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Rough Terrain Landing Technique of Quadcopter
Based on 3-Leg LLanding System
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Abstract: In this paper, we propose an intelligent three-legged landing system that can maintain
stability and level even on rough terrain than conventional four-legged landing systems. Conventional
landing gear has the limitation that it requires flat terrain for landing. The 3-leg landing system
proposed in this paper extends the usable range of the legs and reduces the weight, allowing the
quadcopter to operate in various environments. To do this, kinematics determine the joint angles and
coordinates of the legs of the two-link structure. Based on the angle value of the quadcopter detected
via the IMU sensor, the leg control method that corrects the posture is determined. A force sensor
attached to the end of the leg is used to detect contact with the ground. At the moment of contact with
the ground, landing control starts according to the value of the IMU sensor. The proposed system
verifies its reliability in various environments through an indoor landing test stand. Finally, in an
outdoor environment, the quadcopter lands on a 20 degree incline and 20 cm rough terrain after flight.
This demonstrates the stability and effectiveness of the 3-leg landing system even on rough terrain

compared to the 4-leg landing system.
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[Fig. 2] 4-leg landing system experiment
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[Fig. 5] Bird’s-eye view

[Table 1] Landing system specifications

Size 300 mm (W)x270 mm (H)*x300 mm (D)
Weight (Landing system Ff();?(l; +0 éﬁad—copter 2.5kg)
DOF 6 DOF (Leg 2 DOF x 3)
Motor Dynamicxel MX106 x 6
Sensors EBIMU9IDOFVS x |
Force Sensor RP-C18.3 x 3
MCU OPEN CR

22 7|78k 2l

FAEFE 7L AN P A 0 2 25517] 9lsialE AW
o] 71%oi7] 2 thel Alojstel £32 Ak &
t}. o] & 94| tha]e] 3% end-effector X7} D L3, =3
TE o]g3te] thal 9] joint ZHEE AlAksloF HTk. [Fig. 6]
& =Rol A Abg 1 T o) A TAZ eI,
t}e] end-effector] #F = A7) 78k E3)] 718 4= Qlrh

j‘&

x = l,cosf, +1yc0s (6, +6,) Q)]

y = I;sinf, +1,sin (6, +6,) )

A7) T8 A A7) 78S fdl 0, 0,2 e A (1),

@ A5 A @30 91, 0,2 Aelsha 4 @) 2ok

xz—l—yz*l%*lg

cost, = 20, 3

0, = atan2(sinb,, cos0,) “4)

6,2 78171 918l o, 5 TS 4 (5), (6)°] #3L 6,2 o
o4 5& W 7V g et

o = atan2 (y, x) ®)

lysind,
8= at(ln(m (6)
lysind,

0, = atan2(y,z) — atan(m @)

2359 7 s

AFEzt B 3

Ele] 2pAl= 718014 Al

st o) 2] Feje] nje} 7=
st} ol A=ele) ¥elo] 91

) (x,¥)
L ] y .

[Fig. 6] Schematic of 2-link leg



IMU AIK1E 53 AAIE] B 555}, o] luos
AS) 71871 Tl Alojste] A= sEel Qg He) 25

2
2 58 8 4 P 9 f7) elEe pAlel ), o

>

&

O

719+8}, 7187] B A 0= o] Fo 4] 9]t

[Fig. 7= 7} T2l 2] 52 91X & et 7]1&7]o w2
the] Ao} E 18141 roll, pitch AR Bl|o]E] 7|¥Eo = T
Wake] 2t F4o] F @3l Pitch W %] 71871 19
tel o] 74w ek} |57 wiitell IMU AlA1 9] pitch 2=

Wk Zb e 2 AMg-ghe) 2w
- roll, pitch 2} 601z, 301= o #] 317 wiiol 21,
2] W&k 2V E roll, ptich HIOJEE: ]88l =4 3}
[Fig. 8]°lIA 29 the] Wi&ke] 21 o5 34317 93l s
T Al ¢3= 7, ) Z, AR} 0, 5 0] 83)e] feat 4 ek

, 39 el e A
3 th

y
Leg 3 Leg 2
P5(Xp3, Yp3, Zp3) Py(Xp2, Yp2. Zp2)
60°
120° \ x

Leg 1
9 Pr(Xp1, Yp1,Zp1)

[Fig. 7] Landing leg position

Py (Xp2, Yoz, Zp3)

‘ X,
P (Pitch)

[Fig. 8] Schematic of 2-link leg

y | rout
[ B Kz Yo Zaz)  A2az Yz Za2) .
[ @t @ C,
/ 7
L gl
| e
\ s
\ 60° //
\ 30° e
30° o
30° 7 Pitch
~ " By(Xp2,Yp2, Zpa) X
—

[Fig. 9] 2D coordinate system of leg 2

Sleg WY A28 7]uk A=) 9A 45 /1 44T

RollZ 2= 3, pitch% 25 R 7] &0l A QlaL 7154 o]
7HLE W ] 91 & 747# o, A, 2} BT} Leg2 = roll F 025
E] 605 WHE "ol A] glom o] & B s Fofof gtk

[Fig. 919} 2] B,, A, WEle] 1< 083 49 ¢, B,
A, WE] Ao] Zhe] o] A & A1} Firk. o] & srefsie] wE]
A, pitch 0.2 301 W o] 5A1A A, 7} HE=
ol A = JF gt WE

®), )2k 2

ol
R

%
o

C, 7} roll %0 ZHE 601
N8N 27 9 2, T3kl o}l 2]

, _ Ltana

= - 8
47 c0s30 ®)
Zg= Ltanf ©
2y 7' 4, 2,°) 8 o A (10)7} e,
_ tano
Zy=1L (7(:0530 —+tanf3) (10)

e 0 A (13 2az, A (10)3 4] (11)E o]&-8 4]
(12), (13)7} o] t2] o] 7 7} 7| kT,

L

C,=1L +COST (11

A
2

tan® = - (12)
(et tans)

& =tan !( ) (13)

L
c0s30°
— tan}( tana +cos30 ° tanﬁ)
an cos30° +1
2.3.1 7187 BRA 4

[Fig. 10]3} o] A =FE1 7L @A) 25 4] kel 7} A|lof
oA @il 711X 4R /PR o1 AT

9 roll, pitch Z}5=0]3L, di= A Al =8| F4] 0 2 HE] )]

T,
p ,,/\9P1 <J N

61

[Fig. 10] Coordinate for leveling formula



442 z3:5t3) =24 417U A4E (2022, 12)

7HA 9] Aot 6,, 6,+= 7] the] Ao ¥ Zhieelar, g,
0, A=FTE 7o) H7] 917k vhel o] ¥ Zhieoltk

ARbek= 42 A=FH7E ol H7] 9l A BR
O 7 o]FafoF gt ARl A B o.% o]535l7] 913 A2 m
T 2] 9] end-effectors E017+= WS okt the
end-effector®] 7] AAE z, y,, TH = T=7] Y3l mik
o]& ¢k the] end-effector] 1215 z,, y, = HERRATE

[Fig. 10]2} Zo]A7 oA BHO 2 mibs 015381908 f o

3 yF9| ol s z,, Ly, oFlok 2k
T, = 2dsm2(%) (14)
Y, = dsind (15)

t}2] end-effectore] 27| 914 , y, 3= 21 (1), 2) 7173+
Fall 7l LEaL g, 925 Z7] AAE 915 28 F

kg hgo 2 Aol s,
x4 = lycost, +lycos (6, +6,) (16)
Yo = l;sind, +1,sin (6, +6,) 17)

2 (14), (155 Sl 735 2, y,, 1A vl
end-effectorS- |- EAIAE x, y, ol F3E= of2jo} 2.

CL'p =Ty Ty, (18)

Yp = Yo T Yum 19

el gz, y, 5 0153171 91810, 0,, 2 (4), (D9 %
71781 o] &3l T3 4= 9k,

0,, = T atan2(sindp,, cosb,,) (20)

p2
lysinb

Iy +1ycos0,,

0, = atan2 (yp,zp) —atan( ) 21

T3] (20), 21)9] FHoE RE| S Alojgto g
o= g en £3E vHEA "ok

[Fig. 111 HGA| 2519 A|lo] EF5EE UERH o]+ &
T el st 48wk A EFH o] AFS AAte R
o] Fo]x|7] wiitell the] 7} Aol H53S vl W Aof 7t
a3} wpeha] B =ol A= 2554 o] ¥ o) PD-(Proport
-ional-Derivative) |1 7| & A Al T},

IMUAIA 2 A F=FEl 2] 24 dlo|HE SA 3}, 7]
7] BA 5248 B3] HAE 72+ glo]E|E = Hlo) §

Control
Measured signal Compensated

. Error
Angle 6; PD Leg || Landing Angle

Kinematics Control

i | Controller

[Fig. 11] Landing system block diagram

Flying

Initial landing attitude

I

Landing

Control Landing Leg

Force Sensor Detect

[Fig. 12] Landing process

A A4 dlolEl 2 @ 34E: AAkgITh PDAIO) 7] Zeigke 7} o)

2]e] 7]&7] BA 4ol -8tk

) de
Q= K, (07 —0,) + K — (22)

dtv
Q= ALFE ] A ool aL, i= 1~3%¥ te|e] &
& HERNAL, 5= roll B pitch & WERATE 07 F=HE
FHE 9% 53 Ao, 0, IMUE B3l S4% dAl 2
A ool ¢, = DA 2 =gkt HAE Zhegte] eAkE
wehaL, K, K= PDA0]7]€] o] 5 gkel Tt
A7)0 S 7127] B4 A (14), (15)°] g3t

% ) (23)

)
= 2dsin?( )

Yo = dsin@); (24)

AT o] A4 L HFES A2 slela, BEA o] W)
G Sl Al K, K, ol .
A A A5 o) S 5] 918 B4
4 [Fig. 121} 2t} AFEH 4572 9

2 A thele] FaNE Eon x]
A} RFo] 8 7 vel



7] HAE et S FAI8ke S W Al2RS Al
S}, A =3E 9] roll, pitch ZHA] Hlo]E]17}0.55% o] U7} = uf
7HA] 91 3§ NHat, AW A o] B 1] oL the= A
A Eo] A Wi7bA] 27]) AAE A g

w

A g

=

3.1 A3 " Al xE

ot
d

it
fo

7N

ju

2453 2 glof) AR A Al 54 = [Fig. 1319 2tk
Ao E 93 MCUK.=3= OPEN CRS AH8-3a1, 7} e o)
ol = gN.me| LT MHEEE F2Fr) g} Ablo
= 2 vhelvke IMU A S ARS-JIATR, 2 3=32ol] 413= 9DOF
EBIMUALA] 17]9HS: o]-8-8) =3E1¢] roll, pitchS =45}
a1 vele] 7]98t eSSl RS etk A
2= U] end-effectorolli= flexible & A4S H-25}3, ADC
S Aol A2 7 o A B ke A e,
324U A5 A9

321 AU IF HEEHE

AA FAEFE7AF R 872 FrAksA Adak] 98l
[Fig. 14]9} o] Z51RHE Ol%} I2~E W=2 A2},

Bluetooth PC
------- POWER module DATA
UART
UART
MU MCU < » Force Sensor x 3
hale UART
! 3
1
' L RS485
1
1
1
1
Battery -4- Servo Motorx 6
11 v

[Fig. 13] System configuration

[Fig. 14] Indoor landing testbed
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