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Abstract. The current UAV technology is developing rapidly and there are various UAV
concepts such as hybrid vertical take-off and landing (VTOL) UAYV in addition to traditional
UAV. The main solution direction of these UAV concepts lies in the compatibility of vertical
take-off and landing and long endurance and high load. However, in some complex environments,
such as post-earthquake debris, or uneven mountainous terrain, UAV take-off and landing still
has great difficulties. Therefore, this paper designs a landing gear that can adapt to complex
ground conditions and its corresponding landing algorithm based on DJI's publicly available
UAV model. First, a movable landing gear controlled by a linear actuator is used to adapt to a
variety of complex terrains. Then, we designed a UAV foot similar to a 3D carved needle with
oil-hydraulic cushioning to make it fit more to the complex ground and stand stably on the ground.
Then, we obtained the mathematical relationship between the linear actuator and the landing gear
moving end based on the simplified mathematical model of the UAV model, and applied it in
the subsequent landing algorithm. And then, in detecting the landing point, we use the column
coordinate system for coordinate simulation while the algorithm written in C language to get the
most suitable UAV landing point. Finally, we have simulated the UAV landing using MATLAB
and the results show the high engineering value.

Keywords: unmanned aerial vehicle (UAV), adaptive landing gear, complex ground
environments.

1. Introduction

UAYV technology has been widely developed and applied in recent years. With the aim of applying for
the military, this unmanned vehicle has a more extensive and significant position in the modernization
of national defence and the army, such as reconnaissance, surveillance, and combat [1]. At the same
time, UAVs are also developing rapidly in the civilian field. UAV companies led by DJI have launched
a large number of civilian UAV products, which are widely used in photography, mapping, rescue,
inspection, search, agriculture, and so forth. Generally speaking, unmanned aerial vehicle (UAV) is an
advanced mechanism with great value and huge development potential, which has attracted the attention
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of various fields. However, with the development of traditional UAVs up to now, the defects caused by
structural design tend to unfold over time. Traditional UAVs mainly fall into the following two types:
rotorcraft UAV and fixed-wing UAV, which have various applications in different fields according to
their own characteristics.

Therefore, a new design called Hybrid Vertical Take-off and Landing (VOLT) UAV has been
proposed, which combines the vertical take-off and landing capabilities of rotary-wing UAVs and retains
the long-endurance advantages of fixed-wing UAVS, and quickly attracted the attention of the academic
community [2]. The rotor can carry out vertical take-off and hovering in the horizontal direction. This
way of advancing by adjusting the direction of the wings instead of the direction of the fuselage can
improve flight efficiency, but at the same time, the complex structure will inevitably increase the weight
of the fuselage. It seems that the advantages of drone are not obvious.

Slant-rotor UAVs are a type of UAVs that meet the hybrid VOLT functions [3]. The UAV uses two
independent propulsion systems, one for vertical flight and another for cruise flight [4]. There is no
complex control strategy required during the transition from vertical flight to cruising flight, the dual-
system UAV has robust control capability, and it is easy to take off and land. However, the inactivity of
the dynamic system for cruise during VTOL system operation increases the overall weight of the aircraft
for take-off and therefore reduces the efficiency of vertical flight. The UAV allows the two systems to
share the same wing, which can be converted to each other, reducing the total mass of the aircraft [5].
However, the transition phase from vertical flight to cruise flight is very erratic. The calculation of flight
dynamics and aerodynamics in the design of a rotating wing is too complicated. So far, only one aircraft
design has successfully completed the transition flight [6].

Although the above different types of hybrid VTOL UAVSs have solved some of the shortcomings of
traditional UAVs to a certain extent and achieved the goal of balancing vertical take-off and landing
functions with long endurance and high load. However, both conventional UAVs and hybrid VTOL
UAVs still have a common problem, that is, they cannot take off and land smoothly in complex terrain
conditions that are not flat (e.g., post-earthquake debris or mountainous terrain with harsh conditions).

In order to make a better landing on inclined or complex surfaces, several solutions have been
proposed by some experts and scholars [7]. For example, using a planar dynamics model of a two-legged
landing gear, a mechanical arm was added to the UAV fuselage for controlling and adjusting the height
of the UAV Kkickstand in order to adapt to landing on complex terrain. Subsequently, simulation
experiments were performed and the results were verified using mathematical and 3D models [8], [9].

Although the above model has good ground adaptability and flexibility, it significantly increases the
overall UAV fuselage weight compared to fixed landing gear due to its more complex structure and
control strategy, while the study favours stable adjustment of the UAV after landing and does not make
more adjustments during the descent. And it is easy to slip and other situations in fragmented gravel
terrain. Therefore, based on the DJI's UAV model (DJI F450/550 Landing Gear System V2), this paper
improves the design of landing gear and kickstand, and designs a new landing strategy to achieve the
optimal solution at the landing point [10].

The overall structure of the paper is shown below. Section 2 presents a detailed problem analysis for
the landing system of DJI UAV. The structure of the adaptive landing system is analyzed and improved
in Section 3. Section 4 simplifies the UAV model and completes the data analysis of the adaptive landing
system at the same time. Section 5 designs an adaptive landing system algorithm that matches the above.
Section 6 simulates the feasibility of landing a UAV in this environment using MATLAB. Section 7
concludes and outlooks the whole paper.

2. Problem analysis of landing system based on DJI UAV
2.1. Adaptive landing gear system process

Radar detection: The radar located underneath the UAV detects and collects ground information to
obtain the height and terrain information of the ground [11].
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Landing point calculation: Based on the terrain information obtained from the radar and the present
landing point, the landing algorithm calculates the landing information and determines the location and
altitude where the UAV needs to land.

Controller output: The landing algorithm transmits the calculated landing information to the
controller. The controller outputs electrical signals according to the landing information, which are
assigned to each linear actuator to control the landing gear and realize the UAV height control.

Adaptive adjustment: After the UAV descends vertically to a predetermined position, it makes
adaptive adjustment according to the real-time road conditions. If other factors such as uneven ground
or wind are found to interfere with the UAV landing, the landing algorithm will adjust the landing point
in time, and the controller will adjust the height of the landing gear accordingly to ensure that the UAV
lands smoothly at the designated position.

Landing completion: When the UAV lands at the predetermined position, the controller stops
controlling the height of the landing gear and the UAV stops on the ground stably to complete the
landing task.

2.2. DJI UAV reference model and problem analysis

According to the available information, DJI provides an available UAV model dji-f450-550-landing-
gear-system-v2 (hereinafter referred to as the reference model) [10], in which part of the landing gear
of the UAV adopts a liftable design. The overall structure of the UAV and the landing gear part are
shown as in Figure 1 and Figure 2.

(b)

Figure 1. UAV model. (a) Front view; (b) Side view; (c) Vertical view.

T <

(b) (c)

Figure 2. Land gear. (a) Front view ;(b) Side view; (c) Vertical view.

In the reference model, the landing gear is adjusted in height by a telescopic rod. The three landing
gears of the reference model are designed to retract synchronously, which is intended to allow the
landing gears to retract during flight. However, the stability of this structure is easily compromised when
landing in complex field conditions.
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Since the angle of the landing gear to the ground changes as the height of the landing gear is adjusted,
the reference model simply keeps the foot in a state parallel to the ground at any angle. The design of
the reference model UAV foot is a flat surface, which means that in the process of landing gear height
adjustment, this flat surface will also no longer be parallel to the ground, and the contact surface between
the UAV foot and the ground after landing is drastically reduced, and there is even a risk of losing
balance causing the UAV to tip over. In the field environment often has tiny terrain undulations and
more rocks, using a simple plane design will lead to the contact surface of the foot with the ground is
not large enough to meet the stability of the complex terrain after falling. Therefore, this paper argues
that the UAV landing environment capability can be improved by adjusting the landing gear co-drive to
a separate landing gear drive. At the same time, for the problem of complex field environment terrain
with more gravel and surface changes, the adaptive adjustment of UAV's complex environment adaptive
capability can be greatly improved by adding an adaptive adjustable foot at the end of the landing gear.

3. Adaptive landing system structural analysis and improvement

3.1. UAV landing gear design

For the reference model, we improved the landing gear of the UAV to improve the UAV's ability to
adapt to complex environments. First, in order to allow each landing gear of the UAV to control the
height independently, we need to design a separate height adjustment device for each landing gear
instead of the synchronous height control in the reference model. Next is the design choice of linear
actuator. Hydraulic system is widely used in heavy-duty equipment because of its good stability and
load capacity [12]. Since the object of this paper is a light-load UAV, the linear actuator is simpler and
cheaper than the hydraulic control system and is more suitable for the landing gear height control of a
light-load UAV. The diagram below shows the hydraulic system (Figure 3) and linear actuator (Figure
4) respectively [13].

Figure 3. Hydraulic system [14]. Figure 4. Electric system [15].

3.2. UAV foot design

To make the UAV foot have enough traction on complex terrain with different angles [16], we designhed
two types of landing gears suitable for different environments. The first type of landing gear was
designed to resemble the structure of a 3D carved needle. As shown in Figure 5.

(b)

Figure 5. Foot structure. (a) Outside;(b) Inside.
This design is characterized by several pins held in place by the foot shell and each pin can move
freely up and down. The advantage of this design over the traditional flat design is that it can fit stably
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on almost any type of complex terrain, such as desert, gravel, mountains, ruins, etc. This allows the
UAV's foot to achieve the maximum area of fit with the undulating ground, thus achieving stability. The
disadvantage of this design is that the pins are not fixed, which means that even after landing, the pins
are free to move, they just fit on the ground. Once impacted by the longitudinal external force, the pins
will immediately stretch and change, resulting in the UAV's center of gravity shifting, which may lead
to the risk of tipping over. Therefore, this paper designs another kind of foot with oil pressure cushion,
whose structure schematic is shown in Figure 6.

(@) (b) (©)

Figure 6. Oil pressure damping foot. (a) Outside;(b) Inside;(c) Assembling.

The feature of this design is that each pin corresponds to a separate cylinder, and all cylinders are
connected to each other through the oil circuit on the sealing cover. When the foot of the UAV touches
the uneven ground, the pin that touches the ground first, i.e., the pin that touches the ground protrusion,
will be slowly pushed back to the cylinder. The discharged oil is pushed into other cylinders with less
pressure, pushing other pins out of the cylinder, thus touching the ground depression. This completes
the adaptation to the complex ground shape during the landing process. In this foot design, the oil path
between the cylinder and the seal cover is designed to be narrower for the following reasons.

1) So that the foot has a certain shock absorption function, cushioning the impact of the ground
surface UAV foot.

2) The angle change is slow, which can make the UAV landing attitude control timely response, to
ensure that the UAV does not fall over.

3) The foot shape will not change immediately when encountering large disturbances, so it can
provide good grip.

The advantage of this design is that when the UAV encounters cross wind or shallow water flow
disturbance because the direction of the external force is perpendicular to the pin, it does not change the
elongation of the pin, so the pin embedded under the ground hooks the raised part of the ground, avoiding
the risk of tipping of the UAV by shifting the center of gravity. The disadvantage of this design is that
due to the low density of the pins, the adaptability to large debris or undulating terrain is poor, and the
cylinder has a certain risk of oil leakage.

The above two types of foot can be adapted to different site requirements, but the corresponding cost
is a complex structure, the risk of damage, and the weight of the UAV increases. Therefore, the foot is
designed as a detachable articulated structure, which on the one hand can be easily replaced when the
foot is damaged by aging, and on the other hand can be replaced with the original foot under normal
terrain conditions, making the UAV lighter in weight.

4. Data analysis of adaptive landing gear system

In order to achieve the goal of adaptive landing, we have to get the relationship between the elongation
of each linear actuator and the height of the landing gear from the ground [17]. By simplifying the model
relationship, we can get the following mathematical model, and the model schematic is shown in Figure
1.
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Figure 7. Landing gear horizontal retraction.

Where the rod AD is the landing gear, let the length be L, the rod BC is the linear actuator, the length
is m when the landing gear is horizontal, and the linear actuator is fixed at the point of the landing gear
is the point B. The distance between the fixed point A of the landing gear on the UAV and the fixed
point C of the linear actuator on the UAV is AC, and the length is n. To simplify the model analysis,
here we only consider the case where A and C are on the same vertical line. The simplified model
diagram is shown in Figure 8.

D

Figure 8. The landing gear changes height.
As seen from Figure 8, with the linear actuator BC elongation, the landing gear moves with A as the
center of the circle, the linear actuator elongation length is set as X, and the angle between the landing
gear and the vertical line is set as 8. We can get the relationship between x and 0.

—2m+J4m+8n\/ m?-n? xcos 6
x = . ®

The relationship can be derived from 0, and then by the following equation, the height h of the
landing gear foot from the UAV can be found, corresponding to the schematic diagram shown in Figure
9.

h=Lcos® 2

O

Figure 9. The landing gear changes height.
However, in the actual design, A and C are not necessarily in the same vertical line with each other,
as is the case with the reference model used. For the reference model. L=140mm, m=126mm, and
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n=41mm, n has a numerical angle of /7°with respect to the y-axis. The corresponding schematic is
shown in Figure 10.

y

C

A

Figure 10. Mathematical model of the reference model.
This would increase the complexity of the equation considerably. In the reference model, we obtained
a total of 400 sets of x vs. h data from x=0mm to x=110mm and substituted them into OriginPro 2022
for fitting and obtained the results in Figure 11.
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Figure 11. Fitting results.
The final fitted mathematical model is shown below, which is only applicable to the model structure
applied in this paper.

h=—1.0194% 107°x3 + 0.00283x> + 0.86231x + 0.10185 3)

5. Adaptive landing gear system algorithm design

During the landing process, the UAV's radar will scan the ground with the center of the fuselage as the
circle and the length of the landing gear as the radius to get the height difference of the UAV from the
ground, and determine the UAV's landing point according to the ground height. Then the landing gear
height will be adjusted by driving the linear actuator to match the height of the landing gear with the
ground undulation, and finally achieve a smooth landing [18].

Let the leg length of the UAV be L cm and the angle of intersection between the UAV leg and the
vertical downward plumb line be 6. Therefore, the vertical downward area of the circle with the radius
of L' (the whole UAV leg length plus half of the fuselage) is scanned by the LIDAR, and we choose the
column coordinate system to calculate the problem. r, ¢, and z are the three coordinate variables. There
is a z variable in the column coordinate system. r is the distance between the origin O and the projection
M’ of the point M on the plane xoy, and under this objective, the vector direction of r is the pointing of
UAV legl. Thisr € [0, L. ¢ is the angle turned from the positive z-axis to OM' in a counter clockwise
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direction from the x-axis, ¢ € [0, 2m),z is the height of the cylinder, and the z-axis coincides with the
mid-pipeline of the UAV.

Because the UAV has three legs and is symmetrical to each other, the legs are separated by 120
degrees, so the coordinates on each of the three legs are (r;, 0° z;), (r;, 120° z,), and (13, 240°, z3)
when obtaining the laser scan point. Where ;, is the distance of the center of the circle from the
coordinate and z,, is the vertical height of the UAV from that coordinate. The coordinates are imported
into an excel sheet by calculating them, importing and using C language to perform the operation. Which
satisfies the equation conditions as follows.

Ly, * cos0,, = H,, (m = 1,2,3 they are the three legs of UAV) 4)
L, * sin®,, = X,,(m = 1,2,3 they are the three legs of UAV) (5)

In the above equation, H,,,,; — H,, = AH,, satisfies [0, L]. Here X,,, satisfies [0, L], and this condition
is satisfied by default when H,, satisfies the condition. When the three points satisfying Egs. (4) and (5)
are the points where the UAV can land stably, so the UAV performs a stable descent under the condition
of artificial assistance.

The three points that satisfy the condition are 6cm, 9cm and 12cm, where the equation z,,,; — z, =
Az, and the height difference AH,, of the three points are both 3cm, respectively. We determine 6 by
x, and determine whether the height difference is satisfied by 8. Under the condition that the height
difference is satisfied, we find the elongation of the linear actuator through the equation of linear actuator
elongation and angle 6, and complete the transformation of the whole structure. The overall algorithm
flow structure diagram is shown in Figure 12 and its corresponding schematic diagram is shown in
Figure 13.

Radar searches
vertical down circle
terrain

Calculate the altitude
difference between the
UAYV and the ground

Yes The three landing No
points meet the UAV's
landing conditions

Man-made
assisted fall The flyer looked
for another
Steady position
landing of
UAV
Figure 12. Algorithm flowchart. Figure 13. Landing process.

After the UAV landing, due to the existence of a certain impact during the descent and the complex
and variable ground conditions (such as soil blocks being crushed or small stones bouncing off), it is not
guaranteed that the UAV's fuselage is completely horizontal after landing. At this time, the controller
receives signals from the gyroscope, processes them and passes them to the motor controlling the linear
actuator respectively, and makes appropriate fine-tuning of the fuselage angle to ensure that the UAV
does not tip over. Because the electric linear actuator has reverse self-locking function, so it can ensure
the position of UAYV is fixed after landing to adjust whether it is powered on or not. When the UAV
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leaves the ground, all the linear actuators return to the shortest position, the landing gear retracts, and
the control system automatically corrects the landing gear position and linear actuator length to zero.

6. UAV adaptive landing simulation

After completing the software part, under the hardware module we carried out PID landing simulation
of the rotorcraft with SIMULINK. the UAV landed by identifying the landing point and we designed
the simulation to maintain stability when the UAV fell to a certain height. Figure 14 shows the
simulation model of the system.
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Figure 14. Simulation model of the system.

We adjusted the initial altitude position of the UAV to 1 meter, and initialize the roll angle, yaw
angle, pitch angle. The UAV was set to land on a 0.4m stone. The Figure 15 shows the change in height,
and angle adjustment during the UAV's landing.

Figure 15. Altitude and attitude response.
The simulation results illustrate that the UAV landed steadily from an altitude of 1 meters to 0.4
meters with sensitive angle adjustment, which indicate that the UAV has high stability, strong self-
adaptability and good engineering application value.

7. Conclusion

In this paper, a landing gear and its corresponding landing algorithm are designed to adapt to complex
ground conditions based on an existing DJI model. Firstly, a retractable landing gear and its two
corresponding foots are designed to adapt to different terrains, then a mathematical model is developed
based on the existing DJI model to analyze the structure of the retractable landing gear and to fit it. Next,
an algorithm model is designed for the landing process of the UAV. Finally, we have simulated the UAV
landing using MATLAB. The content of this paper ensures the feasibility of UAV landing in complex
terrain and compatibility with many different complex terrains, which has good practical application
value and reference significance.
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Appendix
Table 1. Explanation of algorithm symbols.
Serial number Symbol Meaning
1 m means the three legs(1,2,3) of UAV
2 n means the Coordinates of different points
3 L Half of the UAV body length plus leg length
4 0 The angle between the leg of UAV and the
mid-pipeline
5 L UAV's leg length
6 AH Height difference of adjacent leg of UAV

Algorithm 1: Coordinate traversal in cylindrical coordinate system

© 0O N oo o B~ W N

Input: Coordinates in excel (1, ,,, zn)-
Output: Three suitable point coordinates (r;, ¢,, z;), (12, ¢,, z5), (r3, 05, 23).
Initializes the Angle of leg in column coordinates: ¢, = 0°, ¢, = 120°, ¢, = 240,
While(¢,, == 0°r/20°0r240°)do
for( (L, * sinb,, = r,))and(L,, * cosb,, = H,,,) )do
if(Hni—Hm== zn+1—2,) do
Pick the right coordinates (1, ¢,,, z,).
end if
mem+1;

nen+l;

end for

10 Return (r], (p1: Z])! (r2l (Pg' ZZ)’ (r3l (P3: Zj)
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