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Abstract

Currently, most of the studies on unmanned aerial vehicle (UAV) automatic landing systems mainly depend on
image information to determine the landing location. However, the system requires a camera, a gimbal system and
a separate image-processing device, which increases the weight and power consumption of the UAV, resulting in
a shorter flight time. In addition, a large amount of computation and slow reaction speed can cause the camera to
miss a proper landing moment. To solve these problems, in this study, the moving direction and relative distance
between an object and the automatic landing system were measured using a receive signal strength indicator of
the radio-frequency (RF) signal. To improve the movement direction and relative distance estimation accuracy, the
noise in the RF signal was minimised using a low pass filter and moving average filter. Based on the filtered RF
signal, the acceleration of the multicopter to reach the object was estimated by adopting the proportional navigation
algorithm. The performance of the proposed algorithm for precise landing on a moving vehicle was demonstrated
through experiments.

1. Introduction

Recently, unmanned aerial vehicles (UAVs) have been receiving considerable attention from the world’s
leading research institutes and related industries. UAVs are relatively small compared with manned
aircrafts, and the cost of operation and risk of aircraft loss are also low. Owing to these advantages,
UAVs are currently being applied to new fields in various countries such as the United States, Japan
and Europe, and are actively used as test equipment for the latest electronic devices and various control
algorithms. In particular, UAVs developed for military purposes are spreading to various business fields
as their utilisation is highly evaluated. UAVs can be largely divided into fixed-wing and rotary-wing. In
terms of energy efficiency, rotary-wing UAVs are inferior to fixed-wing UAVs. However, rotary-wing
UAVs can take-off and land without a runway while also being useful for monitoring purposes because
maintenance flights are possible for a specific area (Foster et al., 2014; Amanatiadis, 2016).

The flight of a multicopter consists of four stages: take-off, ascent, descent and landing. Most
commercial multicopters are often restricted from automatic landing because of their high risk and low
reliability. High accuracy and precision are required for automatic landing; otherwise, the UAVs may
miss the landing point and fall to the ground. For example, in the case of rotorcraft operated by the US
military, approximately 50 % of the accidents are said to occur during the landing process (Wang et al.,
2013a, 2013b; Pramod, 2014).

To prevent such accidents, a precise and stable automatic landing system is required. Currently, most
research on the UAV automatic landing systems is mainly on the image-based landing system. However,
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Figure 1. Coordinate of multicopter.

because such a system requires a camera, a gimbal system and a separate image-processing device, the
weight and power consumption of the aircraft increase, which shortens the flight time.

UAVs are difficult to use at long distances from the landing location because they must recognise
image information of the landing location. In addition, when the object for recognising the landing
location is outside the field of view of the camera mounted on the UAYV, the object needs to be searched
again.

The purpose of this paper is to study the multicopter landing system to limit the problems associated
with a vision-based systems as described above (limited camera viewing angle and recognition distance,
relatively long computation time, high cost for system configuration, etc.).

In this study, we implement a multicopter automatic landing system based on a receive signal strength
indicator (RSSI) of the radio-frequency (RF) signal to overcome the problems of the existing image-
based automatic landing system. The localisation system using RSSI estimates the location of an object
based on the strength of the signal received between devices connected through the Wireless Local Area
Network (WLAN). The signals received from each sensor are mainly installed in an array of sensors
capable of wireless communication, such as a beacon. The location of the object can be estimated
using the signal intensities. However, owing to the characteristics of radio signals in wireless devices,
the precision of the measured values may be poor owing to the influence of noise and surrounding
environments (Yuan et al., 2008; Zhu et al., 2013; Li et al., 2014).

In this study, the noise is minimised using a low pass filter (LPF) and moving average filter (MAF) to
improve the precision of the RSSI. Based on this improved RSSI information, the moving direction and
relative distance of the landing platform are estimated, and the multicopter automatic landing system is
implemented by linking this with proportional navigation (PN).

The rest of this paper is organised as follows. Section 2 illustrates the modelling of the multicopter
to control the target position. Section 3 describes the estimation of the multicopter heading using RSSI
and the adoption of the PN algorithm for landing. Section 4 illustrates the experimental results of the
multicopter landing on a moving vehicle compared with the conventional approaches. In Section 5,
the performance of the proposed multicopter landing system is compared with the other systems. The
conclusions of this research are provided in Section 6 with a few future research works.

2. Modelling of multicopter

The coordinate system model based on the structure of the multicopter is shown in Figure 1.
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The linear velocity and angular velocity of the multicopter displayed in the body-fixed frame
coordinate system are defined as (Lee et al., 2011; Choi et al., 2019)

Ij = R\} (1)
w=Cn (2)
In Equation (1), v is the velocity v, vy, v, in the body-fixed frame coordinate system and R is a

matrix that rotates the body-fixed frame coordinate system with respect to the inertial coordinate system,
and is expressed as (An and Lee, 2018; Choi et al., 2019)

R =R (V)R (O)Ry () 3)
where
1 0 0 cosf 0 sin6 cosy —siny 0
Ry (¢)=[0cos¢ —sing |, R,(0) = 0 1 0 |,andR,(y)=|sing cosy O
0 sing cos¢ —sinf 0 cos ¢ 0 0 1

In Equation (2), i indicates Euler angles ¢, 6 and ¢ of the multicopter, and C is a matrix expressing
the relationship between the Euler angular velocity component of the inertial coordinate and the angular
velocity vector of the body-fixed frame coordinate, which is expressed as (An and Lee, 2018; Choi et al.,
2019)

1 0 —sinf
C=10 cos¢ singcos6 @)
0 —sin¢ cos¢cos6

When Equations (1) and (2) are differentiated, they are expressed as (Choi et al., 2019)

p=Rv+Rv (5)
w=Cij+Cn (6)
where C is defined as
. oc . oC. oC.
= ¢+ —0+—
C=136%" 55 30"
0 0 —fcosd (N

=|0 —¢sing ¢cospcosb —@singsind
0 —¢cos¢ —¢sinpcosd — 6 cos ¢sinb

Using Newton’s second law, the law of conservation of force and moment acting on a multicopter
can be represented as follows (An and Lee, 2018; Choi et al., 2019):

mv+wx(mv)=F+F, ®)
Io+wx (o) = 0 - 0, ©)

where m is the mass of the multicopter and 7 is the moment of inertia. The multicopter is designed to
be linearly symmetric, so the moment of inertia is defined as (An and Lee, 2018; Choi et al., 2019)

Ly 0 0
I=| 0 I, 0 (10)
0 0 I,

where Iy, =1,,.
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In Equation (8), the gravity acting on the multicopter must be expressed in the body-fixed frame. As
a result, the gravitational vector displayed in the inertial coordinate must be rotated to the body-fixed
frame as (Choi et al., 2019)

F,=mR"g° (11)

In Equation (9), Q¢ is the Gyro effect, and is defined from the four rotor angular velocities Q, Q,, Q3
and Q4 of the four rotors mounted on the multicopter as (Choi et al., 2019)

0c = w X IrQ¢ (12)

where I is the moment of inertia of the rotor.
From Equations (3), (8) and (9), the equation for the acceleration of the multicopter in the inertial
frame is derived as (Choi et al., 2019)

mRT j = F + mR" g° (13)
1
j=g°+—RF. (14)
m

Additionally, the equation for the angular acceleration of the multicopter in the inertial frame is
derived as (Choi et al., 2019)

I(Cij+C77)+C77><(ICﬁ) =0 -CnxIrQg (15)
iji=(I1C)"(Q — ICn — C1y x (IC1j + IrQG)) (16)

Using the output of each rotor derived through the above process, the direction of movement of the
multicopter motion can be controlled by the rotations of the four rotors, as shown in Figure 2.

The red and blue arrows in Figure 2 each mean high-speed rotation and low-speed rotation, respec-
tively. As shown in Figure 2, the multicopter can control the direction of movement by controlling the
rotational speed of each rotor. For example, if f1,; and f, rotate at low speed and f 3 and f1,4 rotate at
high speed, as shown in @) (Forward) in Figure 2, the aircraft tilts forward and moves forward.

3. Landing algorithm
3.1. Multicopter heading estimation

To apply the strength of the RF signal to the positioning of the target object, a schedule and relationship
between the strength of the signal and distance must be determined. From various studies (Zhao et al.,
2018; Li et al., 2020; Shin et al., 2020), it can be seen that the strength of the RF signal is inversely
proportional to the distance transmitted by the radio wave. Using this characteristic, the distance
information between the two nodes can be obtained from the strength of the received RF signal.

To convert the strength of the RF signal into distance information, a path-loss model is required.
When using the RSSI method, the free-space path-loss model in an ideal free space can be derived
through the Friis formula as (Jeon and Kim, 2011; Kim and Kim, 2011)

2
P, =P, GtGraz
(4nd)

a7)

whereP, is the received power, P, is the transmitted power, G;, G, is the antenna gain, « is the
wavelength of the radio wave and d is the distance between the two nodes. If the antenna gain G, G, is
not considered in Equation (17), the path loss PLF in free space can be defined as (Kim and Kim, 2011)

P 2
PLr[dB] = 101og - :—101og(%) (18)
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Figure 2. Multicopter movement direction with respect to the rotation direction of the rotor.

In most path-loss models and free-space path-loss models, the average power decreases logarithmi-
cally with distance. This loss model is called the log distance path-loss model and can be defined as (Yi

and Kim, 2017)

2
PL(d) = PL(dy) + 10nlog (di)
0

19)

where dj is the reference distance (dy < d), PL(dp) is the path loss at the reference distance and n is

the path loss coefficient.

The path-loss coefficient is generally 2 in free space, 2 - 7-3 - 5 in urban areas and 1 - 6-1 - 8 indoors.
Because the multicopter landing experiment in this study was conducted outdoors, the path-loss coef-
ficient range was based on the coefficient value in the city centre and the optimal path-loss coefficient

value was selected through the experiment.
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Figure 3. Multicopter heading estimation.

When the reference distance dj is set to 1 m in Equation (19), the strength of the RF signal can be
defined as (Wang et al., 2013a, 2013b)

RSSI[dBm] = —(A + 10nlog d) (20)

whereA is the RSSI size at a reference distance of 1 m.

In Figure 3, RF1, RF2 and RF3 refer to the RF sensors. RF1 is attached to the landing platform and
RF2, RF3 are attached to the left and right sides of the multicopter. The distance between RF2 and RF3
is 1 m.

As shown in Figure 3, when the landing platform moves to the left (Case 2) or right (Case 3) centring
on the multicopter, the values of RSSLL (RF; and RF;) and RSSIR (RF;—RF;) measured by each RF
sensor are different.

When the multicopter and the landing platform are positioned in a straight line (Case 1), the values
of RSSI, and RSSIy are similarly measured.

Figure 4 shows the experimental results to confirm the changes in RSSIL and RSSIR values according
to the case shown in Figure 3.

Cases 1, 2 and 3 are the results obtained after comparing the RSSI size measured when the landing
platform is located in the middle, right and left, based on the multicopter. The RSSI measurement period
in Figure 4 is 200 ms. As shown in Figure 4, the RSSI values of RSSI; and RSSI differ depending on
the direction in which the landing platform is located. In Case 1, the values of RSSI; and RSSIg are
similar. In Case 2, RSSIy is smaller than RSSIg, whereas in Case 3, RSSIy is greater than RSSIg.

However, as shown in Figure 4, the RSSI values of RSSI; and RSSIz measured by the multicopter
are too noisy to be used for localisation. Therefore, it is difficult for the multicopter to determine the
moving direction using the RSSI.
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Figure 4. RSSI data.

To obtain feasible data from the measured RSSI, the MAF was adopted, which is an algorithm to
calculate the average of the latest measured values and not all measured data. Using this algorithm,
more stable data can be obtained while the number of data points is kept constant. The MAF can be
defined as a recursive expression as (Kim et al., 2019)

Xm — Xm—c
T zfm_l.,_u 1)
c

_ Xm—c+l T Xm—c2 T+ Xy _
where Xx,,, = and X,,_1 =

c ¢
Figure 5 is the result of applying LPF and MAF to the RSSI of RSSI;. and RSSIy in Figure 4.

As shown in Figure 5, the direction of movement of the multicopter is defined by the following
equation, using the RSSI of RSSI;, and RSSIg with noise filtering:

Xm—c t Xm—ce1 t "+ X1

1 RSSI, > RSSIg
f(x) =40 RSSI, ~ RSSIg (22)
2 RSSI; < RSSIg

Figure 6 shows the results of measuring the relative distance at intervals of 5 m, 10 m and 15 m based
on the improved RSSI information.

3.2. Proportional navigation

PN is a method that is generally used to guide a missile to a target point. It calculates the future position
of the target and estimates the path of the missile to the future position, and calculates the position,
speed, angle, and so forth. It is a navigation that guides the target to be hit at a future location (Brighton
etal., 2017; Zheng et al., 2017; Garcia et al., 2018; Shiraishi et al., 2019).
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Figure 5. RSSI correction data from Figure 4.

As shown in Figure 7, PN is a navigation technology focused on the fact that as the direct viewing
distance from the target increases based on the multicopter, and as long as the driving direction of each
aircraft does not change, it will move in the direction of the collision path (Xiao et al., 2017; Jung et al.,
2018).

The PN induces the vehicle’s velocity vector to rotate in the same direction as the target (landing
platform), moving forward at a speed proportional to the rotational speed of the line of sight (LOS), as
shown in Figure 7. The estimated angle navigation simply calculates the angle and speed of the current
target to determine the flight path of the missile. However, the PN calculates the rate of change at which
the angle between the missile and target changes, and calculates the course to collide with the target to
estimate the arrival acceleration and direction. It is a method of guiding a missile to the future position
of the target.

The change in LOS through PN and the command of acceleration to reach the target point are defined
by the following equation (Borowczyk et al., 2017):

G = AL x (23)
Pl
where A is a proportional constant and generally has a value of 3 to 5, V is the speed to reach the moving
landing platform for the multicopter and p is the relative distance from the multicopter to the landing
platform (Girard and Kabamba, 2015).
Here, v and p are defined as follows:

V=V - Vr (24)
where V,, and V,, are the speeds of the multicopter and landing platform, respectively, and
P=DPwm—DPr (25)
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where j; and pr are the locations of the multicopter and landing platform, respectively (Cho and Kim,

2016; Borowczyk et al., 2017).

In this research, the relative distance p is measured through the RF sensor attached to the two
aircraft. Relative speed V is calculated based on the amount of change in the relative distance between
the multicopter and mobile robot that changed per unit time when the mobile robot is moving at a

constant speed.

In Equation (23), B is the LOS rotation vector for the object that the multicopter is moving in front,

and is defined as

Sy
X
<!

™
I}
Sy
<y
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Figure 8. Multicopter with RF sensor.

Table 1. Multicopter specifications.

Specifications
FC (Flight controller) A3 (DJI Corp.)
Sub-controller STM32F407 (Cortex M4)
RF sensor GMP-513
Dimension 900 mm
Prop size 16 inch

Payload 8 kg

In this study, when the moving direction of the landing platform based on the multicopter corresponds
to Case 1 by comparing the RSSI values measured by the RF sensor, the LOS rotation vector E in the
PN can be replaced with a unit vector. Likewise, when the moving direction of the multicopter and the
landing platform coincide, the distance vector p and velocity vector v are replaced by scalars, and the
acceleration to reach the target point in Equation (23) can be obtained as

a, = Av. 27

4. Experimental results

To prove the performance of the multicopter automatic landing system proposed in this paper, an
experiment was conducted in the environment, as shown in Figure 8. Table 1 shows the specifications
of the multicopter in Figure 8.

As shown in Figure 8, the RF sensor is installed on the multicopter’s leg at 1 m intervals. The sub-
controller estimates the landing direction and closing velocity using the data measured by the RF sensor
installed on the leg. Thereafter, the sub-controller transmits a control command to the FC to proceed
with landing. The FC and sub-controllers are linked using the onboard software development kit (SDK)
provided by DJI Corp.

Figure 9 illustrates the mobile platform used for this experiment. The speed of the mobile robot was
set and the start of the motion was remotely controlled.

Figure 10 shows the RF sensor used in the experiment of this paper. Table 2 provides the
communication protocol of the RF sensor.
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Figure 10. RF sensor.

Table 2. RF sensor protocol.

Header Commend ID data End
2 byte 5 byte 6 byte 1 byte
NT RGID= 000001 #

As for the RF sensor attached to the multicopter and the landing platform, an ID is assigned to
each sensor as shown in Table 2, so the risk of receiving external signals can be eliminated. The RF
measurement period was 200 ms.

The experiment was conducted on the rooftop of the 10th engineering building at Pusan National
University, and the mobile robot ran straight from point B to point C as shown in Figure 11 at a constant
speed of approximately O - 5 m/s.

Figure 12 shows a block diagram of the proposed algorithm.

In the experiment of this research, it was limited to start landing when the straight-line distance
between the multicopter and the mobile robot measured through the RF signal was within 15 m, due to
spatial constraints.

For this reason, the multicopter, which was waiting in the hovering state at A, moves to B through
manual control when the mobile robot starts moving.

When the relative distance between the two vehicles is within 15 m while the multicopter moves to B,
the direction of movement of the multicopter is determined by comparing the size of RSSIL and RSSIR.
When the sizes of RSSIL and RSSIR became similar, the multicopter determines that it is moving in a
straight line with the mobile robot. After that, while estimating the relative distance and relative speed,
the multicopter lands on the mobile robot.

Figure 13 shows the experimental results of applying the multicopter automatic landing algorithm
proposed in this paper.

Figure 14 shows the results of Figure 13 in two dimensions to check the position error during landing.
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As described above for the experiment method, when the mobile robot starts to travel in a straight
line, the multicopter in flight moves to position B and estimates the movement direction of the mobile
robot. When it is properly positioned in the landing direction, the multicopter proceeds to land on the
mobile robot. The experiment was conducted a total of five times, and as a result of the experiment, it
was confirmed that the average error occurred within 0 - 23 m and the minimum error occurred within

0-2m.

5. Analysis of performance with other systems

5.1. Processing time

Vision-based multicopter landing systems have the disadvantage of slow computation speed. To solve
this weakness, various studies based on machine learning are being conducted, as shown in Table 3.
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However, these studies depend on the performance of the hardware. In Table 3, although the same
algorithm has been used, the processing time differs depending on the hardware.

To obtain a faster processing speed, a high-performance processing device is essential, and these
devices have large power consumption and heavy weight, which shortens the flight time of the
multicopter.

The system proposed in this paper takes less time to process data than an image-based system.
Measuring the processing time taken to determine the direction and acceleration of the multicopter is
determined to be up to 39 ms. The system consumes processing time similar to the desktop computer
in Table 3 without high-performance hardware.

5.2. Conventional landing system (non vision)

Figure 15 shows the flight path for RTH performance verification. The multicopter takes-off from point
A and flies remotely through point B to point C. When the multicopter arrives at point C, the pilot sends
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Table 3. Image-processing time per image/FPS.

Model Execution times [ms]/FPS
Desktop Jetson Tx2
Kupyn (Kupyn et al., 2018) 52/19-2 398/2-5
Nah (Nah et al., 2017) 32/27 349/2-9
Wang (Wang and Olson, 2016) 101/10 188/5-3
Truong (Truong et al., 2020) 30-2/33-1 49-3/20-3
129.0829 . B
' A(Take-off Point)
129.0828 | ‘_..-‘"'—
P s 2 1
129.0827 | e :
~ i [
S 129.0826 S !
c Vi |
S L 1
~ 1
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-~ % 1
o2t L— D(Landing Point) *

129.0823 - - - - . - - 3
35.2332 35.2333 35.2334 35.2335 35.2336 235.2337 35.2338 35.2339
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Figure 15. Conventional landing system RTH (top view).

an RTH command, and the multicopter moves to the stored GPS coordinates of Take-off point-A and
lands.

It used the same GPS coordinates as Take-off point-A, it should land at the same location as A, but
it was confirmed that it landed at point D away from A due to a GPS error.

In Figure 16, to check the landing position error using the RTH function in more detail, the part
marked with a black circle was enlarged and the GPS information was converted into m units. As can
be seen from the results in Figure 16, it was confirmed that the landing error using RTH has a landing
error of approximately 1-2 m for the x-axis and approximately 1 m for the y-axis error, based on the
take-off position.

As a result of the experiment, a maximum position error of 1-2 m occurred in the landing using
the RTH. Compared with the experimental results of Section 4 (landing position error 0 - 2 m), which
involved landing on a mobile robot moving on the ground, the RTH exhibited a landing position error
of 1 m or more, which is larger than the proposed algorithm. These results show that the proposed
algorithm is superior to RTH.

5.3. Conventional landing system (using vision)

Table 4 below summarises the landing errors of vision-based landing systems.
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Figure 16. Conventional landing system position error (RTH).

Table 4. Position error of vision-based landing systems.

Unit (m)

Tao (Jiang et al., 2019) 0-3 (x-axis), 0- 1 (y-axis)
Pablo (Palafox et al., 2019) 0- 127 (x-axis mean)

0- 103 (y-axis mean)
Dimos (Tzoumanikas et al., 2019) 0-458-2 -5 (at target target)
Yi (Feng et al., 2018) Max 0 - 35 (at target centre)
Jamie (Wubben et al., 2019) Mean 0- 11 (at target centre)
Zhou (Li et al., 2019) 0-2-0-5 (at target centre)

The average landing position error of the vision-based landing systems in Table 4 is 0- 19 m. The
multicopter landing system in this research has similar results to the 0-23 m landing. Because the
experimental environment in Table 4 and the experimental environment in this study are different, there
cannot be a definitive comparison.

However, compared with the vision-based multicopter landing system, the proposed algorithm proved
the superiority of research in that it can produce similar results even though it uses a relatively simple
and inexpensive system.

6. Conclusions

In this study, automatic landing of a multicopter on a dynamic landing location (mobile robot) was
implemented using RF signals. Existing multicopter automatic landing systems have high dependence
on image information, which can be obtained by a camera attached to the gimbal. Because they rely
on image information, it is difficult to use them at a distance where the camera cannot recognise the
object clearly. Moreover, they have large computation time, which limits the speed of the moving object
to be landed. To overcome this weakness, multicopter automatic landing on a mobile robot has been
implemented by estimating the moving direction and relative distance of the mobile robot using RSSI of
the RF signal. In addition, the arrival acceleration for landing on the moving mobile robot was obtained
through the PN algorithm.
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As a result of the experiment, the average landing error was 0-23 m and the minimum landing
error was 0 -2 m. This shows results similar to the landing error of the vision-based systems shown in
Table 4. This proved the superiority of the research in that similar results could be obtained even though
a relatively simple and inexpensive system compared with the vision-based landing system was used.

However, although the proposed algorithm can estimate the direction and relative distance for the
left and right, it is difficult to estimate the front and rear due to the nature of the system configuration.

Of course, using GPS, it is possible to estimate all directions. However, since this study aims to
implement an automatic landing system using only RF sensors, we plan to conduct research on improving
the precision of RF signals and omnidirectional estimation using RF sensors as future work.
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