through the propeller can be separated 

from the rest of the flow by a well-defined stream tube. 

 The flow is incompressible. 

 
 

Fig. 2. Application of the momentum theory on a propeller. 

The conservation of mass in front and behind the propeller 
disc results in  

𝑉i + 𝑉∞ = 𝑉o, (1) 

where 𝑉 (m/s) represents the velocity. Applying Bernoulli’s 
equation for the upstream and downstream line of flow 
provides: 
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where 𝑃 (Pa) represents pressure and 𝑉s (m/s) is the ultimate 
downstream velocity of airflow. Substituting (1) into (3) then 
comparing (2) and (3), results in 

∆𝑃 = 𝑃o − 𝑃i =
1

2
𝜌(𝑉s

2 − 𝑉∞
2). (4) 

The thrust force of the propeller 𝑇B (N) is defined by 
multiplying (4) into the circular area of the rotating propeller 

𝑇B = 𝐴∆𝑃 =
1

2
𝜌𝐴(𝑉s

2 − 𝑉∞
2), (5) 

where 𝜌 (kg/m3) is air density and 𝐴 (m2) is the generated 
area by the propeller. On the other hand, the thrust is defined 
by  

𝑇B = �̇�(𝑉s − 𝑉∞), (6) 

where �̇� (kg/s) is the mass flow rate 

�̇� = 𝜌𝐴(𝑉∞ + 𝑉i). (7) 

Substituting (7) into (6) results in 

𝑇B = 𝜌𝐴(𝑉∞ + 𝑉i)(𝑉s − 𝑉∞). (8) 

Comparing (5) and (8) provides 

(𝑉∞ + 𝑉i)(𝑉s − 𝑉∞) =
1

2
(𝑉s

2 − 𝑉∞
2) ⇒ 𝑉s = 𝑉∞ + 2𝑉i, 

which implies that induced velocity by the propeller is 2𝑉i. 
Rewriting the thrust in terms of induced velocity generates 

𝑇B = 2𝜌𝐴(𝑉∞ + 𝑉i)𝑉i. (9) 

Solving (9) for 𝑉i provides the induced velocity in terms of 
thrust [16]: 

𝑉i = −
𝑉∞

2
+ √

𝑉∞
2

4
+
𝑇B

2𝜌𝐴
, (10) 

Vꝏ +Vi 

Pi 

air flow 

Vꝏ, Pꝏ 

Vo 

Po Vs, Pꝏ, As 

TB 

A hypothetical 
streamline edge 



Preprint version of: 

Nekoo, S. R., Acosta, J. Á., Heredia, G. & Ollero, A. (2021). Soft-Landing of Multi-Rotor Drones using a Robust Nonlinear 

Control and Wind Modeling. The 2021 International Conference on Unmanned Aircraft Systems 

 

𝑉o =
𝑉∞

2
+ √

𝑉∞
2

4
+
𝑇B

2𝜌𝐴
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It should be noted that 𝑉∞ is the airflow speed caused by 
the wind. In hovering condition without wind, or when the 
system is flying slowly, 𝑉∞ is set to zero in (10) or (11). In 
other words, 𝑉o (m/s) is the generated wind speed by one 
propeller and its direction is towards the ground when a 
quadrotor is in hovering condition. 

B. Ground effect during landing 

The purpose of this section is to define the wind speed 
caused by the ground effect 𝑉g based on the generated induced 

velocity of the airflow 𝑉o from Section II-A. There are two 
states for flying a quadrotor, far from the ground and near the 
ground, see Fig. 3. There are three airflow velocities: 𝑉o the 

airflow speed far from the ground, 𝑉g the airflow speed near 

the ground, and the reflection of airflow by the ground 𝑉G. 

(a) 

 
(b) 

 
(c) 

 
Fig. 3. Illustration of the airflows (a) far from the ground, (b) near the ground; 

(c) effective area of ground reflection of wind. 

The system is free in normal flying far from the ground, 
presented in Fig. 3(a). In case that the quadrotor approaches 
the ground two airflows will be built, one flow toward the 
outside of the system and one airflow toward the inside. 
Computation of the inward airflow speed, so-called 𝑉G is the 
objective of this section, Fig. 3(b). The ground effect for 
propeller systems was proposed to define a relation for 

calculating the thrust near the ground based on the image 
method [8, 9]. The image method of Betz was employed for a 
single propeller, and then for a quadrotor to verify that 
experimentally [12]. The relation for a single rotor is [9]: 

𝑇g

𝑇B
=

1

1 − (
𝑅
4𝑧c
)
2, (12) 

where 𝑇B (N) is the thrust of the propeller in free flight, 𝑇g (N) 
is the thrust under the ground effect, 𝑅 (m) is the radius of the 
propeller and 𝑧c (m) is the distance of the rotor from the 
ground. Increasing the number of rotors to four, reforms Eq. 
(12) to [12]: 

𝑇g

𝑇B
=

1

1 − (
𝑅
4𝑧c
)
2

−
𝑅2𝑧c

√(𝑑 + 4𝑧c
2)3

−
𝑅2𝑧c

2√(2𝑑 + 4𝑧c
2)3

. 
(13) 

To transform (13) to an equation in terms of airflow 
velocity, the conversion between force and the mass flow rate 
is used: 

𝑇g = 2𝜌𝐴o𝑉g
2, (14) 

𝑇B = 2𝜌𝐴o𝑉o
2, (15) 

where 𝐴o = 4𝜋𝑅
2 (m2) is the area of four propellers. 

Substituting (14) and (15) in Eq. (13), one could represent the 
ground reflection of wind with direction towards the ground, 
−𝑍, which causes the negative sign for 𝑉g: 

𝑉g = −𝑉o
1

√1 − (
𝑅
4𝑧c
)
2

−
𝑅2𝑧c

√(𝑑 + 4𝑧c
2)3

−
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2√(2𝑑 + 4𝑧c
2)3

. 

(16) 

The effective distance between the quadcopter and the 
ground for studying the ground effect was reported dist. = 5𝑅 
[12]. So, if the system is higher than 5𝑅, the effect of the 
ground is zero and the UAV flies normally. It can be defined 
that 𝑉G(5𝑅) = 0 and 𝑉G(0) = 𝑉g, though the behavior of 

airflow between the two boundary values is not defined, linear 
or nonlinear, Fig. 4. 

 
Fig. 4. The ground reflection of wind. 

There will be some loss of wind due to the turbulence and 

interference of the airflows by rotors though the maximum 

reflection 𝑉G ≤ 𝑉g is always less than the 𝑉g. So, the control 

design based on (16) is safe and covers the ground wind 

reaction since 𝑉g in reality, is less than the theoretical design. 

In this research, we assume a linear relation between two 
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boundary values and present 𝑉G = −
𝑉g

5𝑅
𝑧c + 𝑉g in domain of 

𝑧c ∈ [0, 5𝑅]. Based on the direction of the ground reaction, the 

ultimate airflow speed by the ground is 

{
𝑉G =

𝑉g

5𝑅
𝑧c − 𝑉g, 𝑧c ∈ [0, 5𝑅],

0 𝑧c > 5𝑅.
 (17) 

Equation (17) implies that the high-speed reaction by the 
ground is generated near the ground and increases the thrust of 
the UAV. Landing in this condition faces a couple of bumps 
before turning off the rotors and removing the thrust. To 
present a smooth soft landing, without any special landing 
gear, or better to say one-shot landing, the produced wind 
reflection by the ground must be considered in the control 
design and modeling of the system. 

For the modeling of the rack of pipes, a disturbance vector 

is added to demonstrate the uncertain behavior of the reflected 

wind under the quadrotor, see Fig. 5. The velocity and airflow 

are a little less than the flat ground due to the escaping airflow 

around the pipes. This is in favor of the soft-landing; however, 

the uncertain reflection of the airflow adds uncertainty to the 

model. For simulation, an uncertain scalar value 𝑉P = 𝐷P ×
[rand(0,1) − 0.5] is added to the model to add the effect of 

pipes under the system, 𝐷P is amplitude of the uncertainty and 

rand(0,1) generates a random disturbance between 0 and 1 

(−0.5 shifts the disturbance to zero to have the balance); for 

the flat ground 𝐷P = 0. So, if we have the racks of pipes, Eq. 

(17) turns into 𝑉G =
𝑉g

5𝑅
𝑧c − (𝑉g + 𝑉P). In practice, the real 

airflow under the quadrotor shows its effect and the robust 

controller compensates the uncertainty in the real landing. 

(a) 

 
(b) 

 
Fig. 5. Reflective induced wind by the propeller over the rack of pipes ((a) 

quadrotor on a pipe; (b) schematic view). 

C. Dynamics of the quadrotor 

A moving coordinate (body frame) is attached to the center 
of mass of the quadrotor defined by {𝑥c, 𝑦c, 𝑧c} that can move 
and rotate concerning inertial frame {𝑋, 𝑌, 𝑍}, or Earth frame: 
𝑍 axis is from the center of the earth to surface, 𝑌 axis pointing 
to the North and 𝑋 axis pointing to the East. The generalized 
coordinates include the absolute position of the system and 
Euler angles for inertial frame 𝐪(𝑡) = [𝛏1

𝑇(𝑡), 𝛏2
𝑇(𝑡)]𝑇 =

[𝑥c(𝑡), 𝑦c(𝑡), 𝑧c(𝑡), 𝜙(𝑡), 𝜃(𝑡), 𝜓(𝑡)]
𝑇 (m, rad). The angular 

velocities of the body frame, linear and rotational, are 𝛖1(𝑡) =
[𝑢(𝑡), 𝑣(𝑡), 𝑤(𝑡)]𝑇 (m/s) and 𝛖2(𝑡) =
[𝑝(𝑡), 𝑞(𝑡), 𝑟(𝑡)]𝑇 (rad/s) with respect. The kinematics 
relations between the two reference frames are defined by 
[17]: 

�̇�1(𝑡) = 𝐑𝑍𝑌𝑋(𝛏2(𝑡))𝛖1(𝑡), 

�̇�2(𝑡) = 𝐓(𝛏2(𝑡))𝛖2(𝑡), 

where 

𝐑𝑍𝑌𝑋(𝛏2(𝑡)) = [

𝑐𝜃𝑐𝜓 𝑠𝜙𝑠𝜃𝑐𝜓 − 𝑐𝜙𝑠𝜓 𝑐𝜙𝑠𝜃𝑐𝜓 + 𝑠𝜙𝑠𝜓
𝑐𝜃𝑠𝜓 𝑠𝜙𝑠𝜃𝑠𝜓 + 𝑐𝜙𝑐𝜓 𝑐𝜙𝑠𝜃𝑠𝜓 − 𝑠𝜙𝑐𝜓
−𝑠𝜃 𝑠𝜙𝑐𝜃 𝑐𝜙𝑐𝜃

], 

𝐓(𝛏2(𝑡)) = [

1 𝑠𝜙𝑡𝜃 𝑐𝜙𝑡𝜃
0 𝑐𝜙 −𝑠𝜙
0 𝑠𝜙/𝑐𝜃 𝑐𝜙/𝑐𝜃

], 

where i.e. 𝑠𝜙 = sin𝜙. The dynamic model of the quadrotor 

consists of two translational and rotational parts. The 
translational dynamics in the body frame is found based on 

Newton’s law 𝑚(𝛖2(𝑡) × 𝛖1(𝑡) + �̇�1(𝑡)) = 𝐅B(𝑡) −

𝑚𝑔𝐑𝑍𝑌𝑋
𝑇 (𝛏2(𝑡))𝐞3: 

�̇�1 = [
�̇�
�̇�
�̇�
] = [

0
0
𝑇B

𝑚

] − [

0 −𝑟 𝑞
𝑟 0 −𝑝
−𝑞 𝑝 0

] [
𝑢
𝑣
𝑤
] − 𝑔 [

−𝑠𝜃
𝑐𝜃𝑠𝜙
𝑐𝜃𝑐𝜙

], 

where 𝐞3 = [0,0,1]
𝑇, 𝐅B(𝑡) (N) is the input force vector, 𝑔 =

9.81 (m/s2) gravity acceleration and 𝑚 (kg) is the total mass 

of the flying system. Considering hovering condition, the 

rotation of the body coordinate is negligible concerning the 

inertial frame; it can be approximated that �̈�1 ≈

�̇�𝑍𝑌𝑋(𝛏2)⏟      
𝟎

𝛖1 + 𝐑𝑍𝑌𝑋(𝛏2)⏟      
𝐈

�̇�1 ≈ �̇�1 [18], then one could 

transform the gravity and 𝐅B(𝑡) into the inertial frame: 

�̇�1 = [
�̇�
�̇�
�̇�
]

= [

𝑠𝜙𝑠𝜓 + 𝑐𝜙𝑐𝜓𝑠𝜃
𝑠𝜙𝑐𝜓 − 𝑐𝜙𝑠𝜓𝑠𝜃

𝑐𝜃𝑐𝜙
]
𝑇B

𝑚
− [

0 −𝑟 𝑞
𝑟 0 −𝑝
−𝑞 𝑝 0

] [
𝑢
𝑣
𝑤
] − [

0
0
𝑔
]

−
1

𝑚
[

𝐷𝑥 0 0
0 𝐷𝑦 0

0 0 𝐷𝑧

] [

𝑥�̇�
𝑦�̇�
𝑧�̇�

], 

(18) 

where 𝛖2(𝑡) = [

0 −𝑟 𝑞
𝑟 0 −𝑝
−𝑞 𝑝 0

], 𝐃 = diag(𝐷𝑥 , 𝐷𝑦 , 𝐷𝑧) (kg/

s) is the drag coefficient matrix. In other words, Eq. (18) is 

Vg (m/s) 

VG (m/s) 
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considered in the inertial reference frame. The rotational 
dynamics in the body frame is also 𝐈�̇�2(𝑡) + 𝛖2(𝑡) ×
𝐈𝛖2(𝑡) = 𝛕B(𝑡): 

�̇�2 = [
�̇�
�̇�
�̇�

]

= [

𝜏𝜙 𝐼𝑥𝑥⁄

𝜏𝜃 𝐼𝑦𝑦⁄

𝜏𝜓 𝐼𝑧𝑧⁄

]

− 𝐈−1 [

0 −𝑟 𝑞
𝑟 0 −𝑝
−𝑞 𝑝 0

] [

𝐼𝑥𝑥 0 0
0 𝐼𝑦𝑦 0

0 0 𝐼𝑧𝑧

] [
𝑝
𝑞
𝑟
], 

(19) 

where 𝐈 = diag(𝐼𝑥𝑥 , 𝐼𝑦𝑦 , 𝐼𝑧𝑧) (kg.m
2) is the inertia matrix of 

the system and 𝛕B(𝑡) (N.m) is the input torque vector. 

Hovering condition also approximates �̈�2 ≈ �̇�(𝛏2)⏟  
𝟎

𝛖2 +

𝐓(𝛏2)⏟  
𝐈

�̇�2 ≈ �̇�2, then one may consider rotational dynamics 

Eq. (19), in the inertial frame as well. 

The state vector of the system is chosen 𝐱(𝑡) =
[𝛏1
𝑇(𝑡), 𝛏2

𝑇(𝑡), 𝛖1
𝑇(𝑡), 𝛖2

𝑇(𝑡)]𝑇which results in the state-space 
representation of dynamics without modeling of wind: 

�̇� =

[
 
 
 
�̇�1
�̇�2
�̇�1
�̇�2]
 
 
 

=

[
 
 
 
 

𝐑𝑍𝑌𝑋(𝛏2)𝛖1
𝐓(𝛏2)𝛖2

𝐑𝑍𝑌𝑋,3(𝛏2) 𝑇B 𝑚⁄ − �̂�2𝛖1 − 𝑔𝐞3 − 𝐃�̇�1 𝑚⁄

𝐈−1(𝛕B − �̂�2𝐈𝛖2) ]
 
 
 
 

. 

(20) 

The thrust and moment inputs of the quadcopter are 
produced by four rotors rotating by the angular velocity 
𝜔𝑖(𝑡) (rad/s). The input limits are the upper bounds of rotors 
angular velocities and they are expressed by: 

𝛚(𝑡) = √[

𝑘 𝑘 𝑘 𝑘
0 −𝐿𝑘 0 𝐿𝑘
−𝐿𝑘
−𝑘𝜓

0
𝑘𝜓

𝐿𝑘
−𝑘𝜓

0
𝑘𝜓

]

−1

[
 
 
 
𝑇B(𝑡)

𝜏𝜙(𝑡)

𝜏𝜃(𝑡)

𝜏𝜓(𝑡)]
 
 
 

, 

where 𝐿 (m) is the distance between the center of mass of the 
quadrotor and one rotor, 𝑘 (Ns2/rad2) is lift constant (thrust 
factor), and 𝑘𝜓 (Nms

2/rad2) is drag constant. 

D. Wind modeling 

The input data of the wind to the problem is the wind 
velocity in inertial coordinates, defined by 𝐖(𝑡) =
[𝑊𝑋(𝑡),𝑊𝑌(𝑡),𝑊𝑍(𝑡)]

𝑇 (m/s). To transform the wind 
components to body frame we use the rotation matrix and 
introduce the wind vector in the body coordinate 𝐖c(𝑡) =

[𝑊𝑥(𝑡),𝑊𝑦(𝑡),𝑊𝑧(𝑡)]
𝑇
= 𝐑𝑍𝑌𝑋

𝑇 (𝛏2(𝑡))𝐖(𝑡) (m/s). The 

modified form of state-space equation (20) with consideration 
of wind is [14]: 

�̇� =

[
 
 
 
�̇�1
�̇�2
�̇�1
�̇�2]
 
 
 

=

[
 
 
 
 

𝐑𝑍𝑌𝑋(𝛏2)𝛖1
𝐓(𝛏2)𝛖2

𝐑𝑍𝑌𝑋,3(𝛏2) 𝑇B 𝑚⁄ − �̂�2(𝛖1 +𝐖c) − �̇�c − 𝑔𝐞3 − 𝐃�̇�1 𝑚⁄

𝐈−1(𝛕B − �̂�2𝐈𝛖2) ]
 
 
 
 

. 

(21) 

where [15]: 

�̇�c = ∇𝐖c(𝛖𝟏 +𝐖c) +
𝜕𝐖c

𝜕𝑡
, 

in which 

∇𝐖c = 𝐑𝑍𝑌𝑋(𝛏2)∇𝐖𝐑𝑍𝑌𝑋
𝑇 (𝛏2); 

∇𝐖 =

[
 
 
 
 
 
 
𝜕𝑊𝑋

𝜕𝑥

𝜕𝑊𝑌

𝜕𝑥

𝜕𝑊𝑍

𝜕𝑥
𝜕𝑊𝑋

𝜕𝑦

𝜕𝑊𝑌

𝜕𝑦

𝜕𝑊𝑍

𝜕𝑦
𝜕𝑊𝑋

𝜕𝑧

𝜕𝑊𝑌

𝜕𝑧

𝜕𝑊𝑍

𝜕𝑧 ]
 
 
 
 
 
 

.  

The embedded wind model in Eq. (21) can be used for 
general cases and situations. However, in this work, we are 
interested in improving the almost vertical landing procedure 
of multirotor UAVs. Specifically, the ground effect must be 
compensated in the control design to have a one-shot landing 
(landing without bumps caused by the reflection of the wind 
by the ground). For this case, the wind vector is defined as 
𝐖(𝑡) = [0,0, 𝑉G(𝑡)]

𝑇, where 𝑉G is presented in Eq. (17). It is 
noted that the modeling is general and could also consider 
wind in other directions in addition to the one caused by the 
quadrotors’ propellers. 

III. CONTROL DESIGN 

A. Sliding mode control 

The level of uncertainty in this control problem is high due 
to 1) approximation of reflected wind by the ground as similar 
as the produced wind by the propellers; 2) approximation of 
linear behavior of reflected wind between the two boundary 
conditions; 3) unknown behavior of the wind over the rack of 
pipes. The uncertainty of the propeller was compensated by 
neural network modeling [19]; however, here a unified 
nonlinear controller is proposed. The dynamics of the system 
are also nonlinear with force coupling between the 
translational and rotational dynamics. The sliding mode 
control is proposed, which possesses both robustness and 
nonlinearity in the design. The sliding mode control offers a 
nonlinear robust platform to handle the uncertainty in the 
modeling or caused by external disturbance [20]; the 
application was also covered a wide range of systems such as 
unmanned aerial systems [21], tilted motor hexacopter control 
[22], robotics manipulators [23-25], etc. 

Consider a nonlinear system 

�̈� = 𝐟(𝐪, �̇�) + 𝐁(𝐪, �̇�)𝐮, 

where 𝐪 ∈ ℝ𝑛 is the generalized coordinates of the system, 
𝐮 ∈ ℝ𝑛 is the generalized input vector of the system (assuming 
a fully actuated system), 𝐟(𝐪, �̇�): ℝ𝑛 × ℝ𝑛 → ℝ𝑛 and 
𝐁(𝐪, �̇�): ℝ𝑛 × ℝ𝑛 → ℝ𝑛×𝑛. The error and its derivative are 
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defined as 𝐞 = 𝐪 − 𝐪des and �̇� = �̇� − �̇�des with respect, in 
which 𝐪des and �̇�des are the desired position and velocity of 
the system. 

It should be noted that a quadcopter is under-actuated. This 
section is dedicated to fully actuated systems; so, the under-
actuation compensation of quadcopter control will be done by 
cascade design in Section III-B. 

The sliding surface is set as 

𝐬 = �̇� + 𝛌𝐞, (22) 

where 𝛌 ∈ ℝ𝑛×𝑛 is a strictly positive matrix. The objective is 
to find a controller to regulate the generalized coordinates 
towards the sliding surface and keep them on the surface. The 
sliding condition is [20]: 

1

2

d

d𝑡
𝑠𝑖
2 ≤ −𝜂𝑖|𝑠𝑖|, for 𝑖 = 1, … , 𝑛, (23) 

where 𝜂𝑖 is a strictly positive constant. Solving �̇� = 0 from Eq. 
(22) provides the equivalent control law, responsible for 
keeping the states on the sliding surface: 

𝐮n = 𝐁
−1(𝐪, �̇�)(�̈�des − 𝐟(𝐪, �̇�) − 𝛌�̇�). (24) 

In general, the exact values of 𝐟(𝐪, �̇�) and 𝐁(𝐪, �̇�) are not 
known and states are not on the sliding surface. Hence, a 
correction term: 

𝐮c = −𝐊(𝐪, �̇�)sign(𝐬), 

is added to (24) for completing the control law: 

𝐮 = 𝐮n + 𝐮c
= 𝐁−𝟏(𝐪, �̇�)(�̈�𝐝𝐞𝐬 − 𝐟(̅𝐪, �̇�) − 𝛌�̇�) − 𝐊(𝐪, �̇�)sign(𝐬), 

where 𝐊(𝐪, �̇�): ℝ𝑛 × ℝ𝑛 → ℝ𝑛×𝑛 is the correction gain, 

𝐁(𝐪, �̇�) is the lower bound of 𝐁(𝐪, �̇�) and 𝐟(̅𝐪, �̇�) is the upper 

bound of 𝐟(𝐪, �̇�). It should be noted that to remove the 
negative effects of chattering, saturation function sat(∙) could 
be employed instead of sign(∙). 

B. Implementation on a quadcopter: Translational and 

rotational control 

Quadrotors are under-actuated systems due to a lack of 
inputs for XY planar motion in translational dynamics. To 
present a six-degree-of-freedom controller, a cascade design 
was used [26]. With the cascade design, two translational and 
orientation control were designed. 

The relevant row of �̇�1 in (21) presents the translational 
dynamics of the system, based on that the elements of control 
law are chosen: 

𝐅t = 𝐁t
−1(�̈�t,des − 𝐟t̅(𝐪, �̇�) − 𝛌t�̇�t) − 𝐊t(𝐪, �̇�)sign(𝐬t), 

𝐁t = 1/𝑚𝐈3×3, 

𝐟t̅(𝐪, �̇�) = −�̂�2(𝛖1 + �̅�c) − �̇̅�c − 𝑔𝐞3 − 𝐃�̇�1 𝑚⁄ , (25) 

where 𝐅t ∈ ℝ
3 is a control input vector with the assumption of 

having a fully actuated system, �̅�c and �̇̅�c are the estimated 
bound of wind vector and its velocity near the ground or pipes; 
their actual values are unknown. The error vector and its 

velocity are also 𝐞t = 𝛏1 − 𝛏1,des and �̇�t = �̇�1 − �̇�1,des with 

respect. The cascade approach transforms the three inputs of 
the translation dynamics into one total thrust [27]: 

𝑇B = 𝑚{[𝐑𝑍𝑌𝑋,3(𝛏𝟐)]1𝐹t,1 + [𝐑𝑍𝑌𝑋,3
(𝛏𝟐)]2𝐹t,2 

+[𝐑𝑍𝑌𝑋,3(𝛏𝟐)]3(𝐹t,3 + 𝑔)}. 

Definition of �̅�c in (25) is based on the steady-state value 
of thrust 

𝑇B,ss = 𝑐1𝑚𝑔, (26) 

where 𝑐1 > 1 is chosen to dominate the 𝐖c in the actual 

system. Hence, �̅�o = −√
𝑇B,ss

2𝜌𝐴o
 , �̅�G =

𝑉g

5𝑅
𝑧c − (𝑉̅̅ g̅ + �̅�P) and the 

rest of the derivation of the wind model is based on Section II-

B. The bound of uncertainty due to the shape of the pipes 

(�̅�P = 𝐷P) is set in the control law to compensate for the 

disturbance. In real flights, tuning �̅�P provides a robust 

controller for smooth landing without having exact 

information about the geometry of the rack of the pipes under 

the UAV. Other parameters are defined as �̅� = [0,0, �̅�G]
𝑇, 

𝜕�̅�c

𝜕𝑡
= 𝟎, and 

𝜕𝑊𝑍

𝜕𝑧

= −𝑉o
𝜕

𝜕𝑧

1

√1 − (
𝑅
4𝑧c
)
2

−
𝑅2𝑧c

√(𝑑 + 4𝑧c
2)3

−
𝑅2𝑧c

2√(2𝑑 + 4𝑧c
2)3

. 

The rotational dynamics is the relevant row of �̇�2 in (21) 
that provides 

𝛕B = 𝐁o
−1(�̈�o,des − 𝐟o(𝐪, �̇�) − 𝛌o�̇�o) − 𝐊o(𝐪, �̇�)sign(𝐬o), 

𝐁o = 𝐈
−1, 

𝐟o(𝐪, �̇�) = −𝐈
−1�̂�2𝐈𝛖2, 

where 𝐞o = 𝛏2 − 𝛏2,des and �̇�o = �̇�2 − �̇�2,des. The definition 

of the desired orientation is based on cascade design [27]. 

To define the SMC gain of the translational control, one 
could use the sliding condition (23): 

𝐬t
𝑇�̇�t ≤ −𝛈

𝑇|𝐬t|, 

which results in 

𝐬t
𝑇 (𝐟t − 𝐟t̅ − 𝐊tsign(𝐬t)) ≤ −𝛈

𝑇|𝐬t|. (27) 

Considering that in regulation �̈�t,des = 𝟎, and substituting 

the 𝐟t from (21) and 𝐟t̅ from (25) into (27) results in 

𝐬t
𝑇 (�̂�2(�̅�c −𝐖c) + �̇̅�c − �̇�c − 𝐊tsign(𝐬t))

≤ −𝛈𝑇|𝐬t|. 
(28) 

Rewriting (28) as 𝐬t
𝑇(𝛅 − 𝐊tsign(𝐬t)) ≤ −𝛈

𝑇|𝐬t| where 

𝛅 = 𝛖2(�̅�c −𝐖c) + �̇̅�c − �̇�c, represents the scalar form of 
that: 
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∑𝑠t,𝑖𝛿𝑖

3

𝑖=1

−∑∑𝑠t,𝑖𝐾t,𝑖𝑗sign(𝑠t,𝑗)

3

𝑗=1

3

𝑖=1

≤ −∑𝜂𝑖|𝑠t,𝑖|

3

𝑖=1

. (29) 

Dividing Eq. (29) by 𝑠t,𝑖 removes the summation for 𝑖 and 

presents 

𝛿𝑖 −∑𝐾t,𝑖𝑗sign(𝑠t,𝑗)

3

𝑗=1

≤ −𝜂𝑖
|𝑠t,𝑖|

𝑠t,𝑖
 

⇒ 𝛿𝑖 −∑𝐾t,𝑖𝑗sign(𝑠t,𝑗)

3

𝑗=1

≤ −𝜂𝑖sign(𝑠t,𝑖) . 

(30) 

Computing the absolute value of (30) and considering a 

diagonal correction gain [𝐾t,𝑖𝑗 = 0]𝑖≠𝑗, one could express 

|𝐾t,𝑖𝑖| ≥ 𝜂𝑖 + |𝛿𝑖| , 

which can be represented in matrix form 

�̃�t ≥ 𝛈 + |�̂�2(�̅�c −𝐖c) + �̇̅�c − �̇�c| , (31) 

Consequently, the ultimate correction gain is 

𝐊t(𝐪, �̇�) = diag (𝐾t,11(𝐪, �̇�), 𝐾t,22(𝐪, �̇�), 𝐾t,33(𝐪, �̇�)). (32) 

IV. SIMULATIONS 

A quadrotor is considered for simulation for point-to-point 

motion (regulation case) in a limited finite time. The total mass 

of the system is 𝑚 = 1.2 (kg), drag coefficients are 𝐷𝑖𝑖 =
0.25 (kg/s) for 𝑖 = 1,2,3; 𝐿 = 0.225 (m), the radius of the 

propellers are 𝑅 = 0.075 (m), moment of inertia of the UAV 

is 𝐼𝑥𝑥 = 7 × 10
−3, 𝐼𝑦𝑦 = 7.3 × 10

−3, 𝐼𝑧𝑧 = 3.3 ×

10−3 (kgm2), lift constant is 𝑘 = 2.98 × 10−5 (Ns2/rad2), 
the drag coefficient is 𝑘𝜓 = 1.14 × 10

−6 (Nms2/rad2) and 

𝜌 = 1.225 (kg/m3). The modeling of the quadcopter and the 

wind have been presented for a general regulation problem. 

However, the research intends to study the soft-landing 

subject. Based on this scenario, the initial condition is selected 

far from the ground on an arbitrary point 𝛏1(0) =
[1, −1.5, 19.25]𝑇 (m), and the final position of the system is 

on the ground, 𝑧c(𝑡f) = 0. Without loss of generality, 

equilibrium is selected for the final position 𝛏1(𝑡f) =
[0,0, 0]𝑇 (m). The initial and final orientation is also set to 

zero. 

The control gains are selected as 𝛌t = 0.2 × 𝐈3×3, 𝛌o =
0.5 × 𝐈3×3 and 𝐊o = 0.1 × 𝐈3×3. The correction gain of 
translation control is defined by Eqs. (31) and (32) in which 
𝛈 = [1,1,1]𝑇. The scaling factor is also set 𝑐1 = 1.1 in Eq. 
(26). The time of simulation was set 50s though it should be 
noted that when the UAV lands on the ground, the control loop 
is finished. So, the final time of the simulation is defined by 
the control loop when the quadrotor lands at 𝑧c(𝑡f) = 0; for 
this simulation the final time was gained around 20s. 

The position variables of the quadrotor are illustrated in 
Fig. 6. The velocity of the system is depicted in Fig. 7, which 
shows the 𝑍 component possessed negative velocity near the 

ground and caused deceleration. The reflection of wind by the 
ground is shown in Fig. 8. The produced wind by the rotors is 
plotted in Fig. 9. The total thrust of the system is presented in 
Fig. 10 and the angular velocities of the rotors in Fig. 11. In 
both graphs, it is clear that instead of a constant steady-state 
value for thrust or angular velocities of the rotors, we have a 
jump and sudden smooth decrease in the values which show 
the ground effect. This confirms that near the landing, less 
thrust is needed and the ground provides extra thrusts for the 
UAV. 

Due to less need to thrust in the system based on the ground 
effect in the control design, the system goes (smoothly) to the 
negative zone of the 𝑍-axis and is regulated to a small negative 
error in simulation. The cause of the small negative error is 
that the function in (13) is defined based on positive 𝑧𝑐. So, a 
condition (a switch) has been designed to stop the simulation 
when the UAV is landed. 

 
Fig. 6. Position variables of the quadrotor. 

 
Fig. 7. The velocity of the system in regulation. 

 
Fig. 8. Reflection of wind by the ground. 
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Fig. 9. Induced velocity near and far from the ground. 

 
Fig. 10. The thrust of the system. 

 
Fig. 11. Angular velocities of the rotors. 

The time of landing is interchangeable by the control 
parameter 𝜆t. A series of simulations for 𝜆t =
{0.06, 0.12, 0.18, 0.24, 0.3} has been performed to 
demonstrate the effect of the control parameter on the landing 
time, Fig. 12. The decrease in landing time requires more 
force, to land faster, though the force should be reduced from 
the thrust to have a controlled fall, Fig. 13. 

 
Fig. 12. Effect of 𝝀𝒕 on the final time of landing. 

 
Fig. 13. Effect of 𝝀𝒕 on total thrust. 

Soft-landing over the racks of pipes: The previous 
simulation verified the capability of the proposed wind 
modeling approach for soft-landing considering the ground 
effect. To show the main achievement of the research, landing 
over racks of pipes, the amplitude of disturbance due to the 
pipes is set 𝐷P = 0.1; and the reflected wind speed is shown 
in Fig. 14. The error increased to 15.8mm as well. The 
simulation showed that the uncertainty due to the shape of the 
pipes can be handled by the robust nonlinear controller. The 
rest of the results were almost similar to landing on flat ground 
with a little bit more 5mm error. 

 
Fig. 14. The ground effect with disturbance of the rack of pipes. 

Practical implementation: For practical implementation, 
the random parameters for generating uncertainty in the model 
are removed and the actual shape of the pipes plays the role of 
disturbance. In case there is a controlled quadcopter with two 
translation and orientation control, the minimum enquired 
changes for having a soft-landing controller without physical 
modification is to use  

𝐅t = 𝐁t
−1(�̈�t,des − 𝐟t̅(𝐪, �̇�) − 𝛌t�̇�t) − 𝐊t(𝐪, �̇�)sign(𝐬t), 

where 

𝐟t̅(𝐪, �̇�) = −�̂�2(𝛖1 + �̅�c) − �̇̅�c − 𝑔𝐞3 −𝐃�̇�1 𝑚⁄ , 

includes the upper bound of translation dynamics and 

𝐊t(𝐪, �̇�) = diag (𝐾t,11(𝐪, �̇�), 𝐾t,22(𝐪, �̇�), 𝐾t,33(𝐪, �̇�)), 

is the correction gain in which �̃�t > 𝛈 + |𝛖2(�̅�c −𝐖c) +

�̇̅�c − �̇�c|. The robustness of the design is incorporated 

through �̅�c and �̇̅�c in both correction gain and upper bound 

of translation dynamics 𝐟t̅(𝐪, �̇�). The tuning is also setting the 
parameters of 𝛌t and 𝐷P. 
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V. CONCLUSIONS 

This work presented a control approach for the soft landing 
of a quadcopter without adding a physical soft landing gear. 
The produced reflected wind by the rotors near the ground 
generates extra thrust for the system and deviates that from a 
predefined trajectory for a smooth landing. A couple of bumps 
usually happen without consideration of the ground effect. The 
generated induced thrust and wind velocity from the rotors 
have been calculated and modeled. The reflection of the wind 
from the ground is effective in a limited distance which is 
considered in this work. The ultimately reflected wind 
modeled in the dynamics of the system. The landing over the 
rack of pipes was considered in the model and simulation. 
There is uncertainty in the modeling and behavior of the wind 
through the boundary values are defined. Proposing a robust 
nonlinear control for covering the uncertainty, the model 
successfully controlled. The correction gain of the sliding 
mode controller was adaptively set based on the steady-state 
value of thrust and wind. The simulation showed that thrust 
should be reduced near the landing since extra thrust is 
generated by the ground effect. The results confirmed the 
expected landing behavior and acceptable precision without 
bumping and overshoot.  
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