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DESIGN AND DEVELOPMENT OF MULTICOPTER
FOR INDUSTRIAL INSPECTION

ABSTRACT

In recent years, with the development of new materials, MEMS, MIMU and flight control
technology, micro UAVSs is growing rapidly and drawing more attention. Particularly, multi-rotor
UAV is subject to a great deal of attention and research. In addition to aerial photography,
multi-rotor UAV also has great potential applications in industry, agriculture, public security,
scientific research and so on. On the other hand, since the reform and opening up policy, China's
bridge construction continue to develop. In order to prevent the occurrence of bridge accidents,
frequent bridge inspections are required to find the defects of the bridges. And current detection
methods are mainly done manually, which are cumbersome and unsafe. So new bridge detection
methods are urgently demanded.

The main topic of the research is based on the above two background. This issue aims to design
and develop a six-rotor on industrial inspection for bridge inspection. Compared to the traditional
inspection methods, the six-rotor UAV won’t be limited to space, topography and other factors,
and assess inspection results from more angles and positions, which will simplify the inspection
process, improve the inspection efficiency, guarantee personnel safety, and reduce the incidence of
high-risk job accidents.

According to the characteristics of the bridge detection and the principle of multi-rotor UAV,
the issue will design a six-rotor frame, and do some simulation analysis. Suitable on-board power
system, control system, sensor system will be selected and tested, and integrated into the frame.
What’s more, obstacle avoidance algorithm and given trajectory flight algorithm will be designed
for bridge inspection. And the issue will also come up with some special positioning scheme
under the bridge for inspection process. Final issue will give a complete bridge inspection system
and build a hardware platform for industrial inspection.

Key words: Six-rotor unmanned aerial vehicle, industrial inspection, bridge inspection,
obstacles avoidance
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1.0 X 10™°Pa. #EULn] DAHERTAR AR LLBCR S Wi o X 58— R SS R IEAT 1 0 SR, R iE
BRI ATESE IR P, B BOX— XSRS AT 1 04T o AEAH R A AR T AR T, X
B RET AT T e NI BT AE B, ML TR R, SR ARES R I S o A o B T
R, 1 BB R AR R XK, SRIIN JI7E4.2 X 10°Pa, AL 56— R 1
RE,

& 2-18 HE—IR55 _hBREEE N 7%t
FE7%5 FE B REAR SR AL ABS V128, SSMIFINIEE T RES UAL . 70 WT 88 Rz

15 50 379 7T
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B SHANGHAI Ao TONG UNIVERSITY Tl A A HER $ITRIRIT 5L
FoaE B, RIAE AN IAEF 1R, i il 1 e KA RS KMETE 10mm 2247, B4R 1 W1 £ £ 100N/m,
WARWIFE LA 22 o K2R ZRREEMIEAT T oidh, I =3, B, EBAT SR, &
JER AR G4, EPAT R BRI 4R, B RS R A ABS TEMIIN L. AEMEZIR N, SEs
e KA RS KMELE 0.5mm 2245 , B4R IR I 7 2000N/m, FHEL T IR SR I 45 MR = 7 205 6 4 .

B 2-19 F IR E5H = BRI 5T E

316 51 3£ 79 7T
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EZE PHhARG, FHRGRAERSFHNEBEERMK

31 BHRFEIER

ANIERMB BN EEAREENL. Bk, BB, YU, E2RER L HER
3 FTCRI EATLAE A3 J1RI8, FAL KV AEZRRAMIN v B0 R 2 23 i e 38 . AN [A] KV
B F LT & AN [E )3, B3, 7ok, (RN R 75 ZE B R IR R IR, 1X I 75
TR KV BN 2, KKV AE B HEALES A /NR ST R e o f i AR o7 PR 28
PER R R AR HIE S, B A RIS, DAAE i B IR 3 rRL I H R AR K,
WEEAENLER TER, FIA A LAMHBER, CIERICEASZIZFER MR, FrelT
B IR P LR 1 FL

AR A (R A BT 5, MUZRERBAE 1.5kg /247, JHI4E 1kg 245, FRIB 1.3kg 7244,
AL BRI RGN R E &L 1kg £4, AARESHHIA S & HAab bt
PFEETIE 2kg ME R, BHLGE CEEXE 6.8kg /24, AL 6 MEHLIER T E D E
7kg £t

I AR A BB E, &K JFRC-U411-KVA420 F TR FEHLE NEh 77, Xk
BUAEAE 5mm, FEREE Ry 12N14P, HIALRST N EAS 48mm, & 31mm, HEH 140g. %
HIFLLE 22.2V B R Fi & 15inch JRIMISRAER, SRRt 28559 T+ 71, HOKHIRN 22.1A, &
KIL# Hy 6980rpm,  Th2E 500w, %N 5.72g/W.

B 3-1 BmilRE R

F 3-1 U4110 BN HE

IH ¥
LpE NMB
B EL1%(mm) 5
FE R 4 4 12N14P
FLATLR ST (mm) ®48 x 31

F17 0 479 W
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7 SHANGHAI JiA® ToNG UNIVERSITY Tk A AR TRt 5%
&R 4-1

WH ¥

1L 5 & (Q) 140

F 3-2U4110 HHLEFHHITTHISH

oiH S
RS U4110
HL (V) 22.2
I mt(inch) 15
FLI(A) 22.6
$171(G) 2855
38 (RPM) 6980
(W) 500
R (GIW) 5.72

RUON LML B KB N 22.1A, BT LIk $ 30A DL b i A i BV Ao 2 oK . iR R I B
Platinum-30A-Pro H1if, ZHIAE BN 31.69, FFLHIR 30A, HRBEE HT 45A CAEEL
10s).

V5K 6S £, 25 10000mAh, JEHLAE %N 25C, =& 1390g.

3.2 TKATEHIRFERZE S

3.2.1 WATIE s R AR e

AR T IR K Pixhawk KATIE IR HAT IR 5K, Pixhawk fEH K MCU & 32
K7 STM32F427 5 /7, 168MHz/ 252MIPS [f] Cortex-M4F %0y, A 1is 8%, 256KB (1)
WAF, 2MB [FAAFE, HHEET HATRE B Z 15— DIFE © s APM R Z 8 i
16MHz/16MIPS ff] Atmegal1280/2560 its i, Pixhawk FIALHE fE f7 iz & T APM, T DL @ik
£ Pixhawk K RAEAFFRKEITFG .

& 3-2 Pixhawk K474 5% IE T B

18 7 k79 W
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B 3-3 Pixhawk “&AT 3 Hil 2800 T 4 9

Pixhawk £ 5~ UART #11, 24 CAN #H, —/> DSM/DSM2/DSM-X #:1, —
A SPHEEE, —/NI12C #2101, P 3.3V [ ADC Fl—4 6.6V ) ADV #:1, F#F Futaba 2%
AR S.BUS #5110, 32 PWM Al PPM %N . F 14 NEBIER PWM iﬁjtﬂ, Hrp g A~Fil
iH, 6 ANEMEIE . I E TS PWM (554 ERIKs L, fliBhim sy T U
PWM E 5 AR B, xa. R4,

Pixhawk B 2% 1115 B 2845 L3GD20H 16 bit PRt Fr 3-75 M 5 2,  LSM303D 14 bit
TN B TR 325305 Fr SRAS IR FE R REI7 (5 2, 1 MEAS MS5611 it ok 3k i “AT 28 m EAS
B, AME GPS B AT E E MRS WAT AL EAS B TE AL

Pixhawk FIZ4T K& Nuttx, Nuttx 2&—SZiti A R EE 24 (RTOS), iEit Makefile
SCAFH R G, W CAgn S AN AR, R E e n] IEE RGP etT. RS NN
FE /7 “uORB T8 AT @ W, NFHFR T rf ARSI A G S, iy 5, W
AT DAY 2R AT 303 R e At S FH AR 3T 1), TR 77 {8 e S 30 T%/\r“ & 2 (8118

o

ShEiREL Publish
uORB Topics
IMEIRER2
Drivers §. g
AMEIREN RFEfE RIFERE | . REFE
Fl 2 EFRen
Nuttx

B 3-4 Pixhawk REiiEZE
3.2.2 ‘iBhiEd s p ki
o 6 ) 27 2 ) A R | R P YR AT SR B S M KA T AL B A 1B , Pixhawk

—J7 A RE A IR, T HIGERA SR D, TRl sk T B Bl gy,
TREBEH AR AL AR B . X Bk $E T Raspberry Pi 2 (BZEIR) AFE MBI H 25 .

F19 7 479 W
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B 3-5 Raspberry Pi 2
WHRERINA 900MHz K% T-PURZ ) ARM Cortex-A7 HIALFERE, 1G KINATE, 4 4> USB
O, —4 Ethernet #H0, —/>HDMI 0, &6/ 40 NEF 110 E, 81T LINUX £%,

AF -G MAKT L.

Name Header MName
3.3v 112 ov
3|4 Sv
5|6 Ov
GPIOT 718
Ov 910
GPIOOD 1112 GPIO1
GPIO2 13 (14 Ov

GPIO3 15 | 16 GPIO4
3.3v 17 | 18 GPIOb
MOSI 19 | 20 Ov
MISO 21|22 GPIOB
SCLK 23 |24 CEO

Ov 25 | 26 CE1

3-6 GPIO 3| Bjyid
40 > GPIO ', HJL/MFFRIIREI I, 433l al 468 12C. SPI F1 UART 4210, Hap
B AT LA 3@ S NG . TR REYR A Pixhawk FROGE T, #E#¢ UART & HI#E T,

3.2.3  RATEEH 28 BT

3.2.3.1  Pixhawk i

Pixhawk ¥AT ¥ il 8% 103 AQRS 3= BT IFUEI PX4 [FE4F, PX4 BRI aE T A
AT PRSI E . METE., BEEH . MEEHISS. AT Pixhawk MK,
FEAE Ubuntu R I KA FIAT

2 =M AT IR A, fiBhismI o & B, Foh i s
| R 0, A v P A S R o B A2 AR 2 T BB R 4 B s A A s 0 a2, |
AN, WIS AT BOERIAE, ATSIREN A B8 /T T, EidsimiE
BB TR MEE ST mEhEE T, @@ A sy, I X R ]
RAT AR SE, SRAIBH AT M B, SRR T DM AT R W R B

22071 H£79 7T



NP/ SHANGHAL JIA ToNG Uvam'w T AR CTRIRIT S A
AR TR ZA SRR B EAL R G, PX4 EEAEHA)E GPS, EFEEEEX BT AT ds R
Jiia) BRE RS, SRy AT S IOAL B S AT SR IR ) S R

TR, B8 EEES TSR A w i, @l 5. B
FHVEAREM, Gl —NEBEHIE, FH AR, K55 PRGNS I Mg 3K %=
B, G — Ml Eh, B MR, s By AT SR RS RERZ
BPEH G AR R H] 25 /2 PID 12085, 2532 a8 A2 P I 8s, A4
FHIY) 2 PD %l s

Roll, pitch, yaw iR

FHh
) {meinis | ]

fRRLERE fRRLER
SRR BERIR

3-7 FIEAT K HIHEE

FEA BT, Wi a @ EE ] VTSI E, MAGLE SRS (GPS. UK 14
B K7 T R R B T T AL B R 2 A, A — M BREhlE, AR ANEEE, KX AME
SREI0 AT AR R E, 2l i ae 15 2] — NS E, e R LS E A RIS
P A AN I A 45 P REAT TH S, R R 4 LIS ) AT SRS, S E A
X L AR s ) M PR s s I B PID Fsibl e, b B FIR0RE P i, &
A 4% F A2 PID 24 25
#5

£ ) memm) Q M \/ [masnns] {niE)

B UERS [femBiEE R BB AR (EEBREERE |
3-8 ArEMX T HEHIER
FEAT HREAS 230 AT S AT B, e Tahism s s R iR T, @
. BER . T =ANEERES AR (1, 1 208, B2 EErE S
B (0, 1) zZal, XHEHFR”N manual.x. manual.y Al manual.r. FEifEAF, H—4b)5
E’Jﬁ%‘@u SEE I O SASE, Bie RATA RSN A EESIT, B—iEr{ERk L
WE K KIS SR AR, W& s, RIRI15 2067 B8 H KA .

Y 5
PWMii A BN
(-1,1) x max_roll_angle

Roll manual.x roll
- (-1,1) X max_pitch_angle -
Pitch manual.y pitch
-1,1 X l
Yaw ( ) manual.r max_yaw_ang‘e yaw
(0,)
Thrust manual.z

& 3-9 FIHEABIERKTA
F4 Pixhawk KATHE G2 FEE B =T P HRIE FINLEE b, B T AT RIG6 AL R
e, BAEIEETE. BRRRA . DAL, REENR RSB EEHr) PID
. SHORTT R LS SEORN A E S EORTT . BAREENFATRESH, Wk
BB HE B AR 5 19 1 £ 258 Pitch_P+ Roll_P Al Yaw_P, {fHMAIREIZ 7 I
) ff1 3% [ 2 % Pitch_Rate_P. Pitch_Rate_ D. Roll_Rate P. Roll Rate D. Yaw_Rate P #lI

217 L7971
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e/ SHANGHAI JIAO TONG UNIVERSITY Tl AR ITRRITS A 4.
Yaw_Rate_D. ¥ ARE CITHBEEGEET L, B 6 A"SHMEE. HHRBHIE K
Pitch_Rate_P. Roll_Rate_P, HZ| ¥AT#ZNIFFLAH IR, fR¥F Pitch_Rate_P. Roll_Rate_P
[IME, Z#EK Pitch_Rate_D. Roll_Rate_D KIME, EZERINWEER, WERH—NHESER
RIS HE . SR5 1A Pitch_P. Roll_P e, B2 KAT8EEMHMAIRGA )7 A —A L
BPUE AR A MR . AN TR mALT R S8, IR RMEE S, R RES
BEE ATEHRNTT 830 — A H B A G AN IR o X FF, RIAT15 3] — 4 L A&
BESH. NMESHFEEMERXT T, BAESIMG GPS HIMEE FIFT, TR
KBEF PN [HREGENERESSHAMES G, T AT,

} J &

3-10 WHARRRLBESH
B 7 AT DRI, 9 T e T (S AR RN, WE T — AN AT SECR D
TRy, 183 USB A Pixhawk #EA7 5 FIE R, 4 75 A& FH ) EdR 8 5 1 RIE k. 7E Ubuntu
N Kermit 5 Pixhawk 47 55 FH@ T, S2HOM AR - PX4 [ 44 o i 3 A #2738 1 “aORB
T AT @, FTA (10N L PP A S0 A B 5 1A DLy 5 1T sUR A B iE i, AT
] B FH AR P 22 [0 #80T DS I i 01T el AE DG S, SR AR P 2 (Al i@ . Brbh, RELFE
AR T F, i@ T AR TS, AN S AR R R B

fE, BIATSEIS M .

UORB Topics
Nuttx IR
e=L71 R IEEEUERRF

B 3-11 & OERBEEFER
3.2.3.2 Pixhawk 5 RaspberryPi i 7l i

Pixhawk 5 RaspberryPi i ik UART & I TIEIR, @ RBERRREE N 115200, Jo#H
AL, ot WRRIRARIEEEE, Bk LLMIT k. BL\n 45 R 2 il A8 ke
RN IEHIFRIC, Pixhawk 1 ] —4 Ringbuffer (FRIEZEIX) S0t , By B8 10 E 4,
FHRE B A )1 R

2200 79T
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s/ SHANGHAI JIAG TONG UNIVERSITY T4 R 7R XTI 5 4
uORB Topics
Nuttx “ RAEE
WEK |« BOBTERF

K 3-12 Pixhawk 5 RaspberryPi iHAE &
3.3 f1RELERAVIER S5

FRIUNMER O AR, BT BRI IMUL SBBEE. U, GPS SRR, it
T T LA AR RS 135 B FE I A R 2 D S L, b T P R RO B P

3.3.1 AR E A 5
X MaxBotics A 7] XL-MaxSonar-EZ Z F1i 7 AL a3t 4T 1 I, 12 R IR AR RN,

HER, RVEE 0 £ 7.6 K, ¥y lom, 10HZ (iBCEZ, B LA =R o7
A, Ak e RO DA S D R

!

g
8
2
@
10

3-13 XL-MaxSonar-EZ & 5B 45 ikae

£ 3-3 XL-MaxSonar-EZ Z&FI#B {5 k5e5| BV
A ke

PIN1 WENE PR, 515 ME R O WE VR HCPR, 515 4 Bk
A TR A B

PIN2 ik Ga o X MB1200 (EZ) &4, 511 2 fr AR B B kb e B o 11
FPRESN, & om ARk B N 58us.

PIN3 R RS . XTI EVEEAE 7.6 KIHE LRSS, XASE] L
(Vce/1024) per cm B R . B FREARIR T, Bk r% HVu F 5V
oK 700cm, 3.3V K& 600cm.

2370 k79T
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4R 34

Thgg

PIN5
PING

PIN7

O RXo IXANG| BIE g P e W RANE R o B IR FE B, AR KRS 2
AW B & IR s . R E TS, s k. 20us DA A
Ae A AT &

O TX. M5 1 ANiEEEE BT air, DURb s 0 RS232 it
VCC, TAEHEIEREIN 3.3V -5V

GND

XF XL-MaxSonar-EZ 241 [FHE 75 i AL s AT T 5 bk, 76 IR G 75 7.6m S Py ik
AL AR RS 4 MB1200. MB1210. MB1220. MB1230. MB1240 iXJLik, @it & EHiZ &
H1 A TS (R B TP 3K LR RS 490 1) 3 S IX A T R R RN SR A e AN TR, R
M MB1200 2| MB1240 4K X FEAK, 5% 2R B8 FE AR k)

MB1200-MB1300 P tos0em

XL-MaxSonar®-EZ/AEQ™ Beam Pattern [0 (-341t)

Sample results for measured beam pattern are shown on a 30-cm grid. The detection
pattern is shown for dowels of varying diameters that are placed in front of the sensor
A 6.1-mm (0.25-inch) diameter dowel D 11-inch wide board moved left to right with
B 2.54-cm (1-inch) diameter dowel the board parallel to the front sensor face.

C 8.89-cm (3.5-inch) diameter dowel  This shows the sensor’s range capability.

| _750cm

Note: For people detection the pattem L :
typically falls between charts A and B f (~25ft.)
c .
- =L 11 _600cm
} / 11 \\ - (~20ft)
=i s
{ g 3.1 450 cm
\‘ W (~151t)
/ I 1d
ff‘(' r3 il W : || _300cm
1 k EEIN AN - ~101)
b e N
:,,_,,,\1, AT 1| _150cm
HHY 7/ )
‘ ’ [ '\ J _30cm
: ‘ (=11t)

Beam Characteristics are Approximate
Beam Pattern drawn to a 1:95 scale for easy comparison to our other products.

& 3-14 MB1200 3 5RIUAE

24 W

B
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MB1240/MB1340: XL-MaxSonar-EZ/AE4

The XI-MaxSonar-EZ/AE4 is the least sensitive and narrowest beam pattern in the XI-MaxSonar-EZ/AE sensor series.
This makes the senor great for applications in which there is a large amount of acoustic} The MB1240/MB1340 sensor is
also recommended in applications where only large target detection is required.

MB1 240'MB1 340 : _ 1050 cm

XL-MaxSonar®-EZ/AE4™ Beam Pattern 341)
Sample results for measured beam pattern are shown on a 30-cm grid. The ion
pattern is shown for dowels of varying diameters that are placed in front of the sensor _~900cm
A 6.1-mm (0.25-inch) diameter dowel D 11-inch wide board moved left to right with (~30 ft.)
B 2.54-cm (1-inch) diameter dowel the board parallel to the front sensor face.
C 8.89-cm (3.5-inch) diameter dowel  This shows the sensor’s range capability.
Note: For people detection the pattern _750cm
typically falls between charts A and B. (~25ft.)
Cc
600 cm
— 5.0V B (~201t)
@® 33V
450 cm
A (~15ft)
~300cm
(~10ft)
/ \
{. _150cm
R (~51t)
11 A J _30cm
(~11ft)

Beam Characteristics are Approximate
Beam Pattern drawn to a 1:95 scale for easy comparison to our other products.

B 3-15 MB1240 ¥R E

MB1240 )R BUZEUK, WA EA, WA 5 2 20 AP, & FH TR0 I b T AT T
MB1200 7 0% 5 Bk R w8, 3 TRl 7S e 32 8 R PRI B 4 . i LLe 4% MIB1200 [ 7
YR TR0 A2 A 3RERE, MBL240 (175 4 FH 1 1 T 5475 1l P 8 P G )

PRy 425 Pixhawk b 5A 2 05 8z 1 (RIS P42 22 A8 75 AR TR, T LUK 75 I A% T2
e\ B BRR AP AT AR B, GRS ko e B L PR R, RETHE S
(PEE B B R 45 Pixhawk E8000F, B EREEH VTHEMNEES S50 E.

3 S TEASEADL PR A R ORI B R, R P A AR AT T ZE A T SRR
T P SR 1) B i HE AT A D B S B

B 3-16 3L K H T HdHR

25 L7797
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3-17 BkTEHH T HIR

3.3.2 OGN AL AR X e A 5

g5 A% Hokuyo 2 & [ JL K BO6 I BE £ B85 3547 7 I BF, B+ URG-04LX .
UBG-04LX-FO1. UTM-30LX. UST-10LX/20LX %%, 25 & 234 oy BhE N T = /M5 1)
A5 DA AS FHEOEE BS, 6 UTM-30LX 2 S0 6l BEACVE g BE 5 A AL 8

UTM-30LX SO frAL B4 AT 25ms/scan HIF3EF 18], 30m HIMEETEFE, 270434
WO, EHTEARE, WEEE, mpNR, EHTEEZEIS LN RSN
60mm*60mm*87mm, & 370g, 7£ 0.1 F] 10m {15 & A+30mm, 10 | 30m [k £ A450mm.
HR AR 08 USB2.0.

£ 3-5 UTM-30LX Bt BEfE R 3E %

251 K

e UTM-30LX

IR 12VDCHO%(F: &K 1A, IEHEEN: 0.7A)

JEIR e SARBOE M (A=905nm)
BWobtZ2%E% 1(FDA)

oy 0.1-30m, #iE Ak 60m
HHEE 270°

FEE 0.1-10m:230mm, 10-30m:250mm

FEREEE 0.259360 71,440 steps)

E=EridinglEl 25msec/scan

R < 25dB

R USB2.0

BEYRE %484 SCIP Ver.2.0

2E 370g

UTM-30LX BOEIEE A& AR /RS, IITE LA £ 7Eiefs . anl& 3-18 s, 1%

252670 79 7L
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P SHANGHAI J1a0 TONG UNIVERSITY Tk A AR TRt 5%
JECHS HAINSE Bl A Step0 3 StepD, iy 270 Step0 55— ANl £, StepA Yk iE HIHI LA
4, StepB NEEKES IEFT 7 IE AT, StepC AL ML S KM E &, StepD A g — ANl
e UTM-30LX B0 I EE A& R8s RG] 270 K& M 0.25S At AU & % Re g it
1081 /NI &L A5

Front

Detection Range (E Degree)
Angle Resolution (360/F)

K 3-18 BRI MEFHEEE A
UTM-30LX HOEI R JE25 R SCIP2.0 $64 R4¢, Eid i R IEM N 84, 5l A
BRSSO BERE . gk 3-5 Frn N R B — L35 4,

£ 3-6 SCIP2.0 XEHLSE

4 e

\AY; FERREAE RCAR G T, WP A5 R A S
PP fR IR AT IAS(E B

[ fRIRBRIBITIRS

MD/MS ot e AU R RIEdE, Hd MD Oy ="7F %%, MS N 715
GD/GS WOt — O R s, Hd GD A ="71F%h%, GS N 714ty

BM fERETHE
QT KO
RS HE B
™ A2 065 EAL

BOGE RS R 4y EALR B R 2 b i, PR R EEE 12 A S 7 3 o R o
PRI =7 hS . A iS N TR Dy 12 AR . il i 8l 2 ou B 6
fr, RJEH 30H AN, Ak ASCIl F4F . =FFFgmbs N H T KK FEN 18 Fr%dE . 2%
skl v B R 6 A, SRJE 1S 30H AN, Fetky ASCI “#4F. FirbL, fEBERGRDE
MG, RN TR . I="7fF 4t o0, 18] 3-19 F1&l 3-20 70 o 1 4ifis 5
R

5432mm = 1010100111000,
| Separation
000001, 010100, 111000,
| Hexadecimal Equivalent
1H 14H 38H
| Add 30H
31H 44H 68H
| ASCII Equivalent
1 D h

H27 W

Pz
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B 3-19 =FVgmhEMmEideE

1Dh = 1 D h
| Hexadecimal Equivalent
31H 44H 68H
| Subtract 30H
1H 14H 38H

| Binary Equivalent
000001, 010100, 111000,
| Merge
0000010101001110002
| Decimal Equivalent
5,432

Bl 3-20 =FgwmEMAERLITE
i/ GDIGS 5 MDIMS 454 HUBOCAL BEs R, @i e ek aa &, 4k
M S AR, WO R B e i@ — 2 1 sUR I . 48R KN T 64 71, %L
B AR ORI DR, RN A NS gD ASCI B, 5 AR MR
PPN B ZE o BB KT 64 A0ET, Bdi i 64 Sr4lpl— AN EdEse, AR HYS # 6r
NI —ANEZE, a7 IESE = A — MR R H 4R

M | DorS | Starting Step | End Step | Cluster Count | Scan Interval |

Remammg Scans LF String Characters LF
9 | 9 | b | LF | Time Stamp (4byte) | Sum | LF |
Data | Sum | LF | LF

B 3-21 FIE/NT 64 it R ERIEIBLEW

M | Dor$S | Starting Step | End Step | Cluster Count | Scan Interval
Remaming Scans LF String Characters | LF
9 | 9 | b | LF | Time Stamp (4byte) Sum | LF |
Data Block 1 (64 byte) Sum LF
P —— Sum LF
Data Block N-1 (64 byte) Sum LF
Data Block N (n byte) Sum LF LF |

3-22 R KT 64 St REIRBHR S

FIFMRRIRIES USB & MU RS BRS8N A oL 2 1 B 515
. NTHEBEMKEDESCHERREBE R, 257E—ADER 320mm K R4y Ffl—A
300mm*330mm K 77 44 P HEOG R F RS FE AT TR, R EEE S NE] matlab BT 4b
1,

WRR—: B4 320mm HIEFAR N

2871 k79T
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90

180

2m

3-23 [FkEARA 2D KR EE

B 3-24 [Ei:faN 3D HIEEHR

it MATLAB 5, M5 1) B4R 1208 N 318mm, fix K AE A 333mm, /) 302mm,
K5 ELE+15mmbL N .

WA —=: 300mm*330mm K7 &

#2951 379 7T
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90

180

270

3-25 KW 2D FEE B

B 3-26 KN 3D HiEEHK

it MATLAB TH&, D45 A RE ] 58 B2 (1) T 34E 2 303mm,  f KAE N 316mm, f/NK
282mm, FEEETE+21mm AN 5 FEE I35 BE D 330mm, 5 KN 344mm, fz/NA 310mm,
FEEEAE+20mmBA N .

WO PEAL RS AR FRAS BEAE 10 SKEAN A £30mm, B IR R 4h SEAE RS BEVE L A

PO A N BB ER I USB #5200, R A2 IR SO0 I EGE,  BHE IR
FCHAR AT AL, SR — ES R EE R s ME, AR/ MRS R A EALE, RS

#3050 379 7T



Y savciia o Tona UNIVERSTTY Tk A AR TRt 5%
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VLR EERES IS BN HU T, BEREIELL 4 IRV b 3th S DA I PR SR B SR ST 0, S REMS SR ii5
MRS E AL, BT LA = 6 a2, SR RAG IN A 8RR 21 1 285G B A1

MBI, %+% GoPro Hero 4 AHAL, ZARNLE — N IMBUK BT RIS SIAHHL, RENS KA
4K FEE LA, AT DARIA D 30 MU EEHASE 1200 JTAR R T, FEACH] DU 240 SR 22 )

Ko
~ HER]

& 3-28 GoPro fH#L

=G F B T 222 [ e AL, DA AT G2 AR ik 2 o D55 0T 7 2 18 JE o A7 S8 i ik 47
faill, FrCLERRRARE HEM = G R sell. ARSI 7T — N2 HHENS G, Za el
A AIAPFRER BN 7 (0 E HEE, iz ahiafE 240° , BOREFVEHE 110° B e G wd
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B« AR =07 17 R S8 8 o @I AT /NANIE R B LIRS AT BRI A S S
(OARINEETTR

H AL A5 B 7 AR AL T R AN ], w] DAAE S BE 3 43 X B R+ A4, DLE 2-2
HRX B e R B, e RUE @ LR TUR 5 sl AT 8 1 i2 3

(L) ffizsh: ®ATREEHENL 1. 2 FrfEfibitsh. Bl 1. 2 #lA4E, Wl 3. 5
B T, L4, 6 Fl N, HAA MR SCREAF, AT AR A AR (R
AR, BRI sEl RAT S LR BT

(2) BRiZsh: YATEREEE THAL 1. 2 FrfEmihish. bl 1. 4. 5#E BT, W
BlL2v 3. 6 % NFE, HAEHL 1A 2 cR A, Bl 3. 4. 5. 6 FHCREAME, 7
1T B AR AR AR AAR, RIAT SEB KAT B 1A A2 R TR

(3) fWfiizsh: CATSGeR H T e . /NieE AT 2 1 nAis 3h 3 2 S e 3 e
A 1A S S B o e 3R B R bl 2 SO IV E 36 RAT B R 5 55 30 7 TmI A e 11 S
B, ONT SRR, RN REAP I EA RS, =R, B A R BeR s
FIAH S o AR (1) K /N 5 e B SHRAT 96, 47NN LG AR [RD B, DO A g 38 7= A 1 S FL A AR
HAPE, DU CATSARARE ) U BFESEAN S N, KIEHEA T, sl
AT RSN . L 1 3. 6 B, HENL 24 4. 5 ERE /DN, HLEEALEE A O B AR [
T A] CASE I AT 2% B 4w iz 3 .

(4) MEFBE: CATSHERE T REEEN. RIS A LR, o o AR (A
A, M¥ATeeEE BT 2B/ E, CATaEEE N

(5) KPR RATEHRE KT IRIESE). KT8 K T 3@l o KT 8 s s
S R RAT AR T SR R 125, HEAE RATRR LA — A R AT S . [ B
o U AT B LS R SR AT R A g S

337 L79W



T
=1y
Mo Tone

XFERAAY
SHANGHAI JIAO TONG UNIVERSITY I.‘J-ki(i(.*‘f‘zﬁ #ﬁ%%?i’%i&i‘l‘ﬁ ;:Fﬁ

R

"

&
e

B 4-1 ANEEEKEITER
4.1.2 JNHREPEEEAA
TE XL R AR BR R A — AU 2 A b &R, FLrP LA 8] Aebs R X, I IE T RN
SNIEEINLEL T W, EESHLEL T HE SONY,, RIEATFENE XZ,. FrSheE i LR
JE AR AR AR PR R A s, DAHBTH A AR ATy Rl A4 F e s S r — MG A A R (W
2-3). JE XINIERE FIAEXS TR AL AR RIALAR A X Y. 2, EXMERIENT,
X
r= [y] (4-1)
VA
7SI SR R AE Bl 8 LGN IR AR R = ANBRAL AL, B ASEX, il 5
FIRETE A @, GRY R AMEL SN 0, RIGRZ, MBI mAT A v (N 2-4), B VRS R&E

Ha,
¢
q=[9
Y

(4-2)
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v : | Y

X'
B 4-3 BKATHRIBRA WA K mism

IR SCES S, RV AT AU AR RS S T IR AR bR 2R R AR

cosypcosf singsinfcosy — cospsiny cos@sinbcosy + sinpsiny
R = [sim,bcos@ singsinfsiny + cos@cosy cos@sindsiny — sinpcosy

(4-3)
—sinf cosOsing cosfcosg

4.1.3 JNIEEW ) SR

S CHRTRIN, RO ER SIS LN, T UM B AE R AR T M B AR R R
WA EARAR RNE = {x,y,2}, HURAKE RNB = {xp, vp, 25} TENURAFRR T, NHEESAD
LRSI BAR [ 2 1275 180, NASHNLITE /39090008 F1. F2. F3. F4. F5. F6,
I P2 2R 6 RS AS LA, 050108 M1, M2, M3, M4, M5, M6. HiHT 7S e 3 1 TAE
JRERE AT, ESEP SRR LS S EEH], FTRUE XEUF 4 MR

Ul =F1+F2+F3+F4 +F5 + F6 (4-4) U2
1 1 1 1
U3=(F1+5F2+5F6)L—(F4+5F3 +EF5)L (4-6)
U4 = M1+ 3 + M5 — M2 — M4 — M6 (4-7)
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B 4-4 NRRERKT . HEREE

ANTEFRIIRIRE) 735777 REn] i~ i ARE

0 0
mir=R| 0 |— Ol
U1l mg -
U3 (4-8)
1§ =|U2
Ua

Hrp, mONBeRMBIRE, g NEIINERE, | NESHHE, r NieR i ERRE, q
NNTERRPLSFERE, R AN R 28 B AL bR 2 1 e b K o

ESIEIEE
%= U1(sinypsing+cosypsinfcosy)
m
.. _ Ul(sinysinBcosp—cospsing)
m

. Ulcos@cosO
i=—-
m

{ . U2 (4-9)
2 =a
G = U3

lyy
U4

J

IZZ

Hilys Ly L3 BOANTERSE X Y Z Ji I E i
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4.2 EERERZRIT

4.2.1 kel RGBT

X R, T EE AL BT A AT AR RIS M B S A B A R W
A OGRS, oL R BRESEHRREE R Rm M 270° , JEHAFLE 90° MEIX,
T HL AT 88 R XS TV EA I, e S B A T )k e

A SRA A ASE FH R 75 AR SR d AR NI b 23] [ 5 7N AN A U A s, T TRl
AT AR VY R R AT , AE R T 2 5 AT D] 5 — AN P A R TR e T TR T
PEES . IXFE BAR VT LA BN A 5 A MR (5 B, (RSN 3 E il s AR R8s 2 /2 1E
EAMIE X, tBICERE e I BEREE B . —RhR o7 22 A B BUR T 2 R A L S,
{HIX AR T T BAESE M DR R, (EHLEE RS 228 R 2 s I e A S, 1T
HaxFh o TG EH KA 2 1) 110 FRBGE A 5E . 5 —Fid oy SO BT — AN 450,
FH FBATLIX B8 75 A Sk i A L4 R — o o S e 2, 345 360° YU [l P BRAS P 15 B LA 5 X
MIAFELE, AEEX P s — T A AT ARG It 55, 1 B A 20 AT 387
A —TE A, QiR AR R, S AT BRI AT

BT LA, BROphfd SO AL I A Bl AL B, T RE TR IR B — MR AT R R, 1X
B T BOGAR RS A 5 AR R A 1 77 20, A BOGR RS ET T 270° BI3EH,
R AR A A I AT 88 S5 7 e 7 5T T IR AS PIRE 45 B, S5 A AL B ES 045 R dk AT ek
B o P BT 7 IO A T R 75 A% IR AT B S R IYE L s = B O AR RS R T /AT
AR B, E ATERE PR K2 WA BAE 3 /> MB1200 i 75 1454, @
BEFOEAL IS 51X = AN 75 AL I3 RAG I 7S e 38 B B g (5 2., B TE RATA NN
MB1240 A& IR HL T A BE 25, SlBV ST ATy B A, AR K ATH8 77 1 MB1240
T 7 A R 2 LRGN 7S e R S M TR PRI PR S, — 5 TR AT DABY (k7S e s BATRTED, 59— 5 T AT A
15 75 T8 AR FF ] 5 BE S RAT o @I RE )7 3, RT DARG IR A T ks L (R BRS04 ., A
T HE AT 2 6 A

WO B AR R 75 30 A B TR B B e W R YR T, AR e dd A o e AL B Es 1 A
FEE BOAHR . 68 75 A% B8 I BRH R %45 Pixhawk ZbFH, 25 8h) KAT 22K 48 AT B 1 7S e 3
filf b BEASA) o
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B 4-5 7 Be B WOt 5l L R e s R

4.2.2 ARG EERT

W — N AR, OGRS AL B A I 2 B B PR BE B KT AR e, AT 8
BT, SRR IR N T2 R e, 2 NS A AL E, DIbnEss s mr it
T REE R E S, ISR IR — e IR, B AT A AN RS

MU RSF N EALR 800mm, B FBERE45 1, #AAE AN 1200mm, e S35 i #
HLO I A EE B  1200mm, YRERSYEE 5/ T 1200mm B, 3 RERREIRAE . 0L 1E R
S0 WU 380 1) BT (R BRI BE 850 X, BN, 15 75 AR A A I 3 I PRS0 BE 2 X1, A
JEN 270° , 2 SiE R ALIEES A B BEAS IR 28 X2, N 240° , 3 Sl A AL A
MR RS YIEE B N X3, fFEN 300°

EL#¢ x. x1+600. x2+600. x3+600 [ K /):

1) x NEe/ME, H x<1200 I, BObAE A 24

laser.x = (1200 — x) X P X cosO

(4-10)
laser.y = (1200 — x) X P X sin@ (4-11)
ﬁ¢,0<P<$?@ﬁﬁﬁpmk¢,ﬂuﬁ%ﬁﬁﬁm%&ﬁﬁo
2) x1+600 N/ ME, H x1<600 i, 1 S5 REsH L.
sonar.x = (600 —x) X P x cos%’I =0 (4-12)
sonar.y = (600 — x) X P X sin 2 = (600 — x) X P (4-13)
Hh, 0<P<—

600’

SGURYRENRI DD A NICIROS . REPay i Sty
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3) x2+600 JMig/MHA, H x2<600 i, 2 i /5 1L KA AL
sonar.x = (600 — x) X P x cos%n (4-14)
sonar.y = (600 —x) X P X sin%ﬂ (4-15)

4) x3+600 Nfx/ME, H x3<600 I, 3 S48 mE LA

sonar.x = (600 — x) X P x coss?n (4-16)

sonar.y = (600 —x) X P X sins?n (4-17)

PR, A SN2 E i, VINDE S I ER I HEIE, 8
T AR A I T S RS N B R S BUEH

laser.x/sonar.x
R lasery/sonary —— o
PW M A YR
(-1,1) x max_roll_angle
Roll (1) manual.x n . roll
-1, X max_pitch_angle
Pitch manual.y e g pitch
-1,1 X It
Yawr (-1,2) ———— max_yaw_angle
(0,2)
Thrust manual.z

4-6 BEREEH R A

AL BT, RPN T 2 e, UIBEE A xo y 7 AR lEE, T
B 7 AR A A T S RS N e B A B BE(H

43 FEMNHFRIEIT

AT AL SN AT 2K EE GPS SKURHER e L 5 L B A% . GPS H A 8 i 4x 1 |
SEN RGBS . TSR, (HRAEAFRSYIFHAA SO T, GPS e kg BE R K
N, BRI EI GPS 55 . MM NANHATHRATINT, DIFRAIBHE,  GPS
SR, AR S A AT e S BUROKKIEET . it MUEE GPS Toidk st Je AH UG
MERL, & ESINBEN T %

4.3.1 FET s EALRISN GPS B X e TR

AR AL AR AT ©AT A% WAT DT ORI, AR S RIS, L AT e B
BCRATER I AL E (x0,y0), I ZIE0 B =AM INIE FE 73 Al Ny~ Na, M Na,, 7
I BT PS8 DT 1) 22 Dl UV P s P2 R A R 1) AT 45 R o B AN 2 70 ) 9 -

x() = x(t—d,) + %axdtz (4-18)

y(®) = y(t—d,) +5a,d,’ (4-19)
Horbx(t — d) My (t — d) N T — B ZIFA 545 20 B A B A
™ GPS ENAMET, AL AR A GPS AL BT Kalman JE G 7E

397 791



e HEdrE
Gt/ SHANGHAI JIAO TONG UNIVERSITY Iﬂi(ﬁ*ﬁﬁﬁ ﬁﬁﬁﬁ‘%?.}%ﬁiﬁ.ﬁ._g%ﬁ

i, HEIRKENS R 2 GPS #ANE X W 2T 3 Fiw, UIRBIBIEFHA
gi, MM GPS $RELRIHIGGE AT, R AR R AE R IE W 1) S AUE L.
a6
v

IR15 GPSHIE
%%buiﬁf&%’r‘s‘!ﬁ@%ﬁk%

HiEGPSHIE
wWE YIS E
!
GPSf3 Y
FiTK?
N
GPS. i3 B A&k W INEE. Hr
2232 Kalman JE Wi EAE
: |

o H AL B 23R
& 4-7 ETIEEERREK GPS EXEM TR

KRN TT RAFAE R R R, RIS (R A 2R GPS 55, ‘AT Al S L EL 1Y
RZE R RAUE R, BreAnl DOBE BOE AT 48 AT HOPUIE, (8 AR I AR A AN A T
HSRIZWCE B GPS 55, BLR/ININIR B vH Al 5T A7 B R AR ZE

1=
T~

_—

N

/

>

&

B 4-8 ETINEELRRE GPS B X2l WATHE

4.32 BOCIIRIRELTT R

WAL RS IR F o] DAL A0 A G 45 B, B R 0 45 S Sk T A,
AI DAAS 3 PR ) 4 ], AR [R— T N, KOs R B ME B S M 1 i B T DL,
BRI SRAF O G AL A E AN IR R A B

TONCAE IR AS 1 ) B A 45 b P 20 1ok 2 3 ZE7E ROS (Robot Operating System) #1347 . ROS
2 HH Willow Garage A F & A0 — NN NERIE RS, % RAFEELN TR ENIEE A
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RAIRAIARIS 2. ROS BB NH K& P it —LehrE B E RS, O MER. K2
WIS PESCiF BERENE]TH B DA SN B A B A, TR 3 v] LUK BE 22 (RS e 2 D g
IR L.

ROS ARG MG LB T =N ER, F—NELN M RAH, FEANEHNTEE
P, =AU X g1,

3

[ie] [mowms] [sumen] [we ]
Gina)
e e [ | [ 1% | EEEE
[we] [ms] [wm]  [se]

B 4-9 XHRAZATHERK

M RFE R F LW S — AN DR RS Y, iR EE N E AR IR, ATIRe
B ARIMHECFEHEE . RS A LHABAEA R SR T . ThRgf2& RoS BAT4H
N EEATE A

ROS MTHE LR FEAHETT A AU S SRS HE. RS EEANEEL
FH. ROS Rt — MMET AR NG, R ETA I S RET) R 2%, H5H
S S, SRICHAR T UK HE B, 8 B S 3 R A B 2% . =7 i el i v 2
FAHIER, 3R T W R AT A B R S

FEUE A X 2 3= DT ROS BRI 7 THI Y N 45 o

1o FO AL IR B AT B FE A S5 3 P P B A 2 B2 | DA R LA T AL SEEE:  hoyuko_node.
laser_scan_matcher . gmapping . Hoyuko_node & — A~ T 3k 15 W06 B4 09 3 &
laser_scan_matcher X DR H THSCEO G BRI, IF0H M OO0 s i a1 T
XTECAIVLES, Al 5 BOGAL B A T AR Aa I (AL B AR BRIF R AT R, A BOGR RS AT
A E AT EERHXATIRE A E R, gmapping IXANIHREE F B H T-#2UL hoyuko_node KA
BWOCEAEAN laser_scan_matcher AR A B X, S8 )5 R A A SE 0 3 &

st | [3 et = Meure £ 0NwGos  § PublshPoint 4

ROSTime: [1432469434.31 | ROS Elapsed: [1130.12 wall Time: |1 X wallElapsed: (113012 | [ pperimental

H 4-10 ERFHKHE
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BEBS AL BOLIRFFACTIRES

433 fhREuhEN T E

XHEHHREH T AN HLas N Rk B E M k7 AT 1 RBT, 7 foR Rk
A, SRR A A XS5k A AT B BRECE AR o, SR R B L o7 T AL ES N B R fn 28
fi ', ENREREILEIHS FEKULT, FAMCESE LT 50%50 KA XA A B 4 ARG 4L
L ERLRCR, Bom alis 200 K. RGEH YA K BL Bk . ARSI ST 18
LR E XA B DU (B Db ROfAEES, B8 Wkl 2 (] AR B, AT s B
bR, B SRR A T IUA (BGE LD MRk e B, RVATS AT s A T
Pk A B ARSI, RSkt aT LUK GPS BLEN WATHSREAT € AL, Mok THF R

T GPS 155 Z 1 1] i
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B 4-12 EYE RS

342 51 379 7T



4y - x4 A

% v J @-* SHANGHAI JIAO TONG UNIVERSITY Iﬂki@*ﬁﬁﬁ ﬁﬁﬁﬁ%?i‘%ﬁiﬁi‘l‘.’_ﬁ%ﬁ

FERABE G RGN, T ANUA PRTT RS B SR XN (A7 B

a. £ PCImfsfi B85 5

Tl 1o AR N 38 T2 IR 55445 o, AR iy A\ AT B Rl nli - TR0 28 p ) DX 4 BT 7
PR XIS ), I windows T HIEI 2R GE ml MRS AR ZEARDNS T 4 DMl ak
Mfr BARRR (x, y), EIETELALHR T NARIELS T ANLAE

b. fEL AN m A EEE

AT g 8 S Ao BB TR i ) AL P DX SRV L 1 8 2, LA i 25 T LI s 1 B
B L BEEA el vl TR RO L, BLAR AR A B P e R 1 S OOb R R O, SRRl T
SRR AR DX A R B AR AR

Tkt PC i AL EAE S, RN RO EE S, #H B e il ok vl A &
RS , X AR 7 2 B E ] T P T € AL, (B T MR A I S e [T A58 T g oL
BRI ERAE R B S f i Ak 3t 2 T P 0 P A N ol L BORR O o Py DAt X X B A vl R G idE AT 2
D B A A I AR RE A

BARKISGEE IS A 4 DMk, RSkl EREE —MibegE, DA BRI
PR ] DA H A S A HAD = A A B, B bR %R X-Bee (—FhJET Zig-Bee
MRS . TR CLREEHAD, @it X-Bee ¥4 FH S 5 Rk BN B HE S, T THEH
DUkl 2 Ta] (AR BEES o SXAE, AEMF FIEDE 4 Mdtat)E, Jof A TIE DMkl
P AN B E —Mbeas, TEANL LR RbR 28§ FOR I ABURRS T 4 Akt i)
FE B AE I BN LR AL T 38, 72 HE T DU Gl R X 2 28 DA T8 AL 85 U Ak s 1) B 25
)5, HUAl AT JE AN UARR - 4 N2k (A8 AR

LA By C. D YA AR — DS AR AR IF R ST ELA AR R &R, X HLBL A 10N
JE AT, BARRIFETE XK B8 a M b, AREEERES DYAMMAERE OFEES N d1. d2. d3 1 d4. i@
RS, ATLAS RIS A h, SR ] DS B AT R 4E x-y T (324 L (x0,y0)

2
og 2 fa,2og,2d2irds?—da=de?
h = d12 _ a2+d21a d, _( 1 37+ _ 2a (4-20>
2 5 a2+dy?—di?\,
Xo = [do" —h? = (———) (4-21)
2_42
=l o (4-22)

0~ 2a
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44 FEHIEKITERET

TESEIUNE R (1) 8 BT, FEA —BEMRRS /N e R AL E AR, AR
GPS 1E AL & i A BIEAT o 5 vt o A8 A F A e S 7 2K, an) A Akt e e, o m]
TE I MRV S B R AT A 1 8 B I

KW T A PUB AR L SRR E AR, B RATRE AT R Lk
J7 IR ZARFEAA, @ tBCUETALE S H AR s AR B, 25 VATERAE X\ Y T3
FRA RSB P AT B8 MR M A, AT RR LSk T AR 2R B AR A, B
Bl =AM E, ECYATHIAA S B AR B, AT T IR TUE S8 AT S LSRR 1) H bR
G AT A RE ATz s Rl .

TEAEHH GPS AT B ATIE, T RB4AE — RIS, MiaE B HEES AN
FE R Pt LB S BT R AL AR R T A FE LR S B AN AT 38 AR AR R o DL AT AR
AL EAE N CAT A AR R IFE AT, CAHLER AR AE N X fil, HOERROALMEN Y B, BAEAN 2z
ST AR R o RSB LTS 5N LON_O. LAT 0, MFTHIL L ALFR N LON. LAT, h
RPN R

North Pole
9f

@

/30
~

-9¢
South Pole Prime Meridian ™

B 4-14 HPEALIRRREE
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T E S R AL E A

ALON = LON — LON_0 (4-23)
ALAT = LAT — LAT_ 0 (4-24)
W JLEEAL N L A BR 2 T AR FR
X = ALON X — X R (4-25)
180
y = ALAT X — X R (4-26)
180

ZFERUR] DAL RAT S SBER AR R T IO AL B AL BT A bR R R A L
4.4.1 GEMLIAfAEE
SERTARR T, AT 8L WATRERE AN AT SR I A, BRI ] AT A8 A (A AT

BOR BN YA E I BAMI B . VSR VAT S IO B ARG A A(xL,yl), BARKTAS A E
ALBRAN B(X2,y2) .

4 Y(N)

B (x2,¥2)

»
Lt

A (x1,¥1) X(E)
B 4-15 BN UITAEE

B RATE AT R ATENE A /U, BRRERUE, R B AR RS ST A
BAEx Fy T ERRZE, Ax =x; —xq, Ay =y, —yy, RIEH E AR B 5 2410067 & ) i 2
BN FIAr B s AT, AT A B B BIE H A B, AR AT LR
HFER .

SERTL A AR E P AT, g mi e AT R LSRG 25 1 — AT 1, AR B
A SO T SO AL ) 5 72 7 EARBLAA $5 A BE AR 5] 1) — A J7 R R L T 7T BAE T AT

4.4.2 iR

BLSKTT 1) 5 AR RRU £ 1 S A1 8 AT SR IR Ay (0° < ¢ < 360°) , B4Rz
EAA FoAHERMEN B, HETRAA AL, TP RS H, SavES T4
H AR S Z B AR A a2, B AT &S H AR A B 5AS H
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B 3%

P — WRIRIERBOCEIE & ORISR

#include <stdio.h> /AR N SCx/
#include <stdlib.h> /> Bt R E %R 5 S+ /
#include <unistd.h> /*Unix ARERREE X */
#include <sys/types.h>

#include <sys/stat.h>

#include <fentl.h> /* U E SO/
#include <termios.h> /*PPSIX AimfxtilE X/
#include <errno.h> /*ERT E L/
#include <string.h>

#define BAUDRATE B19200 ///Baud rate : 19200
#define DEVICE "/dev/ttyACMO"

#define SERIAL PORT "/dev/ttyAMAQO"

#define MAX DISTANCE 30000

#define DANGER DISTANCE 1600

#define WARNING DISTANCE 2000

int read fd,serial fd;

char databuf[4096];

int frame len;

bool frame start;

char distancebuf[3243];

int distance[1081];

char parse head[2]={'G','D'};

char parse end[2]={'\n','\n'};

char send buf[50];

int set serial(int fd,int nSpeed, int nBits, char nEvent, int nStop)

{

struct termios newtio,oldtio;
if ( tcgetattr( fd, &oldtio) !'= 0) {

perror ("SetupSerial 1");
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return -1;

}

bzero( &newtio, sizeof (

newtio.c cflag |=

switch( nBits )

{

case 7:

newtio )
CLOCAL |
newtio.c cflag &= ~CSIZE;

)7
CREAD;

newtio.c cflag |= CS7;

break;

case 8:

newtio.c cflag |= CS8;

break;

switch ( nEvent )

{
'Ol:

newtio.c cflag |[=

case

newtio.c cflag |[=
newtio.c iflag |[=
break;

case 'E':
newtio.c iflag |[=
newtio.c cflag |[=
newtio.c cflag &=
break;

case 'N':

newtio.c cflag &=

break;

switch ( nSpeed )

{
case 2400:

cfsetispeed(&newtio,

cfsetospeed(&newtio,

break;
case 4800:

cfsetispeed(&newtio,

cfsetospeed (&newtio,

break;

Fe21l K79
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PARODD;

(INPCK | ISTRIP);

(INPCK |
PARENB;
~PARODD;
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B4800) ;
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case 9600:
cfsetispeed(&newtio, B9600) ;
cfsetospeed (&newtio, B9600) ;
break;

case 19200:
cfsetispeed(&newtio, B19200);
cfsetospeed (&newtio, B19200);
break;

case 115200:
cfsetispeed(&newtio, B115200);
cfsetospeed (&newtio, B115200) ;
break;

case 460800:
cfsetispeed(&newtio, B460800) ;
cfsetospeed(&newtio, B460800);
break;

default:
cfsetispeed(&newtio, B9600);
cfsetospeed (&newtio, B9600);

break;

if ( nStop == )
{

newtio.c cflag &= ~CSTOPB;
}

else if ( nStop == )
{
newtio.c cflag |= CSTOPB;
}
newtio.c cc[VTIME] = 100;//H%

newtio.c_cc[VMIN] = 0;//RFIM&K/ME EE
tcflush (£d, TCIFLUSH) ;
if ((tcsetattr (fd, TCSANOW, &newtio) ) !'=0)
{

perror ("com set error");

return -1;
}

return 0;

/ /AT RE
void switch on()
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int ret;

char write buf[20];

memset (write buf,0,20);

sprintf (write buf, "BM\n");

ret = write(read fd,write buf, 3);

if (-1 == ret)

{
perror ("Switch on Write Data Error!\n");
exit (1) ;

void switch off()
{
int ret;

char write buf([20];

memset (write buf,0,20);

sprintf (write buf, "QT\n");

ret = write(read fd,write buf,3);

if (-1 == ret)

{
perror ("Switch off Write Data Error!\n");
exit (1) ;

/)3 AG— Hs
void get data by GD(int inStart, int inEnd, int inClusterCnt)
{

int ret;

char write buf[20];

memset (write buf,0,20);
sprintf (write buf, "GD%04d%04d%02d\n", inStart, inEnd,
inClusterCnt);
ret = write(read fd,write buf,13);
if (-1 == ret)
{
perror ("Get Data Write Data Error!\n");
exit (1),
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/ /PR R
void get data by VV()
{

int ret;

char write buf[20];

memset (write buf,0,20);

sprintf (write buf, "Vvin");

ret = write(read fd,write buf, 3);

if (-1 == ret)

{
perror ("Get Data Write Data Error!\n");
exit (1) ;

}else

printf ("OK\n") ;

void read dataf()
{

int ret;

memset (databuf, 0,4096) ;
ret = read(read fd, databuf, 4096);
if (-1 == ret)
{
perror ("Read Data Error!\n");
exit (1),

long urg decode (const char *data, int data byte)
{
long value =
for (int 1 =

{

0;
0; i < data byte; ++i)
value <<= 6;
value &= ~0x3f;
value |= datal[i] - 0x30;
}

return value;
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void parse (char *data)
{
int nData;
int nBlock;
int nlLeft;
int nstart;
int distance num;

char* pDataBuf;

frame len = 0;
frame start = false;

memset (distance, 0,1081) ;

for (int 1=0; 1i<4096; i++)
{

if (frame start ==false)
{
if( (data[i]=='G') && (data[i+l]=='D"') )
{
frame start = true;
nstart = i;

frame len++;

}
else
{

frame len++;

if( (datali]==parse end[0]) &&

(data[i+l]==parse end[1l]) )
{
frame len++;;

break;

nData = frame len - 23/*cmd*/ - 1/*® G —" 1 LF*/;
nBlock = nData/66;
nLeft = nData%66 - 2/*sum+LF*/;

pDataBuf = data + nstart +23 ;
//data block
for (int 1=0;i<nBlock;i++)

{
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memcpy ( (distancebuf+i*64) ,pbDataBuf, 64) ;
pDataBuf += 66;

}

//left

if (nLeft>0)

{
memcpy ( (distancebuf+nBlock*64),pDataBuf,nLeft) ;

distance num = (nBlock*64+nLeft)/3;
pDataBuf = distancebuf;

for (int i=0;i<distance num;i++)
{
int temp;
temp = urg decode (pDataBuf, 3) ;
if (temp < 10)
{

distance([i] = 30000;
}
else
distance[i] = temp;

pDataBuf += 3;

void record()
{
int ret, £d;
char record buf[11891];

char *p;

fd = open("/home/chenjie/test”™ ,0 RDWR);
ret = write (fd,databuf,4096);
if (ret == -1)
{
perror ("write Error!\n");
exit (1) ;
}
close (fd);

p = record buf;
for(int 1=0;1<1081;i++)
{
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sprintf (p, "%04d:%05d\n", i,distance[i]);
pt+=11;

}
fd = open("/home/chenjie/testl" ,0 RDWR);
ret = write(fd, record buf,11891);
if (ret == -1)
{
perror ("write Error!\n");
exit (1) ;
}
close (fd) ;

void send(char*data, int data byte)
{

int ret;

ret = write(serial fd,data,data byte);
if (ret == -1)
{

perror ("write Error!\n");

exit (1) ;
}
}
void init ()
{
int ret;
read fd = open (DEVICE, O RDWR);//fTJFHM
if (read fd == -1)

{
perror ("Open Error!\n");
exit (1) ;
}
ret = set serial (read fd,BAUDRATE, 8, 'N', 1);//WEHENME
if (ret == -1)
{
perror ("Set Error!\n");
exit (1) ;

serial fd = open (SERIAL PORT, O RDWR);//#JFFH M
if (serial fd == -1)
{
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perror ("Open Error!\n");
exit (1),
}
ret = set serial(serial £d,115200, 8, 'N', 1);//WEHOENME
if (ret == -1)
{
perror ("Set Error!\n");
exit (1) ;

void calculate ()
{
int min distance;

int angle;

min distance = distance[0];
angle = 0;
memset (send buf, 0,50);
for (int 1i=1;1<1081;1i++)
{

if (distance[i]<min distance)

{

min distance = distancel[i];

angle = 1*0.25;

}
sprintf (send buf,"M%$03d%05d\n" , angle , min distance);

int main (void)
{

int ret;

init ()

switch on();

while (1)
{
get data by GD(0,1080,1);
usleep (75000) ;
read data();
parse (databuf) ;

calculate();
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ret = write(serial fd,send buf,10);
if (ret == -1)
{
perror ("write error!\n");
exit (1) ;
}
printf ("send OK\n");
for (int 1=0;1<10;i++)
{
printf ("%c",send bufl[i]);

}
close(serial fd);

return 0;

PR — WEIREDUE PR B

#include <stdio.h>
#include <string.h>
#include <stdlib.h>
#include <wiringPi.h>

int sonar0 start time;
int sonar0O stop time;

int sonar0 time;

void InterruptO ()

{
if (digitalRead (0)==1)
{

sonar0 start time = micros();
}
if (digitalRead (0)==0)
{

sonar(_stop time = micros();

int main(void)
{
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int distance0;
wiringPiSetup () ;
wiringPiISR (0, INT EDGE BOTH, &InterruptO);
for(;;)

{

if (sonar0 _stop time > sonar0O start time) {

sonar0_time = sonar0 stop time - sonar0O start time;

distance0 = sonar0 time/58;

//printf ("start ime = %d\n",start time);
//printf ("stop ime =
//printf ("time = %d\n", time);

%$d\n",distance0) ;

$d\n",stop time);

printf ("distanceO =
delay (500) ;

Bt = Pixhawk BWCBCEHE IR A
<stdio.h>

<stdlib.h>
<string.h>

#include
#include
#include
#include <unistd.h>

<nuttx/config.h>
<nuttx/sched.h>

#include
#include
#include <systemlib/systemlib.h>
#include <systemlib/err.h>
#include <sys/types.h>
<stdint.h>

<stdbool.h>

<semaphore.h>

#include
#include

#include

#include
#include
#include

#include

<fcntl.h>
<poll.h>
<errno.h>
<math.h>

<termios.h>
<nuttx/arch.h>
<nuttx/clock.h>
<drivers/drv_hrt.h>

#include
#include
#include
#include

<drivers/device/device.h>
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#include <uORB/uORB.h>
#include <board config.h>
#include <uORB/topics/laser msg.h>

/* oddly, ERROR is not defined for c++ */
#ifdef ERROR

# undef ERROR

#endif

static const int ERROR = -1;

// designated SERIAL4/5 on Pixhawk
#define SERIAL PORT "/dev/ttyS6"
#define MAXSIZE 30

static bool thread should exit = false; /**< serial test exit
flag */

static bool thread running = false; /**< serial test status
flag */

static int serial task; /**< Handle of serial test task /
thread */

int serial fd;
char readbuf[50];

char ringbuf [MAXSIZE];
int read addr=0;

int write addr=0;

int angle = 0;
int distance = 30000;

extern "C"  EXPORT int serial test main(int argc, char *argvl[]);
int serial test thread main(int argc, char *argvl[]);

void serial init();

int read();

int set serial (int fd, int nSpeed, int nBits, char nEvent, int nStop);

static void usage (const char *reason);

int next data handle(int addr);
void write data(char data);

void read data();

static void

usage (const char *reason)
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if (reason) {

warnx ("%$s\n", reason);

errx(l, "usage: serial test {start|stop|status} [-p <additional
params>]\n\n") ;

}

/*ringbuffer*/
int next data handle(int addr)
{
return (addr+l) == MAXSIZE ? 0: (addr+1l) ;

void write data(char data)
{
* (ringbuf+write addr) = data;

write addr = next data handle(write addr);

void read dataf()
{
if (ringbuf[read addr] == 'M'")
{
angle = 100* (ringbuf[read addr+1]-48) +
10* (ringbuf [read addr+2]-48) + (ringbuf[read addr+3]-48);
distance = 10000* (ringbuf[read addr+4]-48) +
1000* (ringbuf [read addr+5]-48) + 100* (ringbuf[read addr+6]-48)+
10* (ringbuf[read addr+7]-48) +
(ringbuf [read addr+8]-48);
for (int 1i=0 ; 1<10; i++)
{
read addr = next data handle (read addr);
}
lelse
{
for (int 1i=0 ; 1i<10; i++)
{
read addr = next data handle (read addr);
if (ringbuf[read addr] == 'M'")
{

break;
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/*ringbuffer*/

int set serial(int fd,int nSpeed, int nBits, char nEvent, int nStop)

{

struct termios newtio,oldtio;
if ( tcgetattr( fd, &oldtio) != 0) {
perror ("SetupSerial 1");
return -1;
}
bzero( &newtio, sizeof( newtio ) );
newtio.c cflag |= CLOCAL | CREAD;
newtio.c cflag &= ~CSIZE;

switch( nBits )
{
case 7:
newtio.c cflag |= CS7;

break;

case 8:
newtio.c cflag |= CS8;

break;

switch( nEvent )

{

case 'O':

newtio.c cflag |= PARENB;

newtio.c cflag |= PARODD;

newtio.c iflag |= (INPCK | ISTRIP);
break;

case 'E':

newtio.c iflag |= (INPCK | ISTRIP);
newtio.c cflag |= PARENB;

newtio.c cflag &= ~PARODD;

break;

case 'N':

newtio.c cflag &= ~PARENB;

break;
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switch ( nSpeed )

{
case 2400:
cfsetispeed(&newtio, B2400);
cfsetospeed (&newtio, B2400);

break;

case 4800:
cfsetispeed(&newtio, B4800);
cfsetospeed (&newtio, B4800);

break;

case 9600:
cfsetispeed(&newtio, B9600);
cfsetospeed (&newtio, B9600);

break;

case 19200:
cfsetispeed(&newtio, B19200);
cfsetospeed (&newtio, B19200);

break;

case 115200:
cfsetispeed(&newtio, B115200);
cfsetospeed (&newtio, B115200);

break;

case 460800:
cfsetispeed(&newtio, B460800) ;
cfsetospeed (&newtio, B460800) ;
break;

default:
cfsetispeed(&newtio, B9600) ;
cfsetospeed (&newtio, B9600) ;

break;

if( nStop == )
{
newtio.c cflag &= ~CSTOPB;
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else if ( nStop == )

{

newtio.c cflag |= CSTOPB;

newtio.c cc[VTIME] = 100;
newtio.c_cc[VMIN] = 0;//iR[EIH)HR/ME
tcflush (fd, TCIFLUSH) ;
if ((tcsetattr (fd, TCSANOW, &newtio) ) !'=0)
{

perror ("com set error");

return -1;
}

return 0;

void serial init () {
_serial fd = open (SERIAL PORT, O RDWR | O NOCTTY | O NONBLOCK) ;
warnx ("serial open: %d", serial fd);
if ( serial fd < 0) {
warnx ("FAIL: serial f£d");

exit (0);

int read()

{

int ret ;

memset (readbuf, 0,50) ;
ret = read( serial fd, readbuf, 10);
if (ret < 0) {
warnx ("read err: %d\n", ret);
return -1;
}
else

return 0;

int serial test main(int argc, char *argvl(])
{
if (argc < 1) {
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usage ("missing command") ;

if (!strcmp(argv([1l], "start")) {

if (thread running) {
warnx ("serial test already running\n") ;
/* this is not an error */

exit (0);

thread should exit = false;

serial task = task spawn cmd("serial test",
SCHED DEFAULT,
SCHED PRIORITY DEFAULT,
2000,

serial test thread main,

(argv) ? (char * const *) &argv([2] : (char * const
*)NULL) ;

exit (0);
}
if (!strcmp(argv[l], "stop")) {

thread should exit = true;

exit (0) ;
}
if (!strcmp(argv[l], "status")) {

if (thread running) {

warnx ("\trunning\n") ;

} else {

warnx ("\tnot started\n"):;

exit (0);

usage ("unrecognized command") ;

exit (1) ;
}
int serial test thread main(int argc, char *argvl[])
{

int ret;
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warnx (" [serial test] starting\n");

thread running = true;

/* advertise laser topic */

struct laser msg s laser;

memset (&laser, 0, sizeof (laser));

orb advert t laser pub = orb advertise (ORB ID(laser msg),

&laser) ;

serial init();
ret = set serial( serial fd,115200,8,'N',1);
if (ret == -1)
{
warnx ("set error:%d\n",ret);
exit (0);
}
while (!thread should exit) {
angle = 0;
distance = 30000;

ret = read();

if (ret == -1)

{
laser.laser distance = distance;
laser.laser angle = angle;
orb publish(ORB ID(laser msg), laser pub,

&laser) ;

printf ("angle:%d\n", angle);
printf ("distance:%d\n", distance);
printf ("\n[message] Read:0K\n");

}else

for(int 1=0;1<10;i++)
{
write data(readbuf[i]);
}
read data();
laser.laser distance = distance;
laser.laser angle = angle;
orb publish(ORB ID(laser msg), _laser pub,
&laser);

printf ("angle:%d\n", angle);
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printf ("distance:%d\n",

distance) ;

printf ("\n[message] Read:0K\n");

}
usleep (75000) ;

warnx (" [serial test] exiting.\n");
thread running = false;

return O;
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DESIGN AND DEVELOPMENT OF MULTICOPTER
FOR INDUSTRIAL INSPECTION

In recent years, with the development of new materials, micro-electromechanical systems
(MEMS), micro inertial measurement unit (MIMU) and flight control technology, micro UAVS is
growing rapidly and drawing more and more attention. Micro UAVs are divided into three
categories, including fixed wing, helicopters and multi-copters. Particularly, multi-rotor UAV is
subject to a great deal of attention and researches because of its small size, simple mechanical
structure, capable of vertical landing and hovering characteristics. In addition to aerial
photography, multi-rotor UAV also has great potential applications in industry, agriculture, public
security, scientific research and even military. Compared to the traditional stationary industrial
robots, micro UAVS, which is one kind of new mobile robot, can work in three-dimensional space
and have a wide range of applications, such advantage make it become the focus of research in the
next few decades.

On the other hand, since the reform and opening up policy, China's bridge construction continue
to develop. In order to prevent the occurrence of bridge accidents, frequent bridge inspections are
required to find the defects of the bridges. And current detection methods are mainly done
manually, which are cumbersome and unsafe. So new bridge detection methods are urgently
demanded.

The main topic of the research is based on the above two background. This issue aims to design
and develop a six-rotor unmanned aerial vehicle on industrial inspection for bridge inspection. It
can acquire the image of the bridge by an onboard camera, so that we can analyze the image to
find the cracks and other defects of the bridge. Compared to the traditional inspection methods,
the six-rotor UAV won’t be limited to space, topography and other factors, and assess inspection
results from more angles and positions, which will simplify the inspection process, improve the
inspection efficiency, guarantee personnel safety, and reduce the incidence of high-risk job
accidents.

An industrial six-rotor UAV system is designed and developed in this issue, which is mainly
used for bridge inspection applications. The issue comes up with some solutions to make the UAV
realize the following functions: Get a clear image of a stable bridge defects; Hover stably under
the bridge; Do automatic flight mission in accordance with the specified track; Automatically
avoid the obstacle during the flight.

To complete the task, the issue first does some research on the micro UAVS, and makes a brief
description of the product of some UAV companies. The result of the investigation shows that
there is great potential to do some industrial inspection such as bridge inspection using the UAVS.

Then, based on the principle of six-rotor vehicle, the issue designs a six-rotor frame, and
simulates the performance of the frame by stress-strain analysis in the software. After that, some
optimization is carried out to make the structure more and more reliable. Finally a six-rotor frame
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prototype is manufactured and tested.

Thirdly, the issue builds a control system. The control system is based on an open source
project named PX4 project, and uses Pixhawk as the main controller of the system. There are
some basic sensors for attitude and position estimate on Pixhawk, including accelerometer,
gyroscope, magnetometer, barometer and GPS. With the help of the PX4 project, the system can
realize the basic control of the vehicle, including roll, pitch and yaw. To integrate more sensors to
the system, a secondary controller is also selected. We use Raspberry Pi 2 to read and handle the
data of the laser scan sensor and the ultrasonic sensors, and communicate with Pixhawk to send
the result of the additional sensors data. Here, we use the laser scan sensor and the ultrasonic
sensors to detect the surroundings and find the obstacle, so that the vehicle can automatically
avoid the obstacle.

The obstacle avoidance system is combined with a laser scanner and five ultrasonic sensors.
UTM-30LX laser scanner is use to scan and get the distance of the obstacle in a range of 270<in
the front of the vehicle, and three ultrasonic sensors are arranged at the back of the vehicle to get

@) xFRdLY

the information back of the vehicle where the laser scanner can’t reach. And the other two
ultrasonic sensors is arranged at the up and down of the vehicle to detect the distance of the
ground and the bridge. Set a safe distance, when the distance detecting by laser scanner and
ultrasonic sensor is greater than the safe distance around, aircraft fly normally. However, when the
distance is less than the safe distance, cut off the forward direction channel remote control signal
and give a control signal according to the angle and distance information of the obstacles to the
vehicle and control the vehicle to move back a certain distance and hover, so that the vehicle
won’t crash into the obstacles.

To hover stably under the bridge, the issue also comes up with three solution of positioning the
vehicle under the bridge. The first is combining the IMU and the GPS to estimate the position of
the vehicle. GPS can get the initial position, and when the GPS signal is poor, accelerator and the
compass will be used to estimate the position until the GPS signal is fine again. The second
solution is using the laser scanner to estimate the position of the vehicle. Laser scanner can get
two dimensional point cloud of the surroundings, we can match every two scan to estimate the
position of the vehicle. However, we must guarantee that the laser scanner is in the same plane
when using the laser scanner to estimate the position. The third solution is using micro base
station to positioning the vehicle. At least four micro base station will be used to make a
rectangular region, and there is a label on the vehicle, which can output the distance between the
label and the each base station. By the distance information, we can calculate the position of the
vehicle relative to the base station.

The issue designs two automatic cruise flight algorithm. One is flight with fixing head direction,
in this flight mode, the aircraft won’t yaw during the process of automatic cruise flight, it moves
from one point to the next waypoint just by roll and pitch. The other mode is flight with rotary
head direction, in this mode, the head of the aircraft is always point to the next waypoint, when it
arrive at the waypoint, it yaws to make the head point to the next waypoint, and then just pitch
forward. This two flight mode can meet the demand of different situation of photographing.

Finally, the issue makes some test on the six-rotor aircraft, including weight testing, flight time
testing, obstacle avoidance testing, and automatic cruise flight testing, to verify the performance
of the vehicle.

The issue comes up with a primary solution of micro UAV for bridge inspection, however, there
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are more aspects to research in the future. First is the optimization of the structure, the weight,
stiffness, strength, and some special structures will contribute a lot to the performance of the
aircraft. Second is that the positioning solutions need further verification and testing, because it’s
the key point for the aircraft to fly under the bridge. Third is the autonomous flight of the UAV. In
the future, the UAV needs to be more intelligent, by giving a target, it can autonomous flight to
the destination according to the surrounding environment by itself.

To make a conclusion, the innovation of issue is that it put forward an unmanned aerial vehicle
system for bridge inspection, which will simplify the inspection process, improve the inspection
efficiency, guarantee personnel safety, and reduce the incidence of high-risk job accidents. Such
industrial inspection system will absolutely change the traditional inspection process, and can be
widely applied to some other region such as power lines inspection, windmills inspection, oil and
gas pipelines inspection and so on. So such unmanned aerial vehicle inspection system has a great
potential in the future.



