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A Calibration and Compensation Method Based on ELM for Aviation Drilling Robot
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[ABSTRACT] In order to solve the problems that modeling was complex and a large computation was costed for calibra-
tion and compensation of aviation drilling robot, a calibration and compensation method based on extreme learning machine
was proposed. The aviation drilling robot was regarded as a black-box system in this method which ignored the influence of
geometric factors and non-geometric factors of robot. Then, according to robot positional errors measured by a high-accu-
racy laser tracker, a robot error prediction model based on extreme learning machine was trained and established. Next, the
positional error in desired position could be predicted by robot error prediction model and the robot position was compen-
sated to achieve the robot calibration. Final, experimental studies were carried on an aviation drilling robot. The experimen-
tal results showed that the mean and maximum positional error of robot was reduced by 75.69% and 78.16%, respectively.
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Fig.1 Structure of a three-layer extreme learning machine



PN
RESEARCH mﬁr&x

P'=P+ AP (7)

WRPE A7) AT RIRME S A B AR P (X, vy
z, ), PRI BB AR AR A B HL S A5 i s b BT
S B A

2 5t

fe 2 wlFLAIL A ARG BE M0 & 2k Tk bl
N HOCIR A ARERFNEFLR S A TR AL A, Al 2
PR o il FLAR S P A T 5 22 e AE Tl HLas AR by, #0Ek
B FA S TEE AN L. Tl pLEs AB SN
KR210 R2700, i KUKA A ") A 7= Hi & R R
+0.06mm, ARG K Leica 23 F ) AT01 YOG
EAAC, HA FAS 2 R 7.5 wm+3 wm/m.

2.1 TCP#rE

ASCHEHLER N TCP AR RS FE M BRI SR AT 42
TERG FE M 2 B T3 B2 TCP -7 hRAE , 3545 TCP s
X F TAVALAS AL 22 AR AR L B R . Az )
JE XYZ U3k, Dk e PR R U T HL i TCP
SN 4 AARTRN 5 1008 s B[R] — A2 BN, ZER BRI ES
LA NI BRI, AL A4 R 408 i g 5 4
AR R 322 i B B S EOR R 15 TCP AHXT
22 ARBRIGABAREL . AP 2 B, H AN BE SR FH ST LS
22 ST SO HER S TR , T DR A T O ER ER
RS T “RBIARTAR” o P hIHLAE #% sh (i f Bk 48
B B R AL AR, 1R 25N T 0.02mm (B BRI
{UARAE FE ) AT AR BR L 22 F LS A 433
4 A7 B B B R A, , HUARCES B g e R AR 1)
AL E, BIA TCP AR 22 A bR R (R AR
22 HIRRG—

e 3 Fis, T EOCIRE AL PR R 5 Tk HLEE A
M P AR 2R (W) Z IR OC R AN AE , BCPE AR TCP AH
XT3 22 AR AR A AR X OC R i BEX A T 4—

TR A S AR AR I I AR B e T AR R RS
ARSCHE TR AR RIUG T L IRANT

(1) KBk 2 AAENLER A TCP L, B shbLas AT
HHAARFRR I X ERS 8 FHEOCERER( D SR N isg)
B

(2)Id5Rk A O, IS, RVFEERAEARXS THLAF A
TH AR bR B S AR AR E

(3) B sh LS A1 TCP & T FLARAR R 1) Z b T
7%, (il O ERESGE S N8 sl bk .

(4 ) 3 358 7E O R A A DU £ 2 00 1 D A
FIPH AR ELER , Ve i i Ab bR 3R (R) 1) X, S Z, il
AR 2 LRI O VE AR R (R AL

(5)IBULEE 2 FHE SR O, S AEHLER A AL AR AR

AP AR E BB AR AR R (R KPR i Ak b
(EEE RIS, D] A 9 AL bR R 55 R R ol 5
FARFRFR (W) FA, U AT LIS B0 G ER AR
TR AR AR
23 REM=E

TSR b SO IR 7 R ST AL AR FR LA S bR E BLAR
A TCP g, 6 Tk AL N TAEZS | i)y 17 —A
1000 x 1000 x 2000 ( mm ) 925 [8] . £F Robmaster B %%
G A rh gt O ALES A TCP B3l S Al (15 4),
A ALES AT AR Y . FHBOCER AR TCP (18 3l 5
AT . AU IS 2617 A S ERIS A & A
HALE, MR EIRZE AP (Ax, Ay, Az), H
Y B iR ZE D )RR

D=+/(Ax)’ + (Ay)’ + (Az)’ (8)

E2 REFEE
Fig. 2 Experimental setup

LR

E3 #i#lsz AtRAEIRER
Fig.3 Constructing the world coordinate system of robot

E4 HZmE
Fig.4 Off-line programming

2017 4E55 22 1] - pillEEeAR 93



PN
mﬁrﬁi RESEARCH

24 REMITREIES T

4 3RAT 1Y 2617 A1 AL B 1000 2H 208
T ELM &A1 45, ELM (B2 T S A0 25, )2
PO REICR S B pRER . AE AR ) TR 223 (] v Bif AL B
150 AT IR, R 2EAMEETT S AME S B 7E XYZ Sl
WR2E R AR B R 2E D RS fizR. Tkl A TCP
BRIV B R 25 TEAMEE R R AME J5 R GE T 1 i
HEE 5 F1e 1 a0, it ELM M2 S ALes AR B
TRETEL BRI B AT T WA S0 R R, e R A X B iR
ZM 1.1489mm FFEF] T 0.2509mm, FEZ) 78.16%, if
BIR2ZE M 0.4044mm T FEF] T 0.0983mm, T [& 2
75.69%. HATIRIGEE R0 LI T ELM MHLE RS

F1 R ANCEREHIEIMERTEIT L

Jrl | AMERTR L /mm B mm | BRAEZE /mm
v il [-0.3633,0.8688] 0.0601 0.2321
I [-0.1320,0.1076] 0.0016 0.0387
y i [-1.0971,0.8389] | -0.1185 0.3395
J& [-0.2288,0.2003] | —0.0060 0.0695
, i [-0.3127,0.4867] 0.0428 0.1633
J& [-0.1678,0.1765] 0.0031 0.0729
b i [0.1045,1.1489] 0.4044 0.2253
J& [0.0233,0.2509] 0.0983 0.0443
10 —e Hh
0.8
: 06
£ 04
,ﬁg .
0.2
&
<o [nse
-0.2
-0.4
0 15 30 45 60 75 90 105 120 135 150
=2l
(a) X filifm 22
0.6
0.4
E 02 b ! (
E ! ' a1 [
7 Tl
€ 0 el
= Vgl
No02
-0.4
0 15 30 45 60 75 90 105120135 150
M 2751
(¢)Z e

JEAMETTEE REAS I AT AL ALAas AR AL EAR B 2R

3 &g

ARSCHI T —FHIET ELM (4% & oA Ry
B BEHLEE AL — A A4 R G, I PR 2 ST DL L
98\ SRS SR | ST R O B R A O, 5@
SEERES LU B b R , ARG 25 5 R %7
LA (o7 1 2 TR B o TR B 55 T e e e
i AR AT IR A — 7 (R R,y T2
WL B 2, T B R B A T T 2

2 % X

[ #Rsss, W], gt , 4 0T R OLEE A shilfLAHL
a NHHFLRSE (1] Aizs TR | 2010(2): 47-50.

DU Baorui, FENG Ziming, YAO Yanbin, et al. Robot drilling system
for automatic drilling of aircraft component[J]. Aeronautical Manufacturing
Technology, 2010(2): 47-50.

2] BUERE, S, EWF, 5 IRV
ARWF5E K (1] Aizs il F R | 2014(21): 32-35.

ZHAO Jianguo, GUO Hongjie, WANG Lixiu. Study and application
technology on digital flexible accurate assembly for aircraft[]J]. Aeronautical
Manufacturing Technology, 2014(21): 32-35.

(3] E8, ardyy, mEAn , AF L A ShEEILI LS BE AR A
Hfb T [J]. Aizs RS HR | 2015(21): 34-38.

12 —=— M
MR

| Y {25 fmm

-12
0 15 30 45 60 75 90 105 120 135 150

W U751

(b)Y 22

0 15 30 45 60 75 90 105120135 150
Wt 5751
() fir B 22

E5 #HlERAMMEIREIMERIERTLL
Fig.5 Comparison of positional errors of robot before and after compensation

94 R HIEEA - 2017 4555 22 0]



PN
RESEARCH mﬁr&x

WANG Wei, YU Hongjun, GAO Xuesong, et al. Modular tooling
design of aircraft fuselage panel for automatic drill and riveting machine[J].
Aeronautical Manufacturing Technology, 2015(21): 34-38.

41 Az & A /g, AT 6 SEBE 6R HRIAL
T NZEES IR ] DLERA , 2015, 37(4): 486-492.

BAI Yunfei, CONG Ming, YANG Xiaolei, et al. Kinematic parameter
identification for 6r serial robots based on a 6—parameter model[J]. Robot,
2015, 37(4): 486-492.

[5] VEITSCHEGGER W K, WU C H. Robot calibration and
compensation[J]. IEEE Journal on Robotics and Automation, 1989, 4(6):
643-656.

[6] NUBIOLA A, BONEV I A. Absolute calibration of an ABB IRB
1600 robot using a laser tracker[J]. Robotics and Computer—Integrated
Manufacturing, 2013, 29(1): 236-245.

[7] NEWMAN W S, BIRKHIMER C E, HORNING R J, et al.
Calibration of a Motoman P8 robot based on laser tracking[C]// Proceedings
of the TEEE international Conference on Robotics and Automation. San
Francisco: IEEE, 2000: 3597-3602.

[8] LIGHTCAP C, HAMNER S, SCHMITZ T, et al. Improved
positioning accuracy of the PA10-6CE robot with geometric and flexibility
calibration[J]. IEEE Transactions on Robotic, 2008, 24(2): 452-456.

[9] MUSTAFA S K, TAO P Y, YANG G, et al. A geometrical
approach for online error compensation of industrial manipulators[C]//
Proceedings of 2010 IEEE/ASME International Conference on Advanced
Intelligent Mechatronics, Montreal. San Francisco: IEEE, 2010: 738-743.

[10]  T— . 1 a0k 4 22 5152 Sl LR R 25 R N2 b 2 AR B
7% [D]. KHE : RHEKA , 2000.

WANG Yi. Study on error model and calibration technology of
measurement—oriented motion mechanism with multi—joint[D]. Tianjin:
Tianjin University, 2009.

(1] ARRAR, ARLESE 7 A . 55 JE T HE PR L p AL e A
s B R B [0, THEE %, 2008, 29(3): 198-202.

REN Yongjie, ZHU Jigui, YANG Xueyou, et al. Measurement robot
calibration model and algorithm based on distance accuracy[]]. Acta
Metrologica Sinica, 2008 29('3)‘ 198-202.

[12] Z@hh, A AERAN A5 WL AE DR BEAR E TR
FIBIFSE ). fri”f& 2007, 28(3):224-227.

LI Dingkun, YE Shenghua, REN Yongjie, et al. Research on robot’ s
positioning accuracy calibration [J]. Acta Metrologica Sinica, 2007, 28(3):
224-227.

[13] HUANG G B, ZHU Q Y, SIEW C K. Extreme learning machine:
a new learning scheme of feedforward neural networks[C]//2004 IEEE
International Joint Conference on Neural Networks. Budapest, 2004.

[14] HUANG G B, ZHU Q Y, SIEW C K. Extreme learning machine:
theory and applications[J]. Neurocomputing, 2006, 70(1-3): 489-501.

[15] FREUND Y, SCHAPIRE R F. Experiments with a new boosting
algorithm[C]//Proceedings of 13th International Conference on Machine
Learning. Bari, 1996: 148-156.

[16] ROMERO E, ALQUEZAR R. A new incremental method
for function approximation using feed—forward neural networks[C]//
Proceedings of the 2002 International Joint Conference on Neural Networks.

Honolulu, 2002.

BIAEE : R, LR, W50 05 1 RALSE IR R e A HoR AL

ANGFLEE: IR AL AN, E-mail: xuelei@comac.cc.

(Dig # %)
(E#%907 )
KD i 22 SR AR FHERAR [7]. M4BT L 2014(7):125-129.

YAO Zhongho, ZHANG Yubo, WANG Haidou, et al. Development
and application of infrared thermography in parts’ NDT[]J]. Materials
Review, 2014(7): 125-129.

[6] BRKNS ., TZREE . Bk . ZLAMAUSTCHUE I B IR K
R[] ITFEHLIN R ], 2016 (4): 1-6, 9.

CHEN Dapeng, MAO Hongxia, XIAO Zhihe. Infrared thermography NDT
and its development [J]. Computer Measurement & Control, 2016(4): 1-6, 9.

[71 K&, Frmfe . MR EARTE 5 MR HUG I i
N FHBRR (1] TAREELR | 2015(11): 122-126.

ZHANG Jian, QI Shuhua. Application of infrared thermography in
non—destructive testing of composite[J]. Enginering Plastics Application,
2015(11): 122-126.

[8] STy . BREFAEIG AR LA &
PR« IIACRE 2014,

GUO Yunli. Investigation of lightning strike for carbon fiber reinforced

R R AT (D]

resin matrix composites[D]. Ji’nan: Shandong University, 2014.

[9] XA, XIFESE . SRR O s GAG I (7], s
HFEHA | 2015(7): 26-29.

LIU Songping, LIU Feifei. Ultrasonic imaging testing composite lightning
damage[J]. Aeronautical Manufacturing Technology, 2015(7): 26-29.

(101 Hp . LTANAR TG T HARTE ELTHHLAERE i T ().
ETHHLEA | 2005(2): 46-48.

MA Hu. The infrared thermal wave nondestructive testing technology
in the application of the helicopter maintenance[J]. Helicopter Technique,
2005(2): 46-438.

(1] Sfrdr, FIET . AT AR & A PR R E R il e A
TR AE IS S K RS 1] s =74l , 2014, 35(7): 1787-1803.

MA Baoquan, ZHOU Zhenggan. Progress and development trends
of composite structure evaluation using noncontact nondestructive testing
techniques in aviation and aerospace industries[J]. Acta Aeronautica et
Astronautica Sincia, 2014, 35(7): 1787-1803.

[12] %%, IS LIONRBEARF 9 DRI ()] LDAMER
2013(11): 671-682.

CAI Yi, WANG Lingxue. Nine problems in infrared imaging
technology[J]. Infrared Technology, 2013(11): 671-682.

[13]  Xgn ?E CRORTR, MR 4R C/SiC B AR E
WG [J]. B & FPRA4H, 2000, 26(5):112-119.

DENG Xiaodong, CHENG Laifei, MEI Hui, et al. Infrared thermal
wave imaging for nondestructive detection and measurement of the C/SiC
composites[J]. Acta Material Composite Sinica, 2009, 26(5): 112-119.

[14] S . T LLAMA AR Y A BT ALIR Bl B R 5 i BF 5T
[D]. BUIH : iR |, 2013,

CAO Wenhao. Research on infrared thermography detection method

LT MR

for inner holes defects[D]. Hangzhou: China Jiliang University, 2013.

BHIEE : B 8UH, 0L S g AR, BT 1) 2 32 8 UL AN AR
QRGN O B L) ARG 00 it T RS A5 TS BB R AR, E-mail:

1hj1900@126.com., (Vi &%)

2017 4R35 22 1] - BilliE AR 95



