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ABSTRACT

VTOL Development for Obstacle Awareness and
Collision Avoidance

Yang, You Young
Advisor : Prof. Henzeh Leeghim, Ph.D.
Department of Aerospace Engineering,

Graduate School of Chosun University

This thesis introduces a technique of quad-rotor for detecting and avoiding obstacles
to reduce the possibility of collisions. The configuration of the drone considered in this
thesis is based on a simple four-rotor system. So it is simple to design and manufacture.
The design starts by selecting the appropriate combined component in the system con-
figuration. Mechanical design shall be considered in the choice of propulsion systems as
a combination of propellers, motors and batteries that deal with thrust generation. On
the other hand, structural design should be robust and the weight of each component
should be taken into account.

To become an unmanned system, flight control systems require high-speed onboard
computers to process and control reliable and reliable data from proven, expensive
GPS/INS sensors. So in this paper, we built our own flight control computer.

In this work, modeling of quad-rotors and designing controls are considered. Mod-
eling is designed using two coordinate systems and Newton’s law, while controls are
designed using PID controllers. Since modelling and controller performance analysis
and verification are required, the performance of the controller is verified by using nu-
merical simulations.

In this thesis, collision-avoidance algorithm for drones based on Lidar sensors are
also briefly investigated. The collision avoidance function shall ensure that the drone
does not collide with the obstacle up to the target point. An collision-avoidance algo-
rithm is developed by estimating the time of collision and relative speed between the

drone and the obstacle. The obstacle detection and avoidance algorithms suggested in

- il -
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this work are demonstrated by using numerical simulation. Finally, flight performance

of the quad-rotor is demonstrated by flight test.
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Table 1: S500 frame specifications

Properties Value
Weight 454 g

Wheelbase 520 mm
Height 250 mm
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Table 2: BLDC motor specifications

Properties Value
KV 920

Idle Current(10V) 05 A
No.of Cell(Lipo) 3-485
Max Continuous Current 18 A
Max Continuous Power 230 W
Max. Efficiency Current (3-10A)>83%
Weight 54 g
Dimension $27.5x30 mm
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Figure. 12 T-motor AIR 20A ESC

Table 3: ESC specifications

Properties Value

Max Frequency 621 Hz

Current 20 A

Peak Current(10s) 30 A

BEC No

No.of Cell(Lipo) 3-48

Weight 4g

Dimension 92.4x21.5x7 mm
- 192 -
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Figure. 14 T-motor AIR T9545 propeller

Table 4: Propeller specifications

Properties Value
Weight 12 g
Dimension 9.5%4.5 inch

3) FCC

H] 34 A o} A FE| (Flight Control Computer, FCC)+&= 41712 A% dlo|E HES
A2 AA olES BAstel Aol AneZE Fo YA AAE SANEE WE7o]
PWM 452 Aok Aag s gtk FOOE mrol A2 meA i, 958 94502 74
solgict.

B Ro|AL A0 2 ARG FOCE 48400, A FCCE| o] &2 2 Aol A
Uribeegtl HHoI 0™, Fig.15,16 2} &t} Uribeeo]|= afo] 2 = 2 |4 STM32F767VIT6
= Bag)o]9l 1, & 84709] Wo] 9lth. UART, 12C, SPI, ADC, PWMo| 7Hs5}1] Uribeeo]
A Y& Table.5 ¢} Ztt.
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Figure. 15 The Developed Fight Controller(Uribee)

R L T

W LUE

Figure. 16 Casing a Uribee

Table 5: Uribee Specifications

Properties Value
Microcontroller STM32F767VIT6
Data Bus Width 32 bit
Maximum Frequency 216 MHz
Flash Memory 2 MB
RAM 512 KB
GPIO Count 48pin GPIO
Operating Voltage 5V
Weight (include case) 18 g(39g)
Dimension 60x40x10 mm
- 15 -
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Table 6: VN-200 Specifications

Navigation GPS
Properties Value Properties Value
Static Accuracy .
2.0°RMS Receiver Type +2.5 Gauss
(Heading, Magnetic)
Static Accuracy . . ) Cold/Warm Start: 36s
0.5°RMS Time to First Fix

(Pitch/Roll)

Dynamic Accuracy

Tracking & Navigation

Hot Start: <1s

0.3°RMS -159 dBm
(Heading, True Inertial) Sensitivity
Dynamic Accuracy 0.1°RMS Time pulse Signal 30 nsec RMS
(Pitch/Roll) Accuracy
Velocity Accuracy +0.05 m/s
Accelerometer Gyroscope Magnetometer
Range +16 g +2000° /s +2.5 Gauss
Linearity < 0.1% FS < 0.5° FS < 0.1%
Noise Density < 0.14mg/+/Hz 0.0035°/sy/Hz 140pGauss/+/Hz
Alignment Error +0.05° +0.05° +0.05°
Resolution < 0.5 mg < 0.02°/s 1.5milliGauss
Properties Value
Operating Temp —40°C to 80°C
Digital Interface 512 KB
GPIO Count Serial TTL, RS-232
Input Voltage 3.3V to 17V
Weight 16 g
Dimension 36x33%x9.5 mm
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Figure. 18 LeddarTech LeddarVu

Table 7: LeddarVu Specifications

Properties Value
Horizontal FOV 100°
Vertical FOV 0.3°
Retro Reflector Range 61 m
White Target Range 12 m
Gray Target Range 7m
Accuracy 5 cm
Data refresh rate 5 Up to 100 Hz
Power supply 12VDC
Weight 1285 g
Dimension 73x40%x65 mm
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5) Hig 9

EE AHEEE W= BFE AS e 95 ARSEAR iR 2 EE 29 (Lithium
polymer, LiPo)E A+8-3tct. LiPo BiE] 2] Ao vlal §7Fo] 231, HEEo] &t LiPo Hj
Ele] o] ZF Ao 3.7Ve] Hekg 7HAH Zt Ae] 3.0Vell = & off ¢hdo] B Ech viE 2 <]
8% (Battery Capacity)> H2| ¥ o](mAh) 5 AH8ste] &0l 245 HgAgto] 2
o2 A|gt viel g FAE 7|t viE 2] 9] Hhd-&(Battery Discharge)& C2 EA| |1 v €] 2]
£ O] 38 4 e AR HES TPtk B AR EE BE: 52 AR
BE 2 PEEO WY E ARSIt v A7 Alitete] A3 wiE 95 24T v

&

a3t 4750 2 wleget. H]9Y Az Eq.3e et 2ot

Flight time =

Battery Capacity x Battery Discharge " (60 min)
hour

Average Amp Draw

A © = vijE] )= 20%0|5t = AE-5HA] 7] Wil 80%E AR&-_tTHAl 71832 off Bat-
tery Discharge= 0.80|t}. Hot AR 7F4 (Average Amp Draw)-2 H|2 & off = Q5 HF7 9]
= TotH EE AA S 1 TS UL 4 v BEHO & AR S ARgRTh

H =R A = Fig.19 @F Zro] Sky-holico] 14.8V(4-cell), 3,200 mAh, 40C9] 2 &HjE 2] &

Figure. 19 Sky-holic 3,200mAh 14.8V Battery
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Table 8: Battery Specifications

Properties Value
Voltage 14.8V(4-cell)
Discharge 40-70 C(max)
Weight 378 g
Dimension 146x50x31 mm

6) RC 4417]

ZZ7)o)4 Ag" Feo] gt] e Auk(Radio Frequency, RF)2 $=417]0] A&l 541

5 ASE FOCE By 24704 AgEi A5 A 9ha o 22 PWM(Pulse Width
Modulation), PPM(Pulse Position Modulation)-5-©] 21 0™ Fig.20 &} At PWMHMA]-2 X 4
£5709) g AR, kel B g skl Ado] BHL, PWMES HA % WS ey
¥ Q17 17 <t A5} Bolok AZe AESH WAtk As BAe] Zoji dytdes
1000us 2000usAtelofl A Wttt PPM 44171 474 75 ol fA]o Ae7t Solew
A& A&t YA olH, CPPM E+= PPMSUMo|#tal skl 442 o & 71e] A th4l of 2
Ade] shtel Ao vt dastet. 7|24 oz PWM 4107 FAet AojA st dEE=

PPM A1Qo]A|qt Ao += th=A HEHT

Pulse locations
are the same but
their widths

lomnllllE™=

PWM "

Pulse widths are
the same but
E " “ " " !] " ﬂ ” their locations
x.hm;

|
PPM

Figure. 20 PWM and PPM
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H =B A AFESE ££417]= GraupnerAto] GR-16Lo|H Fig.21 oF Zt}. 4=417]= PWM

A2 ALgotel PWME B3 S2letelo] 35707 9Ieh AL Table.y 3t 2ot

Figure. 21 Graupner GR-16L

Table 9: Receiver Specifications

Properties Value
Frequency 2400 MHz
Modulation 2.4 GHz FHSS
Range 4000 m
Operation voltage 3.6-8.4V
Weight 12 g
Dimension 46x21x14 mm

4. dHt = A 2H

1) GPIO

GPIO(General Pupose Input Output)s= Ofo|AZ2 I Z A7} FHAR]} FA1517] 93

MEOoE AEHE 92d TES UG nfo]a2 AESH O WS ¢

_IE
HA
rr

=
3 % A oFe 7)5o0lu WL B8] 00V)T} 1(5V)e] A S8 452 B kel
GPIOZ o] 8384 LED £ Aoju} ~9]%] ON/OFF & 8ol & 4= 9lt}. GPIO: STM32
o] ¢ RCC, GPIOx MODER, GPIOx_ OTYPER, GPIOx_OSPEEDR, GPIOx_BSRR 7]

£ AHEe Tl AT 5 AT

- 921 -
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2) UART

UART (Universal Asynchronous Receiver /Transmitter)+=

[¢]

:‘I'T—i_
Tl mEok7] IR SAIH Fol 7P Yol 2ol B4 gAole] ¥ oo §
pro2 Agstel ol8E A4ae UARTE 57 (Asynchronous) EA4l0]7]
=o] Zo] glolH AT FE 71719 £EE SUsh] Dok 111 S sHste

B4 St 7]7]0] whet che, QUPAO R 115.200bps AH§ T EA1A ) smolstoln

548 98] TX, RX2}l 9. TX:= Agslais dojeg g 7]7]2 B Mol RX
L g2 /)72 5 o E Wi Aotk UART SlE|mo] A tholo] 12 Fig.22 9} 211, &

717191 TX, RXE w2} |5 d4-5 it

X ——

Devicel \>< Device?2
RX |—— RX

Figure. 22 UART Interface Diagram

UART®] & &2 (protocol) 9] A|2H& oJulshe Start bite A5S Highol A LowAle) &
1bit Zdol& FAteh. K= dlo]E] 2] dol= 5 9bito]w, ?HH Zo|E Aol A& 2 2
719l HlolH & Fpqlsfiobdttt. HlolE o] asd of HES fIs] 2| El H|E(Parity
bit)E BT A5 et Stop bite A5 High® ko] $hagith. Stop bite] Zojt
1bit, 1.5bit, 2bit7} It AWHA 0 &2 flo|g Zo+= 8bit, i8] E] H|Ex= A2k, Stop bit= 1bit
2 212517 Fig.23 9F o] LERATE STM320] 4 UARTE A&5}17] 9]84]= USART_CRx,
USART_BRR, USART _RDR, USART_TD #|A| A& AALS E5] AFRS 4~ Qi)

-929 -
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| FRAME |

|
(IDLE} \sr/ 0 X 1 X 2 X 3 X 4 X[5| X[ﬁ]Xﬁ]X[ﬁ]X[Pi /s:n [Sp2)\ (St/IDLE)

St Start bit, always low

(n) Data bit(0 to 8)

P Parity bit, Can be odd or even

Sp Stop bit, always high

IDLE MNo transfers on the communication line(RxDn or TxDn).

An IDLE line must be high

Figure. 23 UART Protocol

3) 12C

12C(Inter Integrated Circuit)= 218 WAo|m WE &L 5 Qo] ¢ 7idslal #]H]
g 717150 Agstct. o

F4191 UARTSH e 120k $714]) SA0E ni2esh gaolte] Feg woksty N9

=

B o 2 EA &5 100kbps, 400kbps, 3.4Mbpso|t}. H]E7]A]

.

ahaE, S0l )71t B4lo] sl 1209] 714 AAH-E SCL, SDA 27]9] o of
2 7]7]9} ABste] FAlo] 7M5a}H| Fig.249h 2eh. SCLL HlolglE dgelr] §ia 2ee

dgste Aoadols Theoltt. SDAE HEstaztshz tlolH 9 HlE JHE Hdsh= 4o

EA5HA ¥t wjol YA (Pull up register)

3 = He] e o= AUy 2hele ARgSth WA Fmj A"l A (Bus Capacitance)
groll et E4#e] 2 digke] At

[2C9] TREZ L2E= UARTS} SPIHTH Esin] UARTS} SPIo|A 47} 5=

T otYil Lowk ofd 289 dFo®
&

1=}
g

_I_Tl_
ZEJofH oz Aottt 20+ T4 (Address) Z| A7 dlo|HZ9] 272 2

ek

=N S
% gl Fand e hae o)A Ask Hole st Usit Sellolue] A45Hx] sty
SJ5t mefgdolck. Hole e e AgaknAst Holesk @31 majglolct. Hole] FAle]

A2E flsiME vk2E oA SCLo] Highdeid m SDAZ} Higholl A Low/Jei= AT oj

—_
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R,| |Rp asicaons
| | SDA
Master | ‘ | | 5CL
Slavel Slave2
Figure. 24 12C Interface Diagram

START conditions7} ™ o] 413& RE &¥o]H 77504 HoleE AES FH|7F &
Utte= Aoz QAT ghef d=zof of] 7o) upAE7E A ul= WA SDAZRIS Low=
Rz H7sks AT Alo] A% Zdeth FAREY YL A e A HolH Y Sl

o)X ot AHS AL 1byteZ 9FA 7hbit dlo]E]7} Slave FA(Address)S UERHATE SHA
1bit(R/W)E= 217](Read) H|o]E] 84 E= 7] (Write) d|o]g A4-2 on|gtct. 9HA bit=
NACK/ACK bito]H HfAEL o] AT E B 1 AF12] A7) wekstel. NACK/ACK bit
+ FAanY e, volHZ Yo Zo A AT FAnY ] HFo] FREHW HolHT
% 2375t SDA=Iof A
tlolEE e s WGt SDAZRIY] HlolE e ¢l Read, Write’dHl S LEHU = bit
#roll wheh kA B Seflo]B R ARSIt BE HloE7t ASET ufAHA FRE 5]
SCLo] HighAte| < wf SDAZ} Lowe]| 4] High’} el 2 #7438 wf STOP conditions7} =5 B4

)
oo
ﬁ
o >
3
Zi
rid,
_V,L
o
_,4
)
o,
o,
A
i
[@p]
Q
=
},L
O
_ﬂi
™,
fo
i
,
&

FRAT FRANE CFYAE 95 MEA BE 7)71E SCLeklo] Hightl Aol ] SDAZ}
olo] A& HAPA = ot=Ht 12C T2 EZFL Fig.25 9F o] et STM320) 4 12CE
A}g35H7] Qa4 12C_CRx, 12C_OARx, I12C_ISR, I2C_RXDR, I2C_TXDR |3 A€ A<

5ol AHgT 5 Ak
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STnRT ADDRESS RAW ACK DATA ACK DATA A.CK STOP
condition condition

Figure. 25 12C Protocol

4) SPI

SPI(Serial Peripheral Interconnect)s #0]%(Full duplex)o|™ 1:N 57|24 S AlHkA o]t}
upAE|, Seoln Ao R Baste niAEsl 5718 AT 2EL 2wk 2t Sdoln ]

7] chip enable(/CE) 4385 71A]|aL 9lom o] &4s} = 9lg molT F2fettt. ntAEE=

S ALgstel T ) olake] Leolng 5 4
Seflo| Bt AH FAE AT QA ot T4 55| BAL ¢lek. SPIE 71240 2 SCLK,
MOSL, MISO, SS 4749] 291 Atgsto} nhielo] QAT Sefolne] £ut3 S5 ehelo]
JKgbth. SOLKE 2@ 2202 nhae7h 2efots 5718 224l o|ch MOSIE sRAg oA

%0,
s}
E=)
)
>
S
(@)

)
g
_%g
el
,
[05]
9

Zeo]2 7H= dlog Ao]3 MISOE: &dlo|BolA mhas 2 7he ol Aolth. S5k mhs
g9} HloBE 5418 Leo|Bg Ads}s] 915 Az Aelct. SPI QlEmo] 2 rholo] 1L
Fig 269} o] &@o]u7} 1709 e} 27 o4 o] m&-S e ik

SPI A1 A1%tet7] $Ia1A mhaEle flshs Zeflo ot AT SSele Lows T2

Sof gr5o] MOSIZ g olel T4 HloJe & 3 HEA HE3Jtct. FisgF FAlo]7] wfj&of
oA ELE SCLK 23 o] @r3o] E Ao MOSIZ fo|EE YR Y MISOZXE go|gE 4415t
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SCLK P SCLK
SCLk > SCLK MOSI | MOSI SI 1
Master Mo s B Slave Master MISO fe¢——a——| MISO ave
MISO e MISO sy =
33 » ss B
Lyl scik
M mMosI
Gic Slave 2
» oSS
Figure. 26 SPI Interface Diagram
5to] AHE7FE ST B HlolH MEo] S SSepel o] A5 E Highz W7 sto] =3t

SPI B4 L2 2.2 Fig.27 9} 20| e 4= 9Jth. SPI= nhAE 0] SCLK 2o h20] npA
Bol o]} Holel g $4Alsts W o] glolw 22 o] 4 (Polarity)sh $14}(Phase) 9]
Z§0R % 47 WEOR A Vs sttt STM3204 SPIS AHEl7] $I8)4% SPLCRx,

SPI_SR, SPI.DR, SPL. RXCRCR, SPL.TXCRCR XA AAE 5| AT o ot

ss |\ [

R VAT TR AVAVAVAVAVETAVAVEVAVATAW,
MoOs! _DDDDC}CDDC}CDCDC)C):

DIT DI DIS DI4 DI3 DI2 DI1 DI
MS AD5 AD4 AD3 ADZ AD1 ADO

MISO OOOOOO0O0O—

DO7 DO DOS DO4 DO3 DO2 DO1 DOO

Figure. 27 SPI Protocol

5) PWM

PWM(Pulse Width Modulation)-& txd HAE Fulyo] Wy Frjzxog Zgir]
PWME &9 od oA F=7](Period)2} FE] H](Duty Cycle)E 24 & 4 21l o™ ZZ(Ampli-

tude)> TAE A2 E44 dird oz v AAHE grez st e B9 ¢ A

- 26 -
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F71014 A7} Qe A2 HlE 2 e, PWME] 2122 STM329] 7-¢- TTL(Transistor
Transistor Logic) g (5V)2 &3 Htt. PWM "A A5 = Fig.28 9F Zro| yetd 4~ Qlrt.
PWM Aol Rl )& Wi A44e BRZHe 2AaA LEDS] 9]4]e] DCREle)

L5 Ao}, AR EE o] 7 Aol ALgH.

Control signal, u

A

5V

(mean value)

 J

oV
el r

Duty cycle, D [%]
e

Period, 7,
~100%

Figure. 28 PWM Waveform
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fol
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o,
inta)
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=
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1%
el
fol
I
|m
i
—
A
rr
o
o

il

o

AAsket o|uf] ol HEZ MCU A4|7} stEYo]dog 11 WMslE A 3ste] W3} Alojur o

=
2 Ittt STM329] 749 Fast PWMe} Center aligned PWM & 27}2] 9]
PWM RE7} A ZH}h Figure.29 = PWM ZHE HFAl 2 Fast PWM 22 Uehd Zo|ct.
Sel0) ManTo] Hot SR E e AR 2Ee) 2 54 dA2ne] BAS RAFT 9
oF. TIMx_CCRxo] whet 78 H7F 24511, TIMx ARRe| wte} PWMO| Fub4- 52 717}
Z A=t} Center aligned PWMEEX 712 €7} 0-TIM_ARR7}A] ATz}, thA] 002
Fast PWM} 28], 7}1-& €7} 00| 4] TIM_ARR7}A] 951 00 2 316lo] t}-& 7ILEE 5=
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HhAlo|th. STM320) 4 TIMERE AR5 YA+ TIM_CRx, TIM_.CCMRx, TIM_CCER,
TIM_PSC, TIM_ARR, TIM_CCRx A2 H AAL E35] AF&3s 2= it}
Counter

Update Interrupt Update Interrupt

TIMX_ARR -

Compare Interrupt Compare Interrupt

TIMx_CCRx —

/

Time

PWM 1

PWM 2

TIM_CCRx

dut)" C}'E‘I@ = m

Figure. 29 PWM Fast Mdoe
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II1. ez ndsg

1. F8A

HERE ] 54 525 AYst] HaliAe F Al 7= Zeld AL sty fuA
2 A #34(Body Frame, Xp, Yz, Zp)2} 34 F x4 (Inertial Frame, Xg, Yz, Zg)o|th.
FAEZEH O TA HuA= AA WEAF T 79 SA o XA E] Qe FEA 0|, WA
AL FHol A 192 o] J-ote] offd I 2HgotA] o EAE AR UAAY 5

A4 252 Gtk 7l A0

f
E
o
o

lo
of,
ja)
o
f
4
rlr
i)
<]
A
E
i)
|
l-ﬂJ
ik
—Ll
*'G
T

zE] ofsf +¥, A&k, EIE xedo}

.TB

Figure. 30 Coordinate system of quad-rotor
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A7 A=eEe] T4 524 Auae o] 127) Aol et 6 A4Ee A9

o ok FEZH] QA= BEnUNAN Xg, Y, Zr & (2 FoHTh A &, 2t 9]
o= AT QoA 3712 9 U8 ZHE (Euler Angle) n& o]t} Pitch 2t 0= YES
ZA o2 34 611, Roll & ¢p= XZEL FA 02 6111, Yaw Zte = 228 FA 07 T
2E| 31 252 ot FAE ] Y2 Au2E o] HeF Sl Ut FA e Yol A
APEL = Vp, ZHE5E+ vE gt} 21]
| Xg o
g = Ye y N = 0 (4)
| ZE (0
| Uz, B p
VB= v | V=1|4q (5)
Ve, B r

2. 99

A=zE o 2FYAAE fr=st7] A shte] Aol wsto] 7l&sof stz A
HEAE FA HARAZ HEsE] AT ARAGFL RELS Toll MATH[18] 2 =2l ]
HBAGYE RE2 3521 WG &A1 2 0 A2 Z(Buler angle, ¢ — 0 — ¢)& AH8-35H31.0.0,

FE- T2kl Wol AHEEE Al F shutoln. Fig.3l of g

g z=1 &
zl 6 ¢ 3
= » [/5-,.» <&
Y =X z
7>y y
e % =
v X, X, X Xy = Xy

Figure. 31 ¢ — 6 — ¢ Conversion Coordinate System
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A RA 91 2o Hisl o] & Yaws} SHal Eq.63F go] LrebdHTt

x1 = cosPx + sinyy

y1 = —sinyx + cos Py (6)
1=z
Aol ez Waksu,
x1 cosy siny 0 z
y1 | = | —siny cosyp 0 Y (7)
21 0 0 1 z

watA,

cosy siny 0
Ry=| - siniy cosy 0 (8)
0 0 1

Figure. 32 Definition of Yaw-axis Rotation

+ WA 2] y=oll tisl] 214 05 Pitche} SFal Eq.93 go] el
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T2

Y2

22

LER)

Figure. 33 Definition of Pitch-axis Rotation

Collection @ chosun

Ty = cosbfxr; —sinfz;

Y2 =

29 = sinfxq + cos 0z,

cos# 0 —sind T
= 0 1 0 U
sinf 0 cos@ 21
cos@ 0 —sinf
b = 0 1 0

sinf 0 cosf

-32-
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Al AR 814 zFo] sl 37 ¢E Rollg}l 5kl Eq.127} o] yrepdlct.

watA,

Collection @ chosun

z3

Y3

<3

T3 = X2
Y3 = COS Py2 + sin ¢z (12)
z3 = — sin ¢ya + coS P22
1 0 0 i)
=10 cos¢p sing Y2 (13)
0 —sing cos¢ 22
1 0 0
B _ .
9 = | 0 cos¢ sing (14)

0 —sing cos¢

Figure. 34 Definition of Roll-axis Rotation

-33-



weha 4 HuA B 54 287 Bl WEke o} go] RE Peo] Fo2 veh
t}.
x3 x
ys | =R R Rl |y
Z3 z
| 1 0 0 cosf 0 —sind cosy siny 0O x
=10 cos¢p sing 0 1 0 —siny cosy 0 Y
i 0 —sing cos¢ sinf 0 cos@ 0 0 1 z
[ ey chs —s6 x
= | sOcpsp — spcp sOcsep + cpep  chsp Y
i sOcpcd + spsp  sOcep — cpsgp  chep z

(15)
webd, AEARYE RES v} Bt
chcyp clsip —s6
Rp = sOcipsdp — sipedp  sOcsp + cpedp chse (16)

sOcipep + spsp  sOcpep — cpsgp  chep

o]7] A s¥& sin, ¢ cosE Qu|gtet. RES HEFZ w3 H(Orthonormal matrix)o|2g2 R~! =

RT o]t}
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BHHS Xg, Vi, Zpve B4 HEACIL £5 vy 5, vy,5,v.,55 A FHFEA O o]t

979} &5 Afole] PA|9| PAAL ofdle] A} 2t [22]

XE Uz, B
% Yg :Rg Vy,B
Zg U2,B
Vz,B
= RE)" | v, (17)
V2B

ey sOcipsdp — sipep  sOcped + sihsd Vz,B
= | clsyp sOcpsp+ cipedp  sOciped — cpse Vy,B
—s0 clsop clcg Uz, B

P ¢ 0 0
g|=|0|+R7| 6| +RF(R,O)]| 0
r 0 0 P
b 1 0 0 0 1 0 0 cos 0 —sind
=10 ]|+ 0 cos¢g sing 6 |+1]0 cosg sing 0 1 0
0 0 —sing coso 0 0 —sing cos¢ sin@ 0 cosf
1 0 —s0 b
=10 co socb 0
0 —s¢p coch 1/1
(18)
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D ¢ D 1 0 —sind )
g |=WE| é |, q| =10 cos¢ sinpcosh 0 (19)
r (0 r 0 —sing cos¢cosf Y
¢ D é 1 singtanf cos¢ptané D
= (Wg)il q |- 6 |=10 cos ¢ —sin¢ q (20)
W r Y 0 sing/cos@ cos¢p/ cosb r

o WA g stel Soote AT 5 GIek FAREANA Dok 7o) B

=
&3 mVpet QA vx (mVp)oll s 3o 8 RTGe} 2 9] & 28 Tpo}t TYUs}).[24]
mVp +v x (mVg) = RTG+Tp (21)

W RANA G 22 FATHER 7] H2of At mebA, 59 S 9, 4

7], o] AR 9| Fhe] 7]ofgtel.

mVp = G+ RTp (22)
ThA] AW,
Uz, B 0 copsfcy) + spsip
T
Uyp | =90 |+t ey cpslsy) — spcr) (23)
02,8 1 coch

ore] Bd Eq.238 B 54 A5 489 9ashy ndo|ch ACRE Y U4 B4 7%

3171 9l 871 Aol olal A4 B geo] g E|olof Gy, kAl the} o] e gk,
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Uz.B 0 copsfcy + spsip A, 0 0 XE
cpslsp —spcy | —— | 0 A, 0 Yr (24)
i)z,B 1 C¢09 0 0 Az ZE

o1 Ay, Ay A BAFEA ST WA o] o] ek g A o]t

ede] FyAlo 2 BE 3)%-25(Rotational motion)of] &-gstA th3t Z5H T
Io+wx (lw) =7 (25)

A7 we AEE W, [+ BERNE, 7= oF EI ] WE ot wzhA b3 o] thA|

V=14 = I (r—vx(Iv)) (26)

HAE=zEo| WY EHEE Eq.27 o go] 2AHYH HERH O 7|4l tAIRR La = Iy

oJt}.
L. 0 0
I=10 1, 0 (27)
0 0 L.
wteba], FAZEA 0] &5 WAHAL ohSa} Zo] dojFitt
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g 0 1/I,, 0 0 p 0 I, 0
T 0 0 1/I.. g -p O 0 0 I,
g5,
I.) 7_¢ Iz.r -1 Iyy]:im‘[zz qr
5 = -1 Izz_Imz
q | = | molyy T
7 ol Les=lyy ),

zz

o] o] BAe - 2E o] ALl Yk EAS A
7] ol 271 9jstd Qat BylEL BAE 4 9ok
Yl 7he] madaje] odgFo] glrh.[25] Figure.300] LR X%
A}, AEZE O £ 3 F=

F = F + F+ F5+ Fy

Roll 2529 Ed+= 1,483} 2,39 0] RE 9] jlof o] A4}
’7'¢ = Z(F1+F4—F2—F3)

Pitch £%59°] EgL 1 2¥1} 341 9] RE| Q]

3ol ofa) AR
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(28)

(29)

(31)



TO — l(F1 +F27F3*F4) (32)

welo] 3 WA WZoe Qe maueisl S| Ast ALE ] J|Ad Yav £5°] B2} A
Aeith. Ba0) Were maue o5 o) v Ul HatA Yaw &5 AL

Tw :F1+F3—F2—F4 (33)

m2welo] ofs] AAE e (Lift)o 42 (Drag)s 2450 AlZo] Mgt 445E o
He d4E 2 2 Wxo] A% w49 webd, 7 mejo] 99 B3t e

Fi = kw?

T, = bw? + IMcUi

4 4 0
T=>F=kY w, Tg=|0 (35)
i=1 i=1
T
-39 -
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To lk (w? +w} — w} + w?)

B Ty = | lk (w% + w% — w§ + wi) (36)

Ty b(w%—&—w%—w%—l—wﬁ)

o7|A 12 HERH | FFTHY 2E T Aol
tebd AE2E 9| 3 ESE Eq.37 3 Zo] P JH = UERd 5 o

F kk k k w? w?
T, Ik —-lk -k Ik w2 w2
L 2lam| (37)
To lk k =k -k w3 w3
| Ty ] _b -b b fb__wi_ _wi_

A7 RE FEe et gt

w? F
2
W) T¢
=M! (38)
wg To
i wi ] L T ]
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A4 9] FFl 27 AF-Z(Open loop)Alo] 4|28z} 5.3 (Closed loop) e} 412
"ol gitk. ST Aol Fig3s o 2tk AARE Aol sk BL Wobso] Aoi7]elA
Aelsto] Al2glo] AAE A2 (1) AATTE AL A Aol7lo) A wre deio] o8] &

2 ()2 AT DEA AT Ao AAgOT 217} ek

— » C(s)

| 4

G(s) >

Controller System

r : reference, desired output
u : system input
y : system output

Figure. 35 Open loop control
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H(s)

F Y

Sensor

r : reference, desired output
u : system input

y : system output

e : error(r-y)

Figure. 36 Closed loop control

1. PID #|o]7]

2 I Alo] A| AH] 9] Ao 7] oA 7} t E 2] 1 A|o]7]7} PID(Proportional Integral Deriva-
tive) Aloi7]o]ch. 212 P HlE], 1 A%, D )28 ojulgit. Bl 74 71849) PID

Ao} 4]0l 26]

e(t) = zq(t) —a (t)

(41)
u(t) = Kpe(t) + K; [ e(r) dr + Kp2dt)
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G(s)

system

Y

Figure. 37 Block diagram of PID control

Table 10: PID control parameter characteristics

Rise time Overshoot Settling time Steady-state error
Kp + T Small change +
Kr + T T Great reduce
Kp Small change 4 J Small change

1) "= A 17

]2 (Proportional, P)Alo}7]= &2 7= A& 2A5te Aold. vl= Alo7]=

ch& T} 2ol error(eq — x)° HleE Ao] YL AT

Kpe Hl&| Al (Gainol 2} 5pv AAZ7F A5k Zoltt. Kp7h 245 22 erroro] Higt

Azde] g7t AR Zegto] o W Psks gol 2 SHsta SHswt
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w25 @ WS} WAlsle] @ Aldo]do] s k. Kprl R o m SesEs) L

]_
AP EgelA EoA) Bk 46449 PO BH Kp7t AXW Eq.399] Poleo]
A

2) H2 Ao]7]

22 (Integral, A o]7]= ZH;2]0f| et =g 245t d5oldt. BlA017]1¢] Kp7t

obe Aot sk gl B B2etA Rata ok xFe] oxprt U Hrk gL
Eq204 284 gloth Bage] B284% 0a7h ZolSe] oo glo] Aopith. 13

Kpe 14gkol7] "ol Zagkel =2da5 Alo]7] 9] ofsiiitt. o|& s 2517 fisiA
AR&RE Ao 7] 7} Bi= A E Ao]7] o]t}

22 Ao17]E errorE A:Este] Alo] = uE AT =, 025 H AlFEA vehd error
== 27 st A2ge] Ao fd=EghS AAdtttE oololth. ohA TRl A Ao

710] 73 A AFe @ 3}(Steady state error)7h WA w) A} A} 03} F7he ARa}]

w(t) = K /O e (r)dr (43)
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2. Alo17] AA

Eq.419} o] Alol7] 2 A $14 05 &2 Holstd chavt Lo,

Se = fc _5 (45)

ol
S
e

A71A BH & = (Xe, Ve, Zo)T = 914 7 HElo|th. PID AlofA& th&3 o]

U=Kpé& + K, / &dr + Kpé, (46)

71 Ao} WlE] U = (U1,U2,U3)T 2 o) th27]. Eq.22014 Vol US tiAste] 2w,

1
U= —gz.+ —TgRz (47)
m
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clcyp clsy —s0 Ui
sOcipsp — spep  sOcpsop + cipedp  chso Us
shcpeg + sps¢p  sbcped — cps¢p  clep Us+g

(49)
0
— 1y
T
oA gela,
Urchcys + Uschsiy — (Us + g) s = 0 (50)
U (sbcsgp — sihed) + Us (ssisg + cped) + (Us + g) cBsdp = 0 (51)
Uy (sOciped + sipsd) + Us (sOspcd — cpsp) + (Us + g) chep = %T (52)
919] 418 B 183} 2L o] A,
$e = arcsin ( Uy sin. — Uz cos 9. ) (53)
VUR+ U3 + (Us — g)?
0, = arctan <U1 o8 ch;—_ZQ sin 1/&) (54)
T = m (Uy (sOctpcd + spsp) + Us (s0sied — cpsd) + (Us + g) cleo) (55)

9191 Ao g FAEZE ] Wezh(heading angle) FHOR the} Zo] AT 4 9o

Fig.38 9} Zrc}.[28]

1), = arctan (;Z : ?{) (56)
Ao71ofl s 7 2fstd,
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(r,-¥)  Waypoint (Xz )
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Figure. 38 Heading angle of quarrotor

U, :KXJ:’(Xd—X)-I—KX’[f(Xd—X)-f-KX,D <Xd—X)

Us=Kyp(Ys—-Y)+ Ky [(Ya—=Y)+ Ky <Yd - Y) (57)
Us=Kzp(Za—2)+Kz1 [(Za—Z)+Kzp (Zd - Z)
7o = (Koup (90 = 6) + Ko [ (6 = 6) + Kop (de = 8)) L
7o = (Kop (0. = 0) + Ko [ (0 = 0) + Kop (0o —0) ) I, (58)
o = (Kop (0 =) + Kyt [ (e = 0) + Kpp ($a = ) ) L
T = m (Uy (sOcpeg + spso) + Us (s0sthep — cbsd) + (Us + g) ched) (59)
Figure.39= AA 3t Alo]7] o] E54rolt}.
X,.F,.2 Frrz)
(( ) ) v sl T*":”"“) of 0800} V’Z‘(MV”)
\ iti ' d Attitud ' | ' drot v=(rar)
|1 oot contratler | = Syoamicr W >
7=(4.0.y)
v=(p.q.r)
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£=(X.7.Z)

Figure. 39 Control block diagram
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flight
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Figure. 40 Collision algorithm
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VI A &°o]4d

1. 912 & ZHAIAlo] Al2Fold =4

SECEEREE D

o 9§ A= 2E 27] 2742 Table 117} Zo] A4} 121 2

=2l A AAIRE FAERE %] € ofetv|El= Kp 0.5, K7 0.1, Kp 0.80]H Z}A]| ¢, = 5 L5H
Kp 40, K; 1, Kp 1001 9= Kp 30, K; 20, Kp 200 & Table.133} Zron], #2242 95t

912] WL Table.129} Zo] AAstAct.

Table 11: Simulation conditions of quad-rotor system

Properties Value Properties Value

Mass (m) 1.6 Kg Moment of x-axis (I;x) 4.856:1073 kg - m?
Length (1) 0.52 m Moment of y-axis (I,y) 4.856-1073 kg - m?
Gravity acc. (g) 9.81 m/s? Moment of z-axis (I,z) 8.801-1073 kg - m?
Drag force (b) 1.140 -1077 Drag force for vel. (Ay) 0.25

Lift force (k) 2.980 1076 Drag force for vel. (A4y) 0.25
Moment of rotor (1) 3.357-10 kg - m? Drag force for vel. (A,) 0.25

Initial Position (¢g) [0,0,0] m Initial Velocity (Vp) [0,0,0] m/s
Initial Angle (ng) [0,0,0] rad Initial Angular Velocity (vp) [0,0,0] rad/s
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Table 12: Guidance commands for trajectory tracking

Position X Position Yy Position Z,

&a(1) 0 m 0 m 1.5m
&a(2) 1m 2 m 1m
£a(3) 2 m 1m 0m

Table 13: Parameters of attitude and position controller

Attitude controller

Gain Kp K[ KD

Roll 40 1 10
Pitch 40 1 10
Yaw 30 20 20

Position controller

Gain KP K[ KD
Value 0.5 0.1 0.8

2. 9121 & ZA AlEH0lA A

v

o]

teact. Aol A

7% E4 914 9

PID A|ol7]& AAste] A=2E o] 917 D A4 Ao} A B o] A 4
o oA ALLE 27 Table.11,12,13¢} Zo] 4] 5|0 9lc}. PID Ao}

AR o] A B o] 2] 2% ATH= Fig 417} 20| controlare.kro] A -2 2 4 Z8H= Dancing
plot& olgato] LRSIt o130 & Belo] iste] Ao R @ 3ol AL B 4

50
52
5

Fo3 A BE01A ATE A BAs] el 7t 20| et 97, %, A%, A4

293 7h 2 Hef et RPM, Aol 2] tiste] Fig.42-47e] EAIsHT.
Figure.42& A 2 8 PID A|o}7]8 54 215 that 913410} 45 melF1 glet. 914
wWel o 1527 29 7 %o 917 Yajo] MARE AN 1-2me] 9442 o9 52 5
m

) 0.015m2] LHFEE Holm 1211 52 e & gte] s-Hoto] eapgto] 1 x 10~
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A& JAAE skt Figure. 43S A HH PID Alo]7] & &3 Zr5of dit A Al 5=
Kool Qlet. 2 50 ApA| o] M7 == Al olA Rollo] 7% 2.5 degreeE Ho|2| Tk 2%

T Zth 0.5 degree®] QHFEE Kol 8% A & Ygtol SHste] 2azko] 1 x 107 de-
gree J ol Pitchw= A Wi o] HAE = A4 @250l 8 degreec] 1 2% & X{Tf 1.6
degree?] QHFEE Hol|1l 8% AL & HEZlo] £Eslo] @akgko] 1 x 10~% degree 12| a1
Yaw= A B gho] M= Al @abkgo] i 90 degreeo]dl 4% A= & P gkl
S9sto] eatgko] 1 x 107 degree HEQIAE EHelstdth. Figure.44-45¢ 1% 2 2pA|A o]
of A|be]l W2 456} 2 e ol nhA|eto 2 Fig d6-472 7} 2 El9] RPMz} Alo] 4 2
Qolo] W zto] Mak AHeIA 7158 ShHLA] 1529 3020] gho] Waksho shelgt 2oln

N/

Yaw

Figure. 41 Simulation using dancing plot
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Figure. 42 Quad-rotor position history for a given position commands
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Figure. 43 Quad-rotor attitude histories for a given position commands
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Figure. 44 Quad-rotor velocity responses for a given position commands
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Figure. 45 Quad-rotor angular velocity history for a given position commands
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Figure. 46 Motor speed response for this simulation
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Figure. 47 Motor control input response for this simulation

- 56 -




3. Zoll= 29 AlEHold =4

ol 3lu ABelol el A= 2 el o] 27] 271 9 sfebu]elis Table11, 137 FAstel.
Table. 145 27] R §Fo| 7, Table. 15 Hol & B4 F 217153 Ao A2e Z=2A4&

Table 14: Initial guidance commands for trajectory tracking

Position X Position Yy Position Z,

&a(1) 0m 0m 1.5 m
£a(2) 5m 0 m 1.5 m
&a(3) 5 m 0 m 0 m

Table 15: Guidance commands for trajectory tracking after obstacle detection

Position X Position Yy Position Z,

€a(1) 0m 0m 1.5m
€a(3) 2.0091 m 0 m 1.5 m
&a(3) 2.0091 m 1m 1.5m
€a(4) 3.5091 m 1m 1.5 m
€a(5) 3.5091 m 0m 1.5 m
£a(6) 5 m 0m 1.5 m
£a(7) 5m 0m 0 m

4. Zoli= 30 AE#old 4

QoA G 917 @ AA] A BO| oA ol 5]m e EL Zbale] A B o] AL
Zastglet. Aole 519 AlgeolHe] 2% At Fig4se} o] Dancing plot.o.& RS
o} Aol E @A & §0E o) ARe AARE Agstel A2 e FEHDS S A

N
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Figure. 48 Obstacle avoidance simulation using Dancing plot
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Figure. 49 Position history for the obstacle avoidance technique
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Figure. 50 Flight trajectory on the x-y plane for the obstacle avoidance technique.
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Figure. 51 Flight trajectory for the obstacle avoidance technique
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Figure. 52 Euler angle history for the obstacle avoidance technique
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Figure. 53 Velocities history for the obstacle avoidance technique
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Figure. 54 Angular velocity history for the obstacle avoidance technique
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Figure. 55 Motor speed response for this simulation
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Figure. 56 Motor control input response for this simulation
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Figure. 59 Velocities history for the flight test
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Figure. 60 Euler angle history for the flight test
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Figure. 61 Angular velocity history for the flight test
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