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Quad-Copter Controller Design for Its Automat-

ic Hovering Using Fusion Kalman Filter Sensor

Seo Kwang Kim

Dept. of Interdisciplinary Program of Mechatronics Engineering

The Graduate School, Pukyong National University

Abstract

This paper proposed Quad-Copter controller designed using fusion
Kalman filter sensor for its automatic hovering. Quad-Copter is use-
ful to|use at dangerous places and disaster area. It consists of body
frame, flying part, fusion angle sensors and control system. It is able
to movesusing four blades’ interference. Dynamic modeéling of the
Quad-Copter. is presented using Lagrangian equation. Sensor part
consists of altimeter-and.-Fusion Kalman sensor. The altimeter is to
measure the altitude of the Quad-Copter. The fusion Kalman sensor
1s soft sensor fused with Kalman filter algorithm and gyro sensor
accelerometer and geomagnetic sensor. The fusion Kalman filter
sensor is to create optimum angles of roll, pitch and yaw of the
Quad-Copter. Using these sensors, PID control methods are pro-
posed and are applied to control the Quad-Copter’s attitude and alti-
tude for hovering. Finally, the simulation and experimental results

are presented to prove the effectiveness and the applicability to the

iii



practical fields of the fusion angle sensor and the presented PID

controller.
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Fig. 1.1 Recon Scout Fig. 1.2 Dog—Horse Robot
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1.2 A7 Wy 2 27

Quad-Copter= Ao o3t FHS o]7]al AHO

7
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2 Zy 9 (frame)S AL
2 Quad-CopterE A A 3t}
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g A7) Aolz AA %} 4
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Al 2 & Quad-Copter A|2EFA %
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e

Z2 Quad-Copter A|2=Hle] FAES AWsta, o
w2&ol7] 35t olF duFFS A=t T3k ZE Iz
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2.1 Quad-Copter A|&H FA 2 AL

Fig. 2.1+ AAE vlg oz B A3E Q& /idsl A4 Quad-
Coptero]t}.

Fig. 2.1 Developed Quad-Copter



Quad-Copter:= 7] 74 A == 13982 7}E]oHCATIA)E E3l Fig.
2.29} o] AAI5IR o, o= Fig. 2.37 o] T4 %o Uk

Blade
Frame 480mm
Blade 254mm
Total Body Length 700mm

Fig. 2.2 Drawing of Quad—Copter



©) Frame ® Motor
© Motor drive @ Propeller
® Angle sensor ® Power supply
Micro controller ) Host computer
® Altimeter
Fig. 2.3 Quad-Copter System
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ojo} Wl EEgdo] FAYAW mmaAe] A7) AA i
RES A7E Adve @l i, dd 2R AAE=
od gAx Eevhs dilel g whdel AAE Aok
QoA = gelatt

s
uEM EL AV HlarA FalmlEddE 7He e ‘BLDCEH
(Brushless DC Moton)E AH&st] +HS Folal, &5
AAA Q] AEs S0

BIDCEHE TiE oz ZEgeltt. 2 2d3d AEH=
Azl FAE F 700g@E=olt). wiElg)(battery)e} FlolARZAEZY
(micro controller)®| FA7}A] 'gFtste] 171 BH 7} oF 1kgs
=° 29 F U= = 4is AFe T FA 4keg7HA
AW 7L H=F A s

© Motor drive @ EHO &&Hd7F7F Hd 256A o=
AFE Tws F71 fs s&Hd77F 30A% WHEI|E
FSA T
@ Propeller : Motorell &% FH& Hg Fojd
= A717F 1091%], A 4790 AW Propeller 2719},
W A 2715 AAste], sl ofs 7A|7F Ritjeke =
e 27 BAss @4s A R

ol
M
rob

2
o
ol

facs
H1

18

ot
2
ol



(© Angle sensor : 374 A3 x|} AAME Ao
37l el e deE SAse AN T2 AAE A
AAel AAME AAom SAHst] AgsiA AAE Alost]
Aaixes AAY exte ASFE Fdsit AR o] E
SAs= MM = aL7bojA ARgo] oY=

o ATdAM s ol dRS 53] flste] A&shE o

g A7E Aol ZAA(NT-gyro300)2+ 7% AXA(AM-

3ol 9l

3AXIS)E  o]&3te]  roll,  pitchZt=E  Alojsta, Az}
A (CMPS03)2F o] Z A4 (PO-GYA-12-01)8 o] &35}
yawAHA S Aol = =S % AWEHE A A

(©® /Power  supply”: Quad-Coptere] ALS 353 F7]
Aske] ™ol AFAY  100~240V(4A), =Ho] AHAFAL
12V(264) <l ALEH7IE AHSskaltt.

Micro, controller : Zt5E Fol7]| 9§ Z9 IdH AlE-&
s Lo Ay 4 d+= DSPDigital signal processor)
TMS320F28335&# ADC, PWM, SCI,“ CAN, GPIO &=
TASATH

(0 Host computer : Quad-Copter o] A|ojAls Hg %
Ao E AAE T F UAEF ST

O Altimeter : Quad-Copter?] I=% FH3t7] 3

A2 2S94 (SRF-10)2 AFE-3F3A o).
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2.2 Quad-Copter A|AJA|2E9] FA4

Quad-Copter Alo]E 3+ Aoja]~Hle] FA == Fig. 243

Ky

Host
Computer

‘ RS232 Interface ‘

{

Micro Controller
TMS320F28335

{| BLDC Motor | | Sensor(roll pitch) !
DitE i | |Gyro Sensor(yaw) §
Accelerometer
(roll, pitch)
Geomagnetic
Sensor{yaw) !
i-[Ultrasonic Sensor [ ']

(altitude) |

Motor4

Motor2 Motor3

Motorl

Fig. 2.4 Control System Algorithm

of AAAEELE TAE ZHFHE, vwolam AEEHF,

, 2Yar ooy g

AFFooly ZefolHH AlAH- 2
2E HAFHE RS232 A#4E BAlS o] 83t Quad-Copter
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AolE 1 PWMHCIE s FHstal, rlolde AEEHT=
DSP TMS320F28335%5 Ah&3ste] AlAHF-o] A& AHHo=
Pes ol Aol ks FAE = PWM Al Ass dFellolH
ool St o Fo|oE] = BLDCRE 4718 A%
BEHE FE5AZY AAE= roll, pitch, yawe] AAE F4317]
A AolmAld  270et Ax HAS 93 JHEEAA S
AAZVAA7E e, 1xE FAH] % 2R A
T REo® Utk A ATE vlo]la g2 AEZ ] dEsd
A9 roll, pitch, yaw #= TolH A=E SASI] dA
EolE SHAsl=d A&¥EY. Fig. 25 & Ao ARESH
A o] Al 28-S UERITE

Fig. 2.5 Quad-Copter System
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2.3 Quad-Copter AAIA] & o)=Ly

Quad-Copters= Fig. 2.63 o] Zz2dy DB, @%@do]
M2 vkERY XS o] FaL Utk A= niEs T2l 0940
(EEQo@)E 2 XS /MM e BFon HPSAT,
Mz Qe Z=AY O%40Q (E=08%d)e A= v IAE
7 747 M2 ve ke r 3 sk "t

Z}zke] zzAleiol-sj sl whel Hkg#o] A-gsh=t o]
A7NE FEL(=1~4) 9 JdF2= 71A9] rolling; pitching, yaw-

ingo] TAFL o= ol R IS T

Z axis

]

Fig. 2.6 Quad-Copter
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2.3.1 AX 43P (Hovering) Ao 4=
FEdHAA Fig. 2.6 247k f (i=1~4) 7} Zohd A
obA3tth. Quad-Copter’t Azt oA AAH| gL = RS
s (hovering)olg} &t} oln] Fig. 2.7¢] 4= @)= 7]Al
g FH(D), FHD)H FAWE +d wFo=m A&,

AW

L4

Fig. 2.7 Hovering
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solg gHelA zztel mEel HAHe FAA G
ARl g FED Fol FHw FA Fuck aA =W
AL Fig. 289 o] Asuae Agsa, woz 32
BadA FEs FEe Fol B FA Fudh 4A =w

delFE T sl AAa,

o J

Z axis

Hjg

Fig. 2.8 Rising/Falling Algorithm
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2.3.2 Rolling, Pitching Alo] 2 o|=Kg
Fig. 295 7} ZHd 93 zZ=zdy 3|H&SEd uwE
AAHstE e

7 axis 7 axis

Y axis

J |Front

Hdge

X axis : X axis

Hjede

Fig. 2.9 Attitude Algorithm

Zzzdy O @ IJAEEE Pitch(y 9] IJALE 6)9
AARste] QS wAH, @9 @F Roll( x 9 3%
¢)el AARIgll G wHAh olF T AMAE AT 5
gon oju wAsE FHFROE Fig. 2.103 o] 7|9
ol s Al 4 3l

Quad-Copter7} A/%/3/5-2 71€o] He W FHO)H
FAWS A7 i 7139 FH(T)o] FHD)Eh AH

7 BEFer a3 /53 v de AlART
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Fig. 2.10 Moving Algorithm

2.3.3 Yawing A|o]. 92

A E(free pend, TAHEA RS B)E AT FLEFEY
A ES-IAA AT, HE 35 R 3=
d3Fe] . H@7Ie-EL A @3 (Torque Effect)9} o]
Quad-Copter G| Z=g I (flollA HEHT HS
HEAA el o8] Al WA AR e R 3dstE =
Ee a7t wAst=dY, dFH AS o] EQAs WP ZH(tail
rotor)ell oJ&f A= o] It

Quad-Copter?] 4% @7|ek= <2 n=2H7 gles Al
471e] ZmAlgr FAEH vt olE2 oY ELIAmdE
g7l flal vigre Zzdge 3d wE2 xRk <

W)
rot
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Al 3ld Weke Mz w7t ®Y Fig. 2.11+% Yawing
Aol2 9ek dmeES Lhehi
Fig. 2113 o] @9} @ =zdele] AlA wggos

FAste 57t @9 @ Ao AA wEgor IHshs
SErt Az dohd (f =f)>f =f,) & 9 1A= A

grirkow 3| sHAl k. olet WilE VAE AANFEeR
yawings Alolst7] Sl @9 @ zZ=2HAeld 3d SEE
wol (f=f)<(f,=1,) 7} 5/ Aol& Fysta wAr}.

Y axis

X axis

Fig. 2.11 Yawing Control Algorithm
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Al 3 & Roll, Pitch, Yaw =43< 93t
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A=, (a)F rolldt pitchs FAsE Ao ZAA(NT-
Gyro300)°]aL (b)i= yawE FAsH= A] 24 (PO-GYA-12-
01l)o]t}. NT-Gyro300 InvenSense AFe] IDG-300< o] &3
EamA shbe] Aol X, YO 2Fo] EIHo] i, ¥EAY
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HAdog olx kS FH3th, AFo] 244 (PO-GYA-12-01)=
STMicroAte] LPY530AL AlA7F &g %243 REZA 2%

242 SAste] oldwa AT ZYgS Wk

(a) NT-Gyro300 Sensor (b) PO-GYA-12-01
Fig. 3.1 Gyro sensor.
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7tEEY] B9 THMEE g[9.8m/sec’] 2 HAIEH TR

o8& Fig. 3.4= ol&3slo] +& 5 3l
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_______ R/ o X axis

Fig. 3.4 Angle Conversion Algerithm of Accelerometer
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0.8 T T T T T T T T
Accelerometer
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g 02f .
[y
2 i4 v
© 0 i H S
o ‘ W W H H T RATY e
o ; o
S H
g H
S 0.2f i 1
= H
v
041 H H .
]
0.6 5
0 ™ i =
'0.8 1 1 1 1 1 1 1 1
0 2 4 6 10 12 14 16 18

time[s]

Fig. 3.5 Characteristics of Accelerometer
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Fin 9 - Ov Ground
Fin & - Mo Connect
Pin ¥ - 50/60Hz
Fin 6 - Calibrate
Fin 5 - Mo Connect
Pin 4 - PYYM

Fin 3 - SDA

Fin 2 - 8CL

Pin1 - +4v

Fig. 3.6 CMPS03

EH3 2829 23 (navigation)S F7] 8] AAFHAoH,
Feta e fAE L (unique) AR
ZABHE Aolth. o ANE AT A7ES SAH3T] 3
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T M A7 AAME ARR SR AT AR A a4

W Antee] 28 bk SAY FUGTS wol ol

M
4
=2
Rl
i
b
20,

o] EERHE AW#HS "7l fElAE pin 4914 PWM
S E W= WY, pin2, 394 At 12C IE #H o] (in-
terface)& AHE3HE 7 714 Wo] Urh

o= E R2CEAS o]&ste AHEAS 360°%=
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1 singtanf  cos¢gtan® ¢gy

¢
0|=0 cos ¢ —sin¢g 0, (3.4)
v 0 sing/cos@ cos¢/cosf ||y,

AR E 0§37 A eUelF A AU Quar-
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by e Oy i el 3.5)
b 210, —Y)gy 0 ¢gy b,
_b4_ l/./gy ng ¢gy 0 b4
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2 (3904 AE &3 2ol
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egy _l'_[/gy 0 ¢gy
Ve ng _¢gy 0
&3k

ol P A o= FESo 9
2l (3.3)~(3.7)&H g sk4,
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21 (B.9ellA Q #hel AXW, oAk FEAF 1S3 P = AXA
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FAE % o o A FdFS Fol FHG Rskge g
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SA4% ¢, & JHEEAY @S A G2 TN 2duy
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2 2 2 2 2
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2 %e 72 5 9l
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2(b,b, +bb,)

y = tan’l —_—
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Fig. 3.8 Kalman Filter Algorithm

Table 3.1 Parameters Used for Kalman Filter

Parameter Description
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A 4 & Quad-Copter ¥ 9

A7) dA

Quad-Copter+= M= vlFH = A4 o] 7]A|e] FAI S = EH
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A7 FHoR As/oHd, AE/FAF oless sHAEY. old

ot HHE &2 Fig. 4.13 2t

Front

anis

Fig. 4.1 Quad-Copter Parameter
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Table 4.1 Quad-Copter Parameters

f; B zbell ok 9 (i1 1,2,3,4)

X, AT o x5 AR

Ve ATl o y 5 AR

Z, Aol 9t z 5 AuFR

) x ol 9% Quad-Copter?] Roll 3|77t %
0 y &oll 23 Quad-Copter®| Pitch 3|4 7t%=
4 zZ9] 9% Quad-Copter?] Yaw 3| d7t=
m Quad-Copter &

g =& 71E&5 9k 9.81m/s
n Aol #&3xol 3 Quad-Coptere] 49
il o <0
AgmE B9d =0 7, 0
I, 0 0 ¥,

N

(F5 A =)

B ZoM+= Lagrangian WA2S ©o]83}] Quad-Copterol

(3

Z-g-5h= et E(Table 4.1)E0 3k 598t mdzS A3}

ul

of WA TAE Fol As AAMAFS 93 PIDACYE

40



4.1 Quad-Copter =4%t7 mdlg

Fig. 4.1914 Quad-Copter?] FAYAHEHES X9
AoistzAe sl zASHE, A 4.2 2ol YeRd 2

= ?‘ A
Tl:[x,y,Z]T (4.1)

Quad-Copter?e] AAE AAsF= 2 d2{Zk(roll, pitch, yaw)

/3% Quad-Copter®] AHAIHE 1= 4 (4.2)¢F Eo] YERAT,

T=[¢,9,I/I]T (4.2)

Quad<Copter®] BsHd @BRHNe S|Py gahs

olyl& o]

et (4.3)
dt 0q 0Oq

A71A q& dytste Fx e, [ -2 Lagrangian®]t}.

Lagrangian( L )2 Quad-Copter?] &&olUdA(CP, . . )9}

A EAAA(P,, )9k LA ] FHAUA(U)=Z H53 2.
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L=P-U (4.4)

P=P

— * translational

+P :lmi]Ti]+%‘i7TIh‘i7 (4.5)

angle 2

U=mgz (4.6)

olf m ¥ I, ¥ Quad-Copter®] AF FAJRHAE P,
z+ AW#} Quad-Copter?}t ©]F+= Fo]2 A o|gh}.

2 (4.3)9] q= e 2
(4.7)

a=[x3,26.0p] =[n1]

o]714  Coriolis®] F+A1E HEE FAlsita 7hdskar, 2

(4.3)= 4 (4.9)~4.6)= °l&sta] Al Aejstd, 4 (4.8)3} Lt}

op

Mg+V =F (4.8)
‘'m0 0! 00 0]
0 m 010 0 0
0 0 miO 0 O

M= ________:_ _______ — (4.9)
00 017, 0 0
0.0 010 I,
00 010 0 I |
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V=|-2 (4.10)

F=[F,.F,] (4.11)

A (4119 F= 9FelN 28sh= ddes I(F,: trans-

lational force)¥} 3]Ad& EHE(F. :

U moment) 2.2 UEl 4
o]
AR

4 (488 4493 4 @1DS o83t Ahstel Eu,
oo 2,

0

mij+| 0_|=K (4.12)
mg

Li=F, (4.13)

olu -AZFA= Quad-Coptere] 4 O'y Zria 714 s}
F = 343" R o tgt #A2e=z Yy L3

L

EoH3].
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F =RF (4.14)

R 2 Quad-Coptere} #|7-¢] Ao Fxe} o]F+= Fxsidolr,
ode] ZH 95| v o] xdEH. (35 B #HX)

cOcy —cOsy 56
R =|chsy +cysOsdp cocy —sOsysp —cOs¢ (4.15)
| spsy —cpcysO — cysg +chsOsy.. cOcg

0

F=|0 (4.16)
b

ojuj 4=zt WY w2 I L.

u, =f, +f, +f;+f, (4.17)

A (4.12)9F 4 (4.14)2FE Quad-Coptere] =442

(transformation equation)& ©HA Wetld, F, =[F,,F,,F.]" <

U3 2
F =mx = (s0)u,
F,=mj =(—cysd)u, (4.18)

F. =m(:+g)=(chepu,
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i)

2 (4.18)lAM 0, ¢, w = AAl ZAEE Y Wl

0, §, v = Agsu, A (@19)9} gl AT 5 Ak,

F =mx= (sé)u1
F, =mj = (- sp)u, (4.19)
F. =m(z+g)=(cOch)u,

2dyzt v oo 9% dRbAQl R Wl E(moments) ik
F,=[F, E, F, | & #9509, F,+ Fig. 41904 x, »,

z Fol| - 2B -G Ao o thaI Fhe) e Xt

F,=1¢=h,-1
F,=10=mh,-10 (4.20)
F‘ru/ = zl/y = uil _§3l//

u, =f, —f,
u, =f;, —f, (4.21)
u, =f/—f) +f; -1,
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AZIM & (=12,3)2 x, y, zFo A A V1A,
[ & ZHzhel RE 3 SAFOZNE 0" 7HAe AgolH,
u, = 4719 G (D,0,8,@)El ol 3= Quad-Coptere]
EQ A gito] 9% EHlEolt
oluf AZLolE B THH AHAM A FVAZAF=
2

E=0(G=123)°] a1, 4 (4.200& A Ashd o2 2ok

F,=1¢=0,
F,=10=, (4.22)
FTl// :]Zl/j F u;

4 4.22)°1A [#E Ha3 2o A 4 Utk

A
Gz My (4.23)
Ix IX
g Yo 1 (4.24)
I)’ Iy
F u’
> Ty 4
_ v W (4.25)
VT

u4=ﬂ—g+g—n=%§ (4.26)
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ol ¥V £ scaling factor® =AgkolH w9 Agzko|t)
2 (4.26)& 2 (4.25)9 st o3 £

. Ty u,
Sk ALY 7 (4.27)
l// IZ IZ

o] AN E < g=odA B

ol

dY ATFER S
= frxsk7l Sl PIDAAE o] &3}
A o7& AA sk

PIDAI)7]2] A1ef9l8 w, > Quad-Coptere] 7]=s=ol4k (alti-

tude reference) z =

v 2 FERA A7) 9% Ao deoln

A
(4.28)3} 2o},
z,=K e +K11.[e dt+KD1& (4.28)
P : dt
o714 e & Folol &g Qatelw, A (4.29)¢F 3t
e, =2,z (4.29)
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PIDA[o] 7] ¢] AHAIE Alofst= A u, (i=2,3,4)= vt
Fdauy

de

w,=K,e+K, e¢dt+KD27: (4.30)
d

u, =K e, +K, egdt+KD3% (4.31)
de

u,=K,e +K,4'[ewdt+KD47;’ (4.32)

1714 "¢, , e, , e, = Z7Z roll, pitch, yawe] AgE=

JenE wes 2

e, =@y~ (4.33)
e,=0,,-0 (4.34)
e, =V, —V (4.35)

2 (4.33)~(4.35)° 4., ¢, ¢, = 7 roll, pitch, yaw

71% %k (reference value)S2 AHH ¢ 0,y = 77t 379

ZEbA e 2 e R roll, pitch, yawe] AlARZEE o]t}
2 (4.17), (4.21), (4.26)5%%HE Quad-Coptere] Ao

e e Zel A9d o ok

o
)
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u, 1 1 1 1][f

u,| |0 -1 0 1|f, (1.36)
u, | [-1 0 1 0]|f, '
u, 1 -1 1 —1J|f,

A (436)e 7t =Ee A od FeEgow Uehw
obe) et 2.

£1 1 0 -1 1]y

f,| |1 =1 0 -1ju, (4.37)
f, [/ = 0" 1 s '
£ |11 0 -1|u,

Fig. 4.2+ A AAE! Alostr] 93t Quad-Coptere]
PIDA|o]7] &S Lok,

PID
Eq. (4.28)

(gmf +_ 8.0, PID
ref Egs.
Wrer (4.30)~(4.32)
Gyro Gyro Accelero | | Geomagnetic
sensor || sensor meter sensor
A2 4.6, v,
4.6, Kalman filter
Fig. 3.7

[
Fig. 4.2 Block Diagram of PID Controller
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i A& 4.24] AA® PIDA7E o] &3
AlEF el 2 A 23S glgit
5.1 Al&d°]A
AlEdelAe #J8] Table 513 L2 7%k} | w2 g
(parameter)4t-S ©]-8-3}3l T}

Table 5.1 Initial Values and Parameter Values for Quad-
Copter hovering

Parameter Description
m 1.5 [kg]
[ 0.23 [m]
0 0
g 9.8 [m/s]
Sampling Time 0.01 [s]
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0.0072 0 0
I, 0  0.0072 0 [kgm?]
0 0 0.000006
vV 1[m]
z(0) 0.0 [m]
$(0),0(0),17 (0) 0°

w AdA= AAg PIDAGZO fade BAF7] S8
AlEY ol AdtEs BT oW Ao|r]e HHAES Flst]
st 248 7|EZH (reference value)0°oll A 2.8~4.8% &<t
roll 8- 5~7% §ehe pitchieFOw 717} 45° . 8.3% oA
1250 Yaw ko = 720° Rbg WAl A M FF AlEd ol
Ais IR Aot - b Aol A 1 FAE
Az A3E ) ofeted 10~20% st e A=
W3k Al71A] AL Al E o] gkt

ITHPES S3 AAE ety fsliA A TEER] o F
Quad-Copter®] 2.4# Z} Roll, Pitch7} ‘0°E o] FofoF s},
3ol o3k Yaw W3} HE7F glojof g} webA 102458 7%

o]
)=

)

A%(g, . 0, , v, )% 0% o] A7l A

o
N

Fet.

[e)

51



ANE AR

rlo

Figs. 5.1~5.39 A]lEHolHd A=

LA HZE(roll, pitch, yaw)9] 7IE3S FE5h S Kol

=
ofw| 717} 71Zgkel wWE Quad-Coptere] AHAMSE7} Lhehi,
MnE @ FESn e wel Frh
50 -
4
0+
L
[=]
5
o
o 20k
c
@
= “roll
= ol roll reference
i}
9 2 T 5 5 0 W2 m 5 " 0
Time[s]

Fig. 5.1 Roll Hovering Simulation Using the PID Controller
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150 % pitch
ptich reference

0 2 4 B [z] 10 12 14 16 18 20
Time[s]

Fig. 5.2 Pitch Hovering Simulation Using the PID Controller
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S % yaw
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Time[s]

Fig. 5.3 Yaw Hovering Simulation Using the PID Controller
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045
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Time[s]
Fig. 5.5 Pitch Error
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Fig. 5.6 Yaw Error
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Fig. 5.7 31%%& A3t7] 9t Quad-Copterd IL=Fk

z o EH#E dehiY, ol 7Ei=H z, & FFSE

ExAdHH} ImE FFIE HoFth o)Wl roll, pitch,
Hate 2.8%~10&Abol= ofghe] wyo]  WolAnt

A He AR 12%2~20FAtel= IERlo]l  MlaH

Altitude[m]

=
m

0.4

< altitude

0.2 —altitude reference

1
8 10 12 14 16 18 20
Time[s]

Fig. 5.7 Altitude of the Quad-Copter Simulation Using the PID

Controller
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Fig. 582 o] <a 4 AE#clddysE HolE
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AETF AEEE 22 74K Az eateE A4S Btk rolld
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Fig. 5.8 Altitude Error
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Figs. 5.9 ~ Fig. 5.12v= A28 AAYd u, (k=1~4)2] &9
A¥S yepd  adiZolty. %9 roll,  pitch, yaw<
ZEdEg Ao v S ®Welth Figs. 5.9% ®°lE
Aojst= w, o =¥ Z2UZE Uepdth ol o7l WEtsk=
0~2xd ol AA FH3 u, = AA3] T rollgke] Wake=
2.8%doll 45N, pitchgke] W3l S5xul= 21N, yawZ} W3l
3xddE 12Nz 77 g& 3o W3Es yehdrh roll,
pitch, yaw7} ®3s}A] &= 9.3% o] = 14No =2 UA 3t} o|uj
AEE FE5= 243 183X Fig. 5.72 %359 roll; pitch, yawe]
AL fle 102220 ARSlel AT w2 EAHIEE
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2 4 ] g 10 12 14 16 18 20

u1(system control input)[N]

Fig. 5.9 System Control Input wu,
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Figs. 5.10~5.12%= Quad-Copter?d AHAE  Aojsl=
u,,u,,u, & A2E 8 TEjzoelt) roll, pitch, yawe] AAFE
AlEYolAd Aol wprK R Wl dojus Zhzte] AR
Kpolo] Alz~El QlEgto] w,, u, & 73N, u, = 48NOE Z71ES
e, zRAle]l WshrE dojux] b= ARelME ONo=
=95 = 4945 B
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50~ B

o 4
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Fig. 5.10 System Control Input u,

59



u3(system control input)[N]

ud(system control input[N]
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70
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Time[s]
Fig. 5.11 System Control Input u,
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Time[s]
Fig. 5.12 System Control Input u,
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Table 5.2+ Algtel] w& A28l 4E3HAd wu,(i=1~4) 9
¥3}tsk A3} agzolt}, o]E E35}e] roll, pitch, yawe]

AAstel aeraske] AlZbel]l whE AAEIdEHE u, & ol

Time[s]
2.8~ 53 ool 10~
otz | 48 3 ) .
4.8 7 9.3 20

u [N] f11~14 014 | 45 |14 | 20 |14 | 12 14 | 14
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Figs. 5.13~5.16% Quad-Copter®] 471¢] REo] o3t F
f, k=1~ 0= A28 Ao Y=g u,u,,uy,u, ol o3 Aloj ==
deolth. FH2 A A I o3 HAYe R 1
2L AT AlojEn kv Wske ARl 0xwol] 74zt
= gk FHEAES 3.8No|H X7} Adsehe 22744 22
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Fig. 5.13 System Control Input f;
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Fig. 5.14 System Control Input f,
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Fig. 5.15 System Control Input f,
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Fig. 5.16 System Control Input f,
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AEloll A ARAl roll, pitch, vaw#ts SHet 1= ddd

F2 o] PWM#tS 232 A A gkt

5.2.1 438 A¥

Fig. 5.17+= x 59 roll¥st&ds SA A Aoy, ol:=
—4°~4°2Fo]l 5 wWE AlZbe] HEEH VIEg 008 FEee
A2 BoFE)
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Fig. 5.17 Roll Hovering Experiment

Using the PID Controller

65



pitch angle(degree)

Time[s]

Fig. 5.18 Pitch Hovering Experiment Using the
PID Controller

yaw angle(deq)

Time[s]

Fig. 5.19 Yaw Hovering Experiment Using the PID Controller
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Table A.1 Inertia Moment Parameters

Parameter Description
[ 0.23[m]
Frtoror 0.01[m]
My 0.068[kg]
Potorr 0.03[m]
G. 0.015[m]
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