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Abstract

A robust landing control algorithm is proposed for a quadcopter, as well as for a landing platform to land on an inclined
or problematic surface. To use the quadcopter for outdoor application, it is necessary to design a landing platform that can
withstand environmental obstacles such as wind and weight load during landing. Conventional retractor landing platforms
are not suitable for achieving a stable landing on inclined surfaces or obstacles. Therefore, in this paper, 2-link structured
landing legs are applied to stably land on an inclined surface or obstacle with a suitable control algorithm. To achieve stable
landing on a slanted surface, a cooperative control algorithm of the quadcopter and the landing platform has been proposed.
The proposed robust landing system comprises two controllers, i.e., a high-speed proportional derivative control for the
landing platform and a neural network-based proportional-integral—derivative control for controlling the quadcopter in real
time. A quadcopter with a robust landing platform has been implemented, and the performance of the robust landing control

algorithm has been demonstrated with the system.
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1 Introduction

Drone refers to an unmanned aerial vehicle system that
automatically or semi-automatically flies according to a
pre-programmed route on the ground without a pilot board-
ing directly [1]. The conventional drone market focuses
on hobby drones, which is established and developed by
Chinese company DJI. In recent years, however, the drone
industry has expanded its scope of use, targeting not only
hobbyists but also applications in military and agricultural
contexts [2]. Drones are divided into various types, such as
rotating and fixed wing drones, tilt-rotor type, and flapping
wing type, depending on the manufacturing method [3, 4].
Especially when comparing the rotary wing and the
fixed wing types, the rotary-wing drone has the advantage
of being able to perform vertical rise/fall movement, as well
as hovering, which makes it function in less limited space.
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When operating a rotary-wing drone, environmental factors
such as wind can have a significant impact. In a strong wind,
a drone may be pulled in the wind direction, thus losing
posture control and flying in an unwanted direction. Addi-
tionally, when a quadcopter lands, if the environment at the
landing point is unstable, the quadcopter may malfunction
and sustain damage. On the basis of these environmental fac-
tors, drones need a powerful controller for normal operation
and to land safely in complex situations.

Conventional quadcopters mainly use proportional—inte-
gral—derivative (PID) controllers, which are relatively simple
and easy to design [5—7]. However, the PID control has some
disadvantages. First, it is difficult to define the gain values of
P, I, and D in an environment that changes rapidly. Second,
it is difficult to design the controller because the drone is
nonlinear, time delayed, and overall a complex and ambigu-
ous system. To overcome these disadvantages, a fuzzy PID
controller was developed to set gain values automatically [8,
9]. However, the addition of one input variable to the fuzzy
system causes a disadvantage in that the number of control
rules increases significantly, making it difficult to design.

An existing quadcopter landing system attaches a retrac-
tor to a gear to reduce air resistance when flying and to con-
trol the gear when landing [10]. In this method, whether it
is possible to land or not has been determined according to
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the situation on the ground. Although the landing is deter-
mined to be possible, an unstable landing can be performed
by a reaction that occurs according to load on the quad-
copter. There are many difficulties related to landing in an
environment where an obstacle or an inclination exists on
the ground [11]. To solve this problem, studies focusing on
adaptive landing gear have been actively conducted. Disad-
vantages of this landing gear include that it is structurally
complex and expensive, in terms of design, to apply these
aspects to small aircraft such as quadcopters [12, 13].

In this paper, a landing platform with four landing legs
has been designed to achieve a stable landing on a slanted
surface. In addition, a cooperative control algorithm between
the landing platform and quadcopter is proposed for the sta-
ble landing against disturbances. The cooperative control
algorithm comprises a robust controller and adaptive landing
algorithm. The robust controller is a neural network (NN)-
based algorithm that determines PID gains in real time with
their error values [14, 15]. The gradient descent method was
adopted to adjust the weights of the NN [16, 17]. In this
paper, a robust controller has been proposed for a quadcopter
to perform hovering in wind or heavy load situations, and
an experiment is conducted to perform landing in a com-
plex environment using the adaptive landing algorithm to
compare performance with the conventional PID controller.
The efficiency of the algorithm is demonstrated using the
acquired posture data.

Following Sects. 1 and 2 describes the quadcopter and
landing leg modeling. Section 3 describes the proposed
algorithm. Section 4 includes experiments and experimental
results. Section 5 concludes this research with the summary
of the results.

2 System Modeling
2.1 Quadcopter Modeling
The quadcopter motion can be defined by using rotation

matrix, R, as shown in Fig. 1. R can be defined as follows
[18]:

R =R (v)R,(O)R.(¢) (1)
1 0 0
w here R.(¢$)=]0 cos¢ —sing ,
0 sing cos¢
cosd 0 siné cosy —siny 0
R\(0) = 0 1 0 [|andR,(w)=]| siny cosy O
—sinf 0 cos 0 0 1

Using the thrusts from the four rotors in Fig. I,
it can be expressed as 6 degrees of freedom of the
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Fig. 1 The coordinate system of the quadcopter

translational motion p =[x y z]7 and the rotational
motion Q =[¢ 6 y]7. Linear velocity p and angular
velocity w of the quadcopter can be described as follows:

P =Ry, (2a)

o= Cw, (2b)

wherev =[xy z]7,andw = [ ¢ & vr |” represent the linear
velocity and angular velocity in the global coordinate sys-
tem. w,, represent the linear velocity and angular velocity of
the quadcopter with respect to the object coordinate system.

C is a matrix representing the relationship between the
velocity component of the Euler angle of the inertial coor-
dinate system and the angular velocity vector of the body
frame coordinate system, which is represented as follows:

1 0 —sin @
C=|0 cos¢ singcosd 3
0 —sing¢ cos¢cosO

By differentiating Eqgs. (2a) and (2b),

p=Ri, +Rv, (4)
@ = Cay, + Cw, (4b)
where
. aC ; aC, oC
C=|—d+—=0+—y

6?36t ag?

0 0 —fcosb

=|0 —¢sing ¢cospcosh —HOsingsing |,
0 —¢pcosp —¢sinpcosd — 0 cos ¢ sin

Equation (4a) can be reorganized as follows:
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The quadcopter’s translational equation of motion can be
expressed through Eq. (5). At this time, the force f = [f,.f,./.]
for the translational motion is actually affected by gravity, so
it can be expressed as follows:

f=mR"p =m@, +w, xv,) +mR" g, 6)
If Eq. (6) is expressed as the equation for the acceleration
of the quadcopter, it can be expressed as follows:

. 1
vy =, Xv, —R'gy+ Zf @)

Here, g, = [0 0 —g ]” indicates the acceleration of gravity.
Using the law of conservation of moment, the following
equation can be derived.

M =Io, + w, X (w,) 8)

where, the moment of inertia is . = Iyy because the quad-
copter is designed in a line symmetry [19, 20].

In the global coordinate system, Eqgs. (2b) and (8) can be
summarized as follows:

M = I(CQ + CQ) + (CQ) x (ICQ) )

Assuming that there are no centripetal force and Coriolis
effects, Egs. (7) and (9) can be simplified as follows:

gsing 1|
V,=| —gcosfsing [+ —|f, (10)
—gcosfcos ¢ " 1
Q=c'r'm (11)

Through the above equations, the final dynamic equation of
the quadcopter can be derived as follows:

mix = f,(cos ¢ sinf cos y + sin ¢ siny)
my = f,(cos ¢sin @ siny — sin ¢ cos y)
mZ = f,cos ¢psin @ — mg

Ixx<i5 =71,

Iyyé =1, (12)

where f, = f, represents the thrust of the quadcopter.

Fig.2 The adaptive landing platform

Vy

Fig.3 Landing leg coordinate system

2.2 Kinematics of the Landing Legs

A landing platform was designed to guarantee the stable
landing of the drone in uneven ground conditions. The land-
ing platform with four legs was attached to the bottom of the
drone. In this research, adaptive landing gear was designed
to construct a landing platform. Two-degrees-of-freedom
landing legs were used to achieve a stable landing, regard-
less of ground conditions.

Figure 2 illustrates the landing legs used in this research,
which was designed using the Catia software package. The
landing legs were designed with a 2-link structure by attach-
ing a servo motor to each joint. It was designed to land sta-
bly on slopes or a complex object by controlling each joint
according to the conditions of the landing location. To per-
form a stable landing, it is necessary to control the legs to
maintain the balance of the quadcopter in complex ground
conditions. To do this, the balance must be maintained
through angle control using the servo motor of each joint.
The target angle is calculated through the inverse kinematic
analysis of the landing leg of the 2-link structure [21].

The forward kinematics of the 2-link leg in Fig. 3 is rep-
resented as follows:
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x=1,cos0, + 1, cos(0, + 6,) 13)

y=1,sin8, + 1, sin(6, + 6,) 14)

where x and y are the axes of the robot in Cartesian coordi-
nates, /; and [, are lengths of the first and the second links,
and 0, and 0, are the angles of the revolute joints, 8, and 6,
must be obtained for the landing leg location, (x, y), which
can be obtained from Eqgs. (13) and (14) as follows:

x2 +y2 _ lZ _ 12
0, = L2 15
cos 6, TR (15)
0, = +atan2(sin §,, cos 6,) (16)

I, sin 6,
0, = atan2(y,x) — atan

Iy +1,cos 0, an

3 Robust Landing Algorithm
3.1 Cooperative Control

For the quadcopter to safely land on a slope, it is neces-
sary to perform balance control of the landing leg for each
axis. When the landing legs are controlled and balanced,
it will be difficult to land the quadcopter because of the
change in the center of gravity caused by the movement
of the landing legs. To address this situation, a quadcopter
cooperative control algorithm was developed to cope with
the movement caused by the landing legs.

Figure 4 shows an overall block diagram of the coop-
erative control, which is divided into quadcopter and
landing-leg control sections. The two controllers form a
complementary relationship. Landing control is aiming to
minimize roll and pitch errors that occur when the quad-
copter lands on an inclined surface, which can be done
by obtaining the inverse kinematic of four legs. The cal-
culated error is horizontally controlled through the pro-
portional derivative control. The motor of a leg in con-
trolled to reduce the altitude error ¢, of the quadcopter,
with respect to the center of gravity generated, which is
fed back to perform altitude control of the quadcopter.
Quadcopter control is designed with an PID (NN-PID)
controller, which quickly responds to posture errors caused
by disturbances occurring in real time. This can effectively
control posture errors caused by environmental factors
such as disturbance and wind caused by the motion of the
landing legs.
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3.2 NN-PID for Quadcopter Control

There are several ways in which to control a quadcopter, but
the most commonly used among these is a PID controller. In
this research, an NN-PID controller was designed for adaptive
use in various situations.

Figure 5 illustrates the NN-PID controller for the quadcop-
ter. NN-PID controller continuously adjusts the parameter (k,,
,k;.k;) of PID to tune the gain value in real time. The time
domain PID controller input u(n) can be expressed as follows:

un) = u(n — 1) + k,e(n) —e(n — 1) + k;e(n)

+kse(n) —2e(n— 1)+ e(n —2) (18

where e(n) = y(n) — u(n) represents the error between the
input and the output.

Neural network design for 3 inputs as shown in Fig. 6.

For some inputs from the network input layer are expressed
as follows:

oj(,”zx(j), G=1.,2,...,m) (19)
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Fig.6 The neural network structure

In the above equation, the subscript refers to the input
layer of the network.
The hidden layer can be expressed as follows:

net? ) = Xy Wy o) (=12, m) 20)
0P =fnetP (), (i=1,2,...,q) @

The subscript (2) stands for the hidden layer and wj; is
weight connecting neurons from the input layer to the hid-
den neurons layer.

The activation function of the hidden layer that explains
the relationship between the input and output of a neuron is
a sigmoid function and is as follows:

(22)

The input and output of the network output layer is given.

by the following equation.

The input and output of the network output layer is given
by the following equation.

q
et () = w0 () (23)
i=1

Superscript (3) shows the output layer, k represents the
weight between the hidden layer and the output layer.

o = gnet”(m)), (=1,2,3) 4)
o =k, o =k, o =k, (25)

Output o, is employed as the gains of the PID controller.
The control values corresponding to the outputs ,, k; and
k, are given a multiplier so that they are within the defined
range before entering. In this algorithm, the system’s output

error function is defined as:

1
E(n) = 5 (u(n) = y(m)* (26)
The change for the update weight on the output can be
explained in the following equation.

JoFE
D+ ann =) e

AWE?)(H) =-n—23
ow,;
L
where O; = k, is a learning rate and a is momentum factor.
Using the partial differential equation, the control signal of

the output can be summarized as follows:

e(n)—e(n—1) k=1
au(gg =1 e(n) k=2 (28)
90, e(n)—2e(n—1+en—-2) k=3

where e(n) is the error. The weights are updated by the back-
propagation algorithm [22, 23].

Learning algorithm of update weight on Output layer can
be obtained.

AW (n) = 6@ 0 (n) + aw’(n - 1) (29
G _ ay(n) ou(n) .
8 —e(n)au ® 0053)(n)f (net,” (n)) (30)

where the derivative of the activation function can be
expressed as follows:

f1) =1 —f(x)) €29

3.3 Adaptive Landing Algorithm

An adaptive landing algorithm was designed to achieve a
stable landing by adapting to the ground situation using the
landing legs when the quadcopter performed a landing in a
complex ground situation. The force sensor attached to the
lower part of the landing leg can determine whether each axis
of the leg touches the ground; in this way, balance using the
inertial measurement unit sensor attached to the quadcopter is
achieved to perform the landing.

It controls the legs located on a high slope to maintain
balance and controls each joint of the legs by analyzing the
inverse kinematics of the 2-link structure.

In Fig. 7, to maintain the balance of the quadcopter, end
point A of the body inclined by ¢ must be moved to B.

When the body length is d, the movement distance of the
x- and y-axes can be obtained as follows:

X4 = 2d sin’ <§> (32)
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Fig.7 Landing leg coordinate system

Yy =dsing (33)

The coordinates (x,,y,) obtained by moving the posi-
tion of the end effector of the landing legs based on x and
v, calculated in Egs. (32) and (33), are as follows:

X, = X9 —Xg» Yp =Yot Yy (34)

Using inverse kinematic Eqs. (16) and (17), 9p1 and 9p2
were found for the position of the leg at x,, y,

, ) l,sin6,,

= t s - t T 17 oD
p1 = atan2(y,,x,) —atan <l1 + 1, cos 9p2> %3)
0,, = tatan2(sin 6, cos 6,) (36)

A landing scenario on an obstacle inclined at 20° can
be described as three steps: (a) the landing platform has
been reached the obstacle, (b) the legs are controlled to
keep the drone horizontal to the ground, and (c) the drone
is kept horizontal against disturbances cooperating with
the legs.

Notice that landing of the quadcopter senses the ground
through the force sensor attached to the lower part of the
leg and performs balance control when the four legs reach
the ground. When the force sensor does not reach the
ground, it descends smoothly. At this time, the quadcopter
descends in a stationary flight pattern.

Figure 8 shows the flowchart for landing algorithm.
When the quadcopter attempts to land following flight,
it will initially hover. Following on, the quadcopter will
slowly descend and determine whether to make contact
with the ground through the force sensor attached to the
landing leg. If all the landing legs are in contact, the
inverse kinematic is calculated, balance control is per-
formed through the servo motor attached to the joint of
each leg, and landing control is completed.

@ Springer KE;E

L3

Landing Start Inverse
kinematic
Quadcopter
hovering Balance control

(Roll, Pitch)

Quadcopter
descending

Roll, Pitch
==0?

Force
detecting?
(Leg 1~4)

Fig.8 Landing algorithm flowchart

4 Landing Experiments
4.1 Quadcopter Control Simulations

To apply the proposed algorithm to the quadcopter, a
thrust test was conducted on the rotor. Before conduct-
ing the test, a brushless direct current (BLDC) motor was
modeled using Matlab Simulink, and a PID controller and
NN-PID controller were designed and simulated. Target
revolutions per minute (rpm) were set to 3,000. Then, the
two controllers (PID and NN-PID) were simulated to test
which achieved the target first.

The rotor thrust test was carried out using a RC bench-
mark frame. Rotor was used T-motor’s MN3508 380KV
with a 16-inch propeller. Figure 9 shows the experimen-
tal environment configuration when the thrust test was
performed.

When the rotor’s thrust test was performed using the
PID and NN-PID controllers designed in Simulink, the

Fig.9 The rpm torque test bench
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NN-PID controller was superior in speed at reaching the
target rpm as shown in the rpm change graph in Fig. 10.

Figure 10 shows rotor’s RPM, torque graph and PID gain
value change. The NN-PID generated high torque at the start
to rapidly reach the target speed. To reach the target RPM,
each parameter of PID was changed in real time as shown
in Fig. 10(c).

4.2 Landing Experiment

The specifications of the quadcopter used in the experiment
are shown in Table 1. The frame of the aircraft was made of
650 mm carbon fiber, and the landing platform was tested
by attaching the landing leg proposed in this paper after
mounting a 14 inch propeller.

The frame of the landing platform was made of filament
material and used through a 3D printer.

The visual appearance of the quadcopter comprising the
specifications in Table 1 is shown in Fig. 11. Each joint of
the landing legs comprises a servo motor, and a force sensor
is attached to the end effector part of the legs. The sensor is
used to determine whether the quadcopter’s legs touch the
ground.

The experiment comparing the PID controller and coop-
erative control algorithm proposed in this paper was con-
ducted. First, when the quadcopter was in flight, it was ana-
lyzed using altitude data to control how strong it was in
response to the weight load caused by the movement of the
landing legs. Then, when the quadcopter landed, the landing
process was performed in a situation where the slope of the
ground was tilted 10°.

Figure 12 shows the quadcopter landing on a 10° slope.
After landing, the quadcopter’s roll and pitch altitude errors
were less than 0.5°. Figures 13, 14 shows the altitude data
acquired during the quadcopter’s flight and landing.

In both experiments, the initial 5 s quadcopter altitude
data presented a posture error that occurred during the take-
off. Quadcopter with a PID controller landed between 30
and 35 s. Landings in experiments with algorithms were
performed between 35 and 40 s. When analyzing the experi-
mental data recorded during the flight of the quadcopter, the
posture data using PID showed several changes; the flight
data of the quadcopter when applying the algorithm showed
fewer posture changes compared with those when using the
PID controller.

Figure 15 shows the degree of change in PID gain value
in real time during the quadcopter experiment. The quad-
copter with the NN-PID controller applied the gain value as
shown in Fig. 15 in response to the weight load caused by
the landing legs and wind disturbance. In this way, it was
possible to perform more precise altitude control compared
with that using the PID controller.

Speed vs Time Curve
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Fig. 10 Rotor test results
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Table 1 Quadcopter specifications

Quadcopter specification

Flight controller DII A3 Flight controller (with GPS and IMU)
Motor T-Motor MN 3508 380 kV BLDC motor
ESC Hobbywing X-Rotor 40 A (COB Type)
Frame 650 mm Tarot carbon fiber frame

Prop Dualsky 14x5.5 MR Prop

Battery 22.2 V 8000 mAh Li-Po

Fig. 11 Quadcopter used in the experiment

Fig. 12 The quadcopter landing experiment (10°slope)

Following on, an experiment was conducted to measure
the maximum slope that could be landed on using the land-
ing legs. A slope was created on a flat surface to serve as an
experimental environment. The experiment confirmed that
it was possible to perform a landing up to a maximum angle
of 20° on the landable slope.

However, at a slope above this degree, the landing legs
and the arm of the quadcopter collided, so that a stable land-
ing could not be performed.

Figure 16 shows the posture data and experimental pho-
tos of the maximum inclination angle for achieving landing
using the landing legs, where (a) shows the front and side
images when landing at 20° and (b) shows the altitude data

@ Springer KE;E
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Fig. 14 Altitude data on a slope inclined at 10° (with the application
of the algorithm)

of the quadcopter when controlled horizontally in the case
of a 20° slope.

5 Conclusions

In this paper, a cooperative control algorithm for a quad-
copter and a landing platform which has landing legs to
land in various ground conditions has been proposed. The
quadcopter was controlled with a robust controller based
on an NN-PID to land on the ground safely against the load
and wind disturbances during the landing operation. Also
an adaptive landing algorithm has been implemented for
the landing platform to perform landing stably on a slanted



International Journal of Precision Engineering and Manufacturing (2021) 22:1147-1156 1155

70

60

50

40

Degree

30

20

0 100 200 300 400 500 600 700 800 900 1000
Time [50ms]

Fig. 15 The PID gain value (NN-PID)
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Fig. 16 The quadcopter landing experiment (20° slope)

surface cooperating with the quadcopter. The experimental
environment has been designed to demonstrate the perfor-
mance of the robust landing algorithm, which is a slanted
surface with a 10° slope. In addition, the maximum angle
of inclination that can be landed using the proposed landing
gear is 20°, and on slopes above 20°, landing was difficult

due to structural issues. To demonstrate the superiority of

the proposed robust landing algorithm, two experiments

with different algorithms have been performed with the same
experimental conditions: (1) the proposed NN-PID and (2)
the conventional PID algorithms with optimal gain tuning.
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