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Abstract

Recent years, unmanned aerial vehicles (UAVs) have been used to perform various tasks such as surveillance, monitoring,
rescue, photography, and security. Quadcopter configuration of UAV is most common due to its simplicity, stability, and
versatile controllability. Quadcopter landing is most crucial part of the overall operating process. It needs a lot of practice and
effort for a safe landing. Therefore, a fuzzy logic-based safe landing system is proposed in this paper. This paper includes a
landing system based on laser rangefinder, Arduino Mega MCU, and Pixhawk flight controller. The lookup table technique
is used to implement fuzzy logic inside Arduino Mega. This technique takes very small execution time for data processing in
fuzzy logic, which is essential for high-speed data processing and updating. Autonomous landing process can be triggered and
override at any time using remote controller. Furthermore, various tests are performed on a quadcopter to verify the feasibility

of proposed algorithm.
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1 Introduction

Quadcopter, also known as quadrotor helicopter, is a type of
UAV that consists of four upward rotors which help quad-
copter for any kind of maneuvers within its flying region.
Radiofrequency (RF)-based remote controller (RC) is used
for attitude control. Operating range of quadcopter depends
on the maximum RC range. Autonomous UAVs have been
hot research topic in recent years, and autonomous control
systems are being developed for deploying weapons, recon-
naissance, surveillance, coastal security, and other hazardous
tasks. In past years, many researches are done for UAV
automation [1-3]. Global positioning system (GPS) com-
bined with inertial measurement unit (IMU) sensors is most
commonly used for navigation and automatic flight control
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which provides the information about UAV position with
7.8 m accuracy.

Automatic flight control system can be divided into three
parts: (1) takeoff, (2) task to perform, and (3) landing. Safe
takeoff does not require any complicated procedure; it just
needs roll and pitch value to stabilize the UAV quadcopter and
altitude information to achieve the desired altitude; next step
is to increase the throttle only to reach the required altitude.
The second step is performing a required task such as surveil-
lance, monitoring, or moving to some other destination, and
these tasks can be performed using GPS information. A lot
of techniques and strategies have been developed by several
researchers in this area. UAV quadcopter landing is most
tricky part of automation or manual operation. Only a trained
operator can land a UAV quadcopter safely, or it needs very
precise and efficient algorithm for autonomous landing. Gen-
erally, a cushion of air builds up underneath the craft as it
lands, and this has to be spilled, by slowing down the rotors
at a controlled rate, before it can settle on the ground. Any
mistakes tend to lead to the helicopter tipping over, which is
catastrophic, as a large amount of energy stored in the spin-
ning blades will then be dissipated by smashing the whole
craft (and probably any equipment on board) to pieces. GPS
data are not sufficient to provide required precision. There-
fore, some additional sensors are required such as camera,
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LIDAR, to measure correct position on the platform and alti-
tude of a UAV [4]. The camera is responsible for detecting
docking station or landing platform, whereas LIDAR calcu-
lates the altitude of UAV [5].

Recently, there have been two different approaches used
for safe landing, (1) position control approach and (2) veloc-
ity control approach. Position control approach sends altitude
commands slightly below the current altitude until UAV
reaches ground level [6]. Lidar or sonar sensors are used to
get altitude information. Velocity control technique involves
a constant downhill velocity command mechanism until the
ground level is reached [7,8]. Some other researchers have
proposed computer vision-based landing platform detection
[9,10]. A camera is mounted on UAV to detect the land-
ing platform, and the auto-landing process is triggered after
successful detection of landing platform [11]. GPS-based
docking system is also proposed by few researchers [12].
In this approach, GPS is used to detect the position of dock-
ing station using the coordinates. However, GPS accuracy is
limited to 7.8 m (4 m RMS); therefore, a vision-based land-
ing platform detection system is used from that point. The
auto-landing process is initiated when landing platform is
successfully detected [13,14].

Autonomous landing and takeoff require some important
factors to be taken into consideration.

e Accurate measurement of altitude between UAV and
ground platform.

e Accurate measurement of landing velocity to avoid high-
velocity impact with the ground.

Moreover, conventional auto-landing (position control
and velocity control) techniques have some drawbacks. Posi-
tion control technique offers a secure landing approach but
landing process is too slow, which leads to high power con-
sumption issue, whereas velocity control approach does not
provide any safety assurance and quick velocity decrease
might crash the UAV. In [15], a Kalman filter-based auto-
landing system is proposed. This system used Kalman filter to
estimate the position and velocity of quadcopter with respect
to target. This technique is quite effective but Kalman filter
implementation is quite hard, and it takes large computational
time to provide an estimation value, whereas in quadcopter
systems, we need to make the landing process as quick as
possible to save the battery life for further operations. In
[16,17], a vision-based system is proposed for auto-landing.
This system lacks of effectiveness in real-time application
due it time-consuming image processing algorithms. There-
fore, an efficient closed-loop control system is required to
assure safe and quick landing process. PID controllers are
most common controllers to be used, but a fixed gain of PID
controllers cannot provide immediate response to overcome
nonlinear thrust effect (ground effect) with decreasing alti-
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tude and gravity in landing process. Thrust strength directly
depends on altitude, thrust effects faster at a lower altitude
and slower at high altitude. Moreover, PID gain tuning is a
crucial part and needs a lot of effort for optimal gain tuning.

Therefore, considering aforementioned drawbacks, a fuzzy
logic-based optimized landing controller is proposed in this
paper. The proposed fuzzy logic controller has its own rule
base which can successfully eliminate the nonlinear ground
effect. Therefore, the proposed fuzzy rule which can be con-
sidered as a hybrid of position and velocity control algorithm
provides a fast and autonomous landing performance.

In Sect. 2, the practical configuration of our test system
is discussed in detail. Section 3 explains the conventional
landing control algorithms and some important parameters
needed to be considered during controller design. The pro-
posed fuzzy logic landing technique is explained in Sect. 4 in
detail. Section 5 includes simulation and experimental results
of the proposed technique and comparison with ordinary PID
controller.

2 Configuration of Safe Landing System for
Quadcopter

The quadcopter UAV used in this research consists of the
quadcopter, Pixhawk-v2 flight controller, Arduino Mega
MCU, which implements the fuzzy logic controller and
LIDAR-Lite-v3 rangefinder for measuring the altitude of the
quadcopter. Block diagram of the overall system is shown in
Fig. 1.

2.1 Pixhawk Flight Controller

Pixhawk is ARM Cortex MCU base flight controller that
works as the brain of UAV and controls the attitude and
stability of quadcopter. Pixhawk is fully equipped flight con-
troller and is capable of interfacing with a variety of sensors
and modules such as GPS, RF modules, barometer, IMU
sensors, compass, LIDAR, camera. This controller can han-
dle up to eight electronic velocity controllers (ESCs) and

RF, —UART—»—«—PPM—{ RC Reciever
Transciever
Motor electronic Pixhawk Camera
speed controller «—  Flight  [—yarr
(ESC) Controller
LIDAR Lite ArduinoMega
V3 nc Landing
Controller

Fig.1 Block diagram of the proposed system
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is also compatible with various UAV configurations, i.e.,
helicopter, tri-copter, quadcopter, and hex-copter. This con-
troller has Arducopter open-source code program written in
C++, which is free to use and modify. Pixhawk controller has
five UART ports for communication and telemetry. Mission
planner and QGroundControl are the software used for cal-
ibration, telemetry, minor gain tunings, and other purposes.
A Linux-based operating system Ubuntu is used for code
editing and programming the pixhawk MCU. UART-E of
pixhawk is used for communication between pixhawk flight
controller and Arduino Mega landing controller.

2.1.1 Arduino Mega Landing Controller

Arduino Mega MCU with LIDAR-Lite-v3 rangefinder is
used to implement fuzzy logic-based auto-landing mecha-
nism. LIDAR is a low-power and lightweight 40-m
rangefinder. This rangefinder is used due to its lower noise,
high efficiency, and high range. LIDAR is installed under
the quadcopter facing down to measure the altitude. Arduino
Mega is programmed to calculate altitude and vertical veloc-
ity of the quadcopter. These two parameters are input
parameters of the fuzzy logic controller. The fuzzy logic con-
troller outputs throttle adjustment value, which is transferred
to flight controller via UART communication protocol.

3 Conventional Landing Control Algorithms

Quadcopter landing is most crucial part in quadcopter
automation due to various factors such as gravitational pull,
thrust variations, payload, ground effect, and wind effect.
All landing controllers (position control, velocity control)
directly or indirectly control the thrust values for autonomous
landing. Selection of proper thrust value for a certain quad-
copter is very important for proper flight and control [18].
Some important factors need to be considered carefully to
design auto-landing algorithm.

3.1 Ground Effect

In all types of UAVSs, ground effect is the increased lift (force)
near the ground in comparison with a higher altitude. UAV
vertical drag with respect to altitude can be divided into two
parts (1) IGE (in ground effect) and (2) OGE (out of ground
effect). IGE is a condition where the downwash of air from
the main rotor is able to react with a hard surface (the ground)
and give auseful reaction to the helicopter in the form of more
lift force available with less engine power required. OGE is
the opposite of the above, where there are no hard surfaces for
the downwash to react against. For example, a UAV hovering
150 ft above the ground will be in an OGE condition and will
require more power to maintain a constant altitude than if it
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was hovering at 15 ft. Hence, a helicopter will always have
a lower OGE ceiling than IGE due to the amount of engine
power available [19].

IGE and OGE effect in quadcopter UAV systems is shown
in Figs. 2 and 3. IGE effect is a most important issue to be
considered while designing an auto-landing controller mech-
anism. Therefore, the designed controller must be intelligent
enough to overcome this scenario during the landing pro-
cess. Ordinary PID controllers are not capable of handling
such effect due to its fixed gains. Therefore, quadcopter starts
hovering at a certain height from the ground and landing pro-
cess gets too slow, which is not efficient and consumes a lot
of battery power.

3.2 Conventional Landing Controllers

There are two main types of conventional landing control
techniques described earlier in Sect. 1: (1) position control
and (2) velocity control.

Position control technique uses position commands and
sends slightly lower position reference than the previous
position until the ground level is approached. This control
technique is safe and does not require any intelligent con-
trol algorithm to be implemented. However, this landing
approach is too slow because there is no velocity con-
trol option available. Furthermore, some safety issues are
also present because there is no option to monitor land-
ing velocity. If the landing velocity is too fast, quadcopter
might get crashed or too slow process can make the drone
hovering above the ground. The velocity control technique
constantly transmits downhill velocity commands until quad-
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copter reaches ground safely. Similar kinds of drawbacks are
present in this case such as safety issues and slow landing.
PID controller is another option to make landing controller.
PID controller uses distance data from LIDAR sensors and
controls the throttle values until distance reaches zero. This
controller is quite safer than the previous control techniques.
However, PID gain tuning is a challenging task; optimum
gain tuning is very hard to get the best response. Moreover,
PID controllers have fixed gains, which make the landing
process very slow when quadcopter reaches near the ground
due to IGE. This makes the quadcopter hover at some altitude
near the ground, and landing process gets very slow from this
point. Therefore, an intelligent controller is needed to make
the landing process fast and safe for maximum efficiency.
Fuzzy logic-based landing control technique is proposed is
Sect. 4.

4 Fuzzy Logic-Based Landing Controller

The fuzzy logic was proposed by R. Lotfi Zadeh of the Uni-
versity of California at Berkeley in the 1960s. Fuzzy logic is
aform of many-valued logic in which the truth values of vari-
ables may be any real number between 0 and 1. It is employed
to handle the concept of partial truth, where the truth value
may range between completely true and false. By contrast, in
Boolean logic, the truth values of variables may only be the
integer values O or 1. Furthermore, when linguistic variables
are used, these degrees may be managed by specific (mem-
bership) functions. This controller works on the basis of the
degree of truth. The fuzzy logic process is performed in three
steps named as fuzzification, rule base, and defuzzification.

4.1 Control Methodology

The fuzzy logic controller is best option to perform auto-
landing operation due to its time-optimal control over PID
controllers. The fuzzy logic can handle the complex control
situation with great precision.

A fuzzy logic-based landing controller is designed and
proposed with hybrid position and velocity control algorithm.
The proposed fuzzy logic controller consists of two inputs
and one output. Altitude and vertical velocity are taken as
inputs, and throttle adjustment is taken as output for this
fuzzy logic controller as shown in Fig. 4. Throttle adjustment
values are added or subtracted from throttle percentage value
inside flight controller control to adjust the landing velocity
and direction. Equation 1 describes the throttle adjustment
commands interaction with actual throttle values.

Trottlejnpye = Trottleyre £ Trottle,g; (1)
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where, Trottleinpit =  Throttle value to flight controller;
Trottlepe = Previous throttle input; Trottle,gj = Throttle
adjustments values from landing controller.

Each input and output parameter has five membership
functions. The universe of discourse of each parameter
should be carefully selected regarding minimum and max-
imum limits. IGE is a most important factor to be considered
during the designing process of the fuzzy rule base. An IGE
threshold altitude level is chosen, and fuzzy logic landing
control will increase the throttle adjustments for smooth
landing when IGE threshold is reached. Flowchart for fuzzy
logic-based landing control is shown in Fig. 5. Designed land-
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ing system can be divided into two parts, (1) altitude control
(Fig. 5a) and (2) landing velocity control (Fig. 5b).

Altitude control is similar to position control which keeps
measuring its current altitude using LIDAR rangefinder and
input data to fuzzy logic. The fuzzy logic rule base is designed
to generate throttle adjustment commands to control the
landing velocity of the quadcopter. Landing velocity control
is same as velocity control technique, which uses landing
velocity input and altitude information to generate throttle
adjustment values. The vertical velocity of the quadcopter
and moving direction are measured using LIDAR inside
Arduino Mega MCU at every 200 ms.

These data are then inputted to the fuzzy controller, which
checks the moving direction and velocity and generates
output throttle adjustment commands to make the landing
direction downwards and keep the landing velocity constant.
Fuzzy logic landing algorithm can be described as shown in
Fig. 5. The auto-landing process is triggered via RC when-
ever required, and it can be overridden at any time. When
the auto-landing is triggered, landing controller measures the
altitude, vertical velocity, and direction. These parameters are
inputted to the fuzzy logic controller. The fuzzy logic sys-
tem checks the altitude, vertical velocity, and direction, and
it generates the throttle adjustment commands to move the
quadcopter downwards with constant velocity. If the altitude
reaches its IGE threshold limit, some special commands are
generated to make the landing process faster.

The fuzzy logic rule base is designed to control the landing
velocity, direction, and IGE during the auto-landing process.
When the auto-landing process is triggered via RC, the fuzzy
logic controller measures altitude, vertical velocity, and verti-
cal direction of the quadcopter. The following are the control
algorithms which fuzzy logic will run during the auto-landing
process.

e If a quadcopter is above IGE threshold, normal landing
process will run.

e The controller will check the moving direction of the
quadcopter, if quadcopter is moving upwards, it will send
high negative throttle adjustment values to change the
direction.

e Landing velocity will be set to a constant value, if landing
velocity increases or decreases, the fuzzy logic controller
will use throttle adjustments to make it constant.

e When quadcopter reaches IGE range, high gain landing
commands will be triggered to overcome the IGE.

e Throttle value will be set to zero as quadcopter reaches
the ground.

4.2 Controller Design

The fuzzy logic controller is a complex mathematical con-
troller, which requires a lot of effort to implement on MCU.

The main problem in a fuzzy logic implementation using
MCU is the long execution time. Its long execution cycle
delays the output, which slows down the response. In the
landing process, we need very fast execution time, which a
normal fuzzy logic controller cannot produce. Therefore, a
lookup table technique is used to implement the fuzzy logic
on Arduino Mega MCU. This technique produces very fast
execution due to very simple mathematics. This implemen-
tation technique for fuzzy logic is divided into two parts: (1)
a fuzzy logic controller design in MATLAB/Simulink and
(2) acquisition of input and output data to build lookup table.
The complete process is described below in detail.

4.2.1 Fuzzy-Based Controller Design in MATLAB/Simulink

Fuzzy input-output membership functions and rule base are
designed in MATLAB/Simulink using the Simulink fuzzy
toolbox. The universe of each input and output is carefully
selected according to desired ranges. This fuzzy logic con-
troller has two inputs and one output, and 30 rules are made
for optimum landing control.

Input and output membership functions are shown in
Fig. 6.
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Fig.7 Operating regions of proposed fuzzy logic landing controller

The universe of discourse of each membership function
defines the operation range of those specific fuzzy linguis-
tic variables. These ranges are adjustable and act similar to
PID gains. These fuzzy linguistic variables are defined as
IN_IGE_NG (inside IGE range near ground), IN_IGE_FG
(inside IGE range far ground), OGE_Small, OGE_Medium,
OGE_Big and OGE_VBig for the corresponding distance
input as in Fig. 6a. Fuzzy linguistic variables for the second
input in vertical velocity are defined as NB (negative big),
NS (negative small), normal, PS (positive small), PB (posi-
tive big) as shown in Fig 6b. Velocity input parameters are the
most important parameter in this controller which controls
the landing velocity and direction at the same time. The fuzzy
set “Normal” indicates the normal landing velocity for safe
landing. Whereas in Fig. 6¢c, NB, NM, NS and PS, PM, PB
are fuzzy linguistic functions for landing velocity input. Neg-
ative velocity like NB and NS indicates high-speed landing
velocities, and positive velocity indicates the upward moment
of the quadcopter. Equation (2) explains landing velocity cal-
culation formula.

Altcur‘rent - Altprc

where Veljang = Landing velocity; Alteyprent = Current
altitude; Altye = Previous altitude; Ar = time difference.
Distance range is taken from 0-250 cm, and any value
above 250 cm will be taken as 250 cm for fuzzy logic input.
IGE range is fixed to 100 cm for this quadcopter system.
IGE range depends on quadcopter size and value of thrust
produced by its propellers, and the IGE range will increase
for high thrust-producing quadcopters. The IGE range is
adjustable, and it can be set according to the quadcopter spec-
ification. In this designed landing controller, IGE is divided
into two separate operating regions. First is IN_IGE_FG and
second is IN_IGE_NG; IGE starts getting effective from
the boundary region of IN_IGE_FG, and this affect keeps
on increasing exponentially as altitude decreases. Two-step
division of IGE expands the control option to make the con-
troller precise and reliable over different scenarios. Landing
velocity ranges from — 0.7 to 0.5 m/s, the “+” sign indi-
cates moving direction, negative means moving downward,
and positive means moving upward. Throttle adjustments are
throttle percentage values that need to be added or subtracted
from actual throttle percentage in flight controller ranging
from — 0.5 to 0.5. These ranges for each parameter can be
changed in fuzzy logic, or gains can be used for more pre-
cise tuning. Making the rules base is most crucial part of the
fuzzy logic controller, and the whole function of this con-
troller depends on the rule base. Table 1 shows the 30 rules
designed to control the auto-landing operation. The ordinary
fuzzy logic controller works similar to PID controller with
fixed gains. Therefore, to implement the proposed landing
algorithm, the rule base is modified to overcome the PID
controller drawbacks. This rule base works in two different
modes, Mode A and Mode B.
Mode A This is normal operation mode when quadcopter
altitude is more than IGE range. Here, vertical velocity and
direction of the quadcopter are monitored and controlled to
land with a constant velocity (— 0.2 m/s) within the normal
range. In this case, throttle adjustment values work between
NS to PS unless until any uncertain change in velocity hap-
pens; such as quadcopter is landing with very high velocity or
quadcopter is going upward as shown in Table 1(A). NM and

Veljand = AL (2)
Table 1 Fuzzy logic rule base for safe landing
Velocity  |Altitude
A B
IN_IGE_NG IN_IGE_FG OGE_Small OGE_Medium OGE_Big OGE_VBig
NB PB PB PM PM PM PM
NS PB PM PS PS PS PS
Normal Zero Zero Zero Zero Zero Zero
PS NB NM NS NS NS NS
PB NB NB NM NM NM NM
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Fig.8 Quadcopter simulation system

PM will be used to change the landing velocity and direction
in this case.
Mode B The second scenario is when quadcopter is within
IGE range, throttle adjustments are then shifted to NB and
PB for a quick change in throttle values to keep the landing
velocity constant to — 0.2 m/s as thrust gets more effective
within IGE range as shown in Table 1(B). NS and PS do not
provide enough thrust changes to keep the landing velocity
constant under IGE range. To improve the controller per-
formance to next level, landing controller operation under
IGE range is divided into two steps. First is IN_IGE_FG;
quadcopter starts entering inside IGE range in this region.
Therefore, throttle adjustment commands are shifted toward
higher gain values to provide enough throttle adjustments
to overcome IGE. Second region is IN_IGE_NG; IGE gets
more effective in this region which delays the landing time
and keeps the quadcopter hovering for long time before com-
plete landing. To overcome this problem, gains are shifted
more toward high values which makes the throttle adjust-
ment commands to work between NB and PB values.

PB and NB landing velocity inputs will get invalid due to
very low altitude; therefore, only PB and NB throttle adjust-
ment commands will perform rest landing operation. The

transition region between Mode A and Mode B needs to
be smooth to avoid any kind of abrupt speed change. This
transition response depends on the overlap region between
IN_IGE_FG and OGE_Small fuzzy linguistic variables.
Figure 7 explains operation regions for Mode A, Mode B
and a transition region between Mode A and Mode B.

5 Simulation and Experimental Studies
5.1 Simulation Studies

MATLAB/Simulink-based quadcopter simulation system is
used to test and perform a comparative study between PID
and proposed fuzzy logic controller. This simulation system
is available on MATLAB file exchange, and it is free to use.
The basic purpose of this system is to study the behavior
of a quadcopter system and how different parameters affect
the quadcopter flight. In this simulation system, quadcopter
parameters can be changed including flight controller, quad-
copter configuration, and initial conditions, and a GUI is
provided to demonstrate actual moments of quadcopter in
three-dimensional space.

Ao
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The full system is shown in Fig. 8. An additional block
is added to introduce IGE during the landing process. After
at certain altitude, this block boosts the thrust effect expo-
nentially with respect to altitude which reduces the landing
speed and acts as real IGE in a practical scenario.

The attitude control block in Fig. 9 sends the roll, pitch,
yaw, and altitude commands. Auto-landing controller is
implemented in attitude control block as shown in Fig. 8.
First, the PID controller-based auto-landing process is made
and tested after optimum gain tuning. Then, the proposed
fuzzy logic-based system is implemented and tested for the
same model. Equation (3) shows general PID controller equa-
tion.

de (1)
dr

t
PID = Kpe (1) + K; f e (r)dt + Kq 3)
0

Here, K}, is proportional gain, Kj is integral gain, and Kq4
is differential gain. The term ‘e’ represents the error. PID
gain tuning is challenging process. It requires a lot of hit
and trails to achieve perfect gain values. Figure 10 shows
the response of PID landing controller on different gains. It
can be seen that landing speed changes by changing the gain
values. “Red line”” shows the fastest response as compared to
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Fig. 10 PID landing control gain tuning

other responses. However, landing speed for this response is
too fast which will eventually crash the quadcopter. The neg-
ative bump in this figure (red circle) shows the bumping of
quadcopter due to high-speed impact with the ground. How-
ever, other responses are safer but landing process gets very
slow due to IGE as quadcopter reaches near the ground. The
best possible response of PID landing controller is selected
after testing different gain values.
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Fig. 12 Landing velocities of PID landing controller at different gains

As mentioned earlier, the output of fuzzy logic controller
(throttle adjustment) can be multiplied by a gain value to tune
the best response from fuzzy logic-based landing controller.
Figure 11 shows the fuzzy logic landing controller response
at different gain values. Higher gain value improves the
response time because desired landing frequency is achieved
faster but very high gain value disturbs the landing under IGE
threshold. Therefore, the correct gain value should be chosen
for the best response as it can be seen in the figure, the result
with a gain value of 1.05 shows the best response. Higher
gain values than this cause bouncing (red circle in Fig. 11)
or very fast landing speed under IGE threshold, and smaller
gain value shows a slow response. Equation (4) explains the
fuzzy logic output calculation by COG (center of gravity)
technique. In this equation, Throttle,q; is fuzzy logic output
value, K is the throttle adjustment gain, i indicates the input
number, i represents corresponding membership value,
is fuzzy input, and # is a total number of inputs.

“

n . .
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Y (@)
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Fig. 13 Landing velocity response for fuzzy logic landing controller at
different gains

PID and Fuzzy Logic Auto-Landing Controller Comparison
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Fig. 14 Response comparison of PID and fuzzy landing controller

Landing velocity control is the second property of pro-
posed fuzzy logic landing controller. Figure 12 shows landing
velocity response over time at different gains for PID land-
ing controllers. It can be seen that landing velocity amplitude
increases with high gains and decreases with lower gain
values. Furthermore, landing velocity for PID controller
shows dynamic behavior over time; initially, landing velocity
increases, and later it starts decreasing due to ground effect.
PID controller is unable to keep the landing velocity constant,
which causes safety issues due to fast landing velocity if high
gains are chosen and it takes longer landing time when gains
are small, whereas proposed fuzzy logic-based landing con-
troller keeps landing velocity constant at the desired value.
It can be seen in Fig. 13 that fuzzy logic landing control
sets the landing velocity at a constant value and changing
the gain value affects the settling time. Figure 13 shows that
lower gain slows down the settling time and higher gains add
initial high-velocity spike. Perfect gain value can be chosen
with slight tuning.

A comparison between PID and proposed fuzzy logic
landing controller is shown in Fig. 14. We can see that PID
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Fig. 15 Landing velocity response comparison of PID and fuzzy logic
controllers

controller shows a slow response as altitude decreases due to
its fixed gains. PID controller is unable to handle IGE, which
makes the landing process slower, whereas fuzzy logic con-
troller shows much fast response due to its speed and altitude
control strategy and it covers the IGE efficiently according to
designed rule base, which makes the landing process faster as
compared to PID. Moreover, speed control strategy ensures
the safety of quadcopter during landing. Figure 14 shows
the auto-landing response comparison between PID landing
controller and fuzzy logic landing controller.

Here, it can be seen that PID controller landing velocity
gets slower under IGE, whereas the fuzzy logic controller
manages to control and set the landing velocity fast enough
for quick landing. PID controller-based auto-landing tech-
nique takes almost 25 s for complete safe landing process
from 500-cm altitude level, whereas fuzzy logic-based auto-
landing controller reduced the landing time to 14 s. Landing
speed comparison is shown in Fig. 15. Here, PID-based
landing system shows very dynamic and unstable velocity
response, whereas fuzzy logic landing controller provides
steady-state landing velocity, which makes the landing pro-
cess smooth and quicker than PID. These simulation results
provide satisfactory information to prove the supremacy of
the proposed technique over ordinary one. However, exper-
imental results are needed to verify the practical feasibility
of proposed auto-landing algorithm in the physical environ-
ment.

The overlap region between IN_IGE_FG and OGE_Small
fuzzy linguistic variables is responsible for controlling the
transition between Mode A and Mode B. A 50% overlap
is used for smooth transition between both modes. Change
in the overlap region between IN_IGE_FG and OGE_Small
changes the transition response. In Fig. 16a, 50% overlap is
shown, whereas Fig. 16b shows 30% overlap region. Fig-
ure 16 shows the change in response when overlap region
is changed between IN_IGE_FG and OGE_Small fuzzy lin-
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Fig. 17 Fuzzy logic response for 50 and 30% overlap between IN_IGE
and OGE_Small

guistic variables. It can be seen in Fig. 17 that 30% overlap
increases the landing speed in Mode B, which causes bump-
ing response (red circle) due to high-speed impact with the
ground. Similar response will occur if overlap region is
changed between IN_IGE_FG and IN_IGE_NG.

5.2 Experimental Studies

A quadcopter UAV system is used for experimental verifica-
tion of designed fuzzy logic landing controller. Pixhawk is
the main flight controller, which includes built-in IMU sen-
sor, compass, and barometer, and it is capable of holding
more devices such as GPS, external compass, RF modules
for telemetry, LIDAR, etc. It can handle up to six ESCs for
hex-copter configuration also. An RF transceiver is used to
send altitude information to PC at every 500 ms to store the
data in the auto-landing process. The fuzzy logic controller
is a complicated controller, which takes long computation
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Fig. 18 Simulink block for generation of lookup table

time. It is possible to implement fuzzy logic controller on
most high-end MCUs, but the problem occurs when we need
a high-speed response from the controller similar to quad-
copter landing scenario. Fuzzy logic controller design is a
time-consuming process when it comes to real-time calcula-
tion. Therefore, a lookup table-based fuzzy logic controller
is designed to make the landing process faster and efficient.

5.2.1 Lookup Table Designing

A Simulink-based fuzzy logic system is designed to generate
output data from the fuzzy logic controller. Figure 18 shows
the Simulink-based fuzzy logic system with virtual inputs.
These inputs are selected according to all possible variations.
Variable velocity signal is made ranging from — 0.7 to 0.5 m/s
using signal builder block, and output throttle adjustment val-
ues are saved for 0-250-cm altitude with a 5-cm difference.
Conclusive lookup table has been created with 25 different
velocity values aligned in rows with 52 different speeds as
columns, which made lookup table of 1300 values.

This lookup table is written inside the Arduino Mega-
based landing controller. The landing controller measures
the altitude and velocity using LIDAR and then rounds off
the data to exactly match the lookup table inputs. These val-
ues are then used as input for the lookup table-based fuzzy
logic controller, which generates the corresponding throttle
adjustment output for these specific inputs, and these data are
further sent to Pixhawk flight controller via UART commu-
nication to update the attitude commands for a safe landing.
These instructions are updated every 200 ms.

Landing response comparison between PID landing con-
troller and the proposed fuzzy logic landing controller is
shown in Fig. 19. As we can see, altitude is measured in
cm unit via LIDAR rangefinder and data are recorded every
500 ms. Altitude information shows the response of the pro-
posed fuzzy logic-based landing controller and PID-based
controller in practical quadcopter system, and it can be seen
that fuzzy logic-based landing process is quicker and more
efficient as compared to PID controller as it was in simula-
tion test system. In the start, the quadcopter is made to hover
at an altitude slightly above 500 cm. At this point, the auto-
landing process is triggered via RC and quadcopter initiates
the landing process as shown in Fig. 19. The same process is

PID and Fuzzy Logic Landing Controller Experimental Results
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Fig. 19 Experimental results of fuzzy logic controller and PID con-
troller

o Ranger

Fig.20 Quadcopter experimental setup

repeated for PID-based auto-landing and fuzzy logic-based
auto-landing algorithm. Results show that PID controller
takes 30 s for a successful landing and fuzzy logic-based
landing controller takes about 20 s from 500 to 0 cm altitude.
These results prove the feasibility of proposed controller
in the physical environment. The physical configuration of
quadcopter experimental system is shown in Fig. 20, and
photographs in Fig. 21 are taken during hovering and land-
ing process.
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Fig.21 a Hovering, b landing

Table 2 Comparison table

Settling time (s) Sum square error (SSE)

PID landing 26 22.01
controller

Fuzzy logic 16 19.43
landing
controller

Settling time and sum square error (SSE) are calculated
to verify the effeteness of proposed landing controller over
the conventional one. Comparison table between PID land-
ing controller and fuzzy logic landing controller is shown
in Table 2. It can be seen that PID landing controller set-
tling time and SSE are significantly greater than fuzzy logic
landing controller. This argument proves the supremacy of
proposed fuzzy logic controller over conventional PID land-
ing controller.

6 Conclusion

A fuzzy logic-based position and speed control auto-landing
technique has been proposed in the paper. This system uses
real-time position and velocity information to control the atti-
tude of quadcopter UAV system. Velocity control algorithm
ensures the secure landing and prevents the quadcopter to
hit the ground at high speed. Position control measures the
altitude, and commands are generated to overcome IGE near
ground level for smooth and quick landing. This combination
of position and speed control increases the efficiency by min-
imizing the landing time and provides the safety assurance
as compared to conventional controllers. Lookup table-based
fuzzy logic technique improved the execution time as com-
pared to a normal fuzzy technique, which enhanced the
response time during landing. A simulation platform is used
to compare the proposed landing controller with conventional
PID controller. Results showed significant improvement over
the previous technique. Furthermore, the proposed technique
was tested on a practical quadcopter system to verify its

@ Springer

practical ability in the physical environment. Results are pro-
vided to verify the practical implementation in real time. It
can be seen that proposed landing controller is faster and
much safer as compared to conventional techniques. This
approach is applicable to all types of copters without any
major changes.

In the future, an IR camera will be used to detect the platform
to pinpoint the landing position for a quadcopter.
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