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Vibration and control of building drilling robot

YANG Yang', CHEN Bai', WANG Yao-yao'*

(1. College of Mechanical & Electrical Engineering, Nanjing University of Aeronautics &
Astronautics, Nanjing 210016, China; 2. The State Key Laboratory of Fluid Power
and Mechatronic Systems, Zhejiang University, Hangzhou 310027, China)

Abstract: Aiming at the problem of vibration caused by drill bit offset in drilling process of construction robot, the model of flexible joint ro-
bot, drilling force and time delay control were studied. A theory of drilling force fluctuation caused by bit offset was proposed, and the control
method of PD_TDC was introduced to control the position and pose of the robot to reduce bit offset and vibration. The robot system with flexi-
ble joints was established by Lagrange dynamics method, the drilling force model was established by dynamic front angle method, and the
simulation model of planar feeding robot with three degrees of freedom and specific position was established based on Matlab/Simulink. The
rotation offset in the feeding process was compensated quickly by PD_TDC control method. The results indicated that this method can effec-
tively reduce the deviation of joint rotation angle, thus ensuring the reduction of bit offset angle,, reducing the variation of drilling force, effec-
tively suppressing vibration and improving the processing quality of holes.

Key words: construction robot; dynamic front angle; drilling force; time-delay control

0 3| = s R LA
PR BN G H3 LA A A S A FL AL
EA2 60 AEAR AL LR AP IR R A RN a0 N ATLAEE N B A i B fL, OF oAl U™ ksl
A BEAME LI AN E S S AT, T fLEBE, PLas ARG £ 2 PRl KR

YrFs H#A 2018 - 11 -30

ESTR . ERARR LI H (51575256,51705243) ;115048 HAAFLY 2 4 % B B (BK20170789 ) 5 Wil K i ik 3 1 50l R4 H
GRS S TP AL 4 % B H ( GZKF - 201606 )

TEERN 4 (1991 - ) BB 3L TR N B-L 5T A, 2 RSN A 5T, E-mail :lightning_108@ 163. com

BIEBERAN M, 5, 242, B4 501, E-mail: chenbye@ 126. com



% 6 3

W 1,5 S LALER NROHR S S OF Y - 597 -

PERFFEZEYE . X FESRMLEE A — B H o pr Hoe 1 52
PRI, R T O R AL AR, BT La-
grange J7 T, SPONG ™' 1987 4F st i S T % X %
PEEIHLE AR, FETF 208 78 TR AT KB Al
RELJE , AYITHI 3k A2k far 56 5% His N B FR ) 1 g s
J7 B EE | Minukhin'® $2 T 97 B9 30 25 57 A I g
ey e x| W=l DAL i

WM IR ST RS T HLAS AR AR 4
A AL g e VAN U< | AR RIS G R 8o e S Y
T Simulink 5 5, 15 4 T GBS B E D3 shE N
ARSI BT Tl LA N B LS AR B3R 30,
FB TS R TR s ] A RN I A AR T AL
(0 T i KINSHEEL A" SR F J7/467 58 45 ik AR UE
Bl FLEEAR A EL 3 B 3 b 4 ) 5 vk T DA A A A
fLE A

AL R0 Tl L A — [ o B
AL AR TR AR 2 [ SRR B, I TR
Ji BESRON S, SR HIMUNEE F R4S R 48, Rt AR SO R
ARG Sk m AL T S | AL AN ) T B S B e IF I A
PD_TDC #=HIHIL A% A 057 2 A 98 A0l Sk i 7% 5, AT

1 PRI ARG

1.1 FHXTHEE

XtF SPONG FEX AT B TRIAL , X HLER AR
TR LT 3 AMBE:

(1) KA 4 19 A S /N, A LSk i
FVFIE A

(2) He 1/ A FE 10U J2 R S8 1 e e il 0 Bk )
I ZR G ) B BRI 5 o U ) RS AR e 10 B TR

(3) Fe TRy ShAE 202 th TH A B i 3, 553
o, %1 BIs SRR TR TERE 2 B 2L e R .

T LA ABRBE, 5L AT RORE R e pLas A5G T Ab i £
TR — W b, OIS 558 e R BN ¢,
AR S — A AR R, 7= A B s ) S L
AR B R OC A  BHLJE T 5 L Al — 7 A £k
PEICZ A IRHL AR NSl OCTT @ Yy ALY

A TR FE AL R b, ZIEHLER A
KA, AL A P LA A ST /NS N 3 25
Ak, RGE A RS
1.2 SEFLAILER ABIBh S FEE

BT SRAAL LS AR SHIE X, e (0% B T
PESS , e THL R ) = ST pLa A, LR AR R A ] 1

NS

BT =R blas ARG iy

X ] AR 15 52 B L e A 2l BE 22 (B /N oK i
AT AR R MLES AR A B B a1 B
TEIZY-THT A o) A2 % 0 1 A BT A7 S AT 5 Sl M4
FF, BRI 2, HAL s NSk T2 AR R e il e
FIAR ST AL

AHIESE IS 93 H 7 i i ST ML N 8l g 2 A
M(Q)Q +H(Q)Q* +K(Q)Q +G(Q) =7 +7,

Jeee +L(T + T(l) =T,
n
1
T = K[I(zee - Q)

7, =J(QF

(1)
X, — WML A IR ], — B WL PR s s —
KBRS A 57, — B HI 10 5 0,— HALEL T 5 B A
JE;0— EFF B 3 1 M (Q)— R S L
H(Q)— Ia) JJ 38U K(Q)— FHR ) R EG6(Q)— =
FI35 K, — SRR n— DR 28 A . >
13J"(Q)— JIHHE v FL A R

2 IR
FRIBEIRAE A R T2 BOR T 2 R

Bl
2¢ /
B

K2 ARIERAER RS 2 HoRE R

BRI

FPET 2 AT Bl )5 AR v ) Bl 1) g DD g AL
ke B VI TT B TIRIETT 3 T8 RS S A AR 7 4
5 TR HI B DL OTHI 70 &



- 598 - L H

TN I v 25 A R A S EORU L S 80 2
TEARWIAS LAY, XF T DT 714650 M i N AR 1 A4 52
I B A DTEIAE R FHAR 2 0 7 2% LB R ZE X LA
AR 3 FRERE D IR % JE R T MINUKHIN T 42 H
TSR,

X T o — b2 54 BT R U, FLRTAL P4
o, A HOT AT 3R

dl = — " ——dr (2)
sing JP+ o

X T B —Ab 2 5 A Y BT A R SR I R £ 1

HI 6 Fza A YA

. ] W
w = Sin —
r

i = sin”' (sinwsing)

B, =tan” (%tanﬁo)

— -1 tang, . 2
Y. = tan —(cosw + sinwtanwcos @) — tanwcosg
sing

N7

A11_6-"-2
_1+’Vd_)\n

Ty 2

@ = cot” (cote,cosi — tany, (1 — cosi))

A = tan”! (cosso - cosp, + fan()\n - n)smsv,,) oy,
sing

0 =0 +A-v,

& = tan”' (tanwcose)

(3)
P sw— FEE PR AR A BE 5 i— 1S 5 8,— H5EF 12
WRTESf y,— ShARTf A, — IEVIEEEE S 0, — IEDIBY
VI s o— RIS U s A — RIIEESE A 50,— S P
e— SrIES
T LA, S U E I AT LARR R

aF, = Kpfcos(A = y,)cose

(tan(x\ - 7y,)cosesing —

2singcosb,
sinAcosy,sinicosg ) sinicosg + singsing) r dr
cos(A —y,) 7 2
Ya r-w
(4)
AT = K.,,,@fcosg ( cosi +
2singcost \cos(A - y,)
2
sinA cos’ydtanisini) dr (5)

TERGHS RE R B Bk 008 0 B4y, EUTHI 713
BRI e R, BRI A SE R UIHPRES U r(2) .

S 436 %
LSV e I S

r= (6)
D/2, r?%

Hr:b, = d /singsr, = b,/2;A =1+ f+ N/6O -
tang,
Ao o— W] 5 f— 2 3 B s N— B Sk 3%l Ky — 1)
W 375 2 1) B R T PR 5 K — LR 5 RS 1) 5 0 g A
¥, B E R 2R

FH M RT A5 S 10 ) AR OC T A] ¢ 7Y R

¥ LR, = 2f"’dFL,T - zfr“dTo

FRAE = UTHI 207 A= 0BG H) 7 o5 SV I 0 E
HEMAS AR RIS Al ) Fy = 2.5F, 1A T, =
1.67T(F,,T,— EYIH| 7] 4=5BS 55, it )l e g A
) o

FELL AR SCAN S R A AL 88 AN AEDUARE B #F 45 13
b BT O R T R R BN

Bl SRR TR A B 7R SRR 3 R

'a

:
P 3 Sk eV R s R

KA Z e, Bk BT 2] — A%, 75—
ASIRPEAT A AR UTHI, W) 3 AR R 702

A=aB = (180 - 2¢)
2
AC _ AB
sinB ~ sinC
P rsinB
" sinC

F, = ['dr, + [ dr,

7= [‘ar+ [ ar (7)
Em%.?}\iﬂ:éﬁﬁﬁ;lj , Fﬁ%%i FIF 8 42 T fe R IR DG
IS G R D DR Sl AR R N TR
3 HHIIDE
ASCHEH R AN Bl Sk X Q235 S5 A8 AN R AT I 52



5 6 1]

W 1,5 S LALER NROHR S S OF Y - 599 -

5 X T Q235 LMW ) HIAESE, TP E&A
TR SRR
o VBB SR TR Q235 A F N AL B I 1 s

F1 BIEWEEXAE 0235 HHWLFLEE
D/mm F/(mm-r™") F/N M/(N+m) N/(r-min™")
0. 08 676 1010 1782.5
5 0. 10 794 1 200 1527.9
0.12 902 1 390 1336.9
0. 14 1 000 1570 1209. 6
0. 10 1265 3 090 1034.5
8 0.12 1 440 3570 915.2
0. 14 1 600 4 020 795.8

i JH MATLAB/Simulink 54755 4l FE A 05 £, 23
WAHD =5 mm,f = 0.10 mm/r, il D = 8 mm,f =
0. 10 mm/r AT SEI0 15 B,

D=5mm,f =010 mm/r fil D = 8 mm,f =
0. 10 mm/r I, Bl HI 7 EEE AN &1 4 BT

1000
Z
oy
R 500
I
ol
0 1 2 3 4 5 6 7 8 9 10
1/s
g 1500 T T
Z F ‘ ‘
= 1000 ;
& |
R 500
z N
= 0 1 1 . | 1 |
0 1 2 3 4 5 6 7 8 9 10
/s
1500 v v v
Z i 1 T
=~ 1000 b-f— {
: |
= |
5 500 + ‘ ‘~
0 i i i i i
0 1 2 3 4 5 6 7 8 9 10
/s
£ 4000 T T
Z 3000 p—
= \ \
EE 2000.74~.7 ‘7.7.77‘>7‘,7 ——
R ‘
= 1000f | ‘
5 0 A
0 1 2 3 4 5 6 7 8 9 10

K4 D=5mm,,=0.10mm/r 1D = 8§ mm,
f = 0.10 mm/r FE 07 BB
X R LA B R o T8O B B ) EAY
VR TR R AL TR AR R 2R | 46 SOk 1
- 14 ] AT ORI AU AR BT A B AR

4  FEFEHEAT T PD

AR LTI A0 PD b 25151 4425
BLER BRI B TR

FEAUWUE s 12 0 RS O

7. =M-0+G (8)
K M— X E A M e R,
G FRRN
G=(J,-M(1))Q+D,0+M(q)q +
C(q,9)q +G(q) +F(q,q) -7, (9)

T G PARZSEL, WS EHRP AR RAME A SO0
G RS YA A AT IR TS, ek A =X
fai A .

7, =M-u(t) +G(1) (10)

u(t) =0, +Kye + K,e (11)
A 6(1) —6 AT 0,— KT E K it e =
0, - Qse = Q, - Q;K, K,— HRAIRERRZE N H T
B, EX AR RN & PD 24

a7 (10,11) KA.

M- (e+Kjpe+Kpe) =G(t) -G(t) (12)

B G(r) = 6,z (11,12) W15 RGH AR
ZITTEN

e+Ke+Ke=0 (13)

FH JH AT 12 P 1 R G S W 3R AR 1Y o SR I A £k
T SR AT ED
G(t) =G(t-At) =7,(t—At) =M - Q,(t - Ar)

(14)
A Ar— RGEHRAE R

M Ae BB B/, BT R — B 2048 A > i s
21, B 2 .

G(t) =G6G(1 - Ar) (15)

Bear = (13) , AT LAAS B 5 T i 2B Ak 339 PD 45 4l
HH .

7, =M+ (Q, +Kye + K,e) +
(7,(t —At) =M - Q,(t - At))

M (16) BIHA.

PUBE 8l B RORS B AR B 2 5560 G (1) il
TS ME CRAEFEI Ac A C, 28 Ar — 0 B, ATIA R 2K
(15) S5 AT

PD_TDC AL NAEHIAE R Gk 5 fls

(16)

— > €l ; X ,g“"ﬂ —
oo QPRI Qe s
E'5 PD_TDC HSHLER A$E HIHE R

S A LLAEH .

FEATEN 53 R PR 53 —PD ] B4 T
REAFEWIRT T WL PR A2 5t A7 AR PR A4 o o7 5 2



- 600 - L H

Tr & %36 &

DAL H R 260 T X A 2600 A 2 g 2 S SR B, A PR
5 50 gt Rt

3T MATLAB/Simulink #f4 , A SCigd = A
JE MU OB (AR S i 1 R L q, = -/
25q, =m/25q5 =1/2,

PURE a5 2 H0m sk 2 s
w2 NWBEBSH

SRR B
1 EFRUT R ke 5
T2 TR ke 3
T3 FRUT R kg 1
1K E/m 0.6
B2 KE/m 0.4
B3 KE/m 0.2
ARG AR i ke 1
HLHLEE TR s i/ (kg - m?) 000 198
BB EIR (kg - m?) 8.1e - 06
2 R/ (kg - m?) 4.3e -06
B3 SRS IR/ (kg - m®) 2.2¢ -06
FATNIEE/ (N/rad) 60 000
i L 120

B IMAREE R IFH 4 Sk mBs 51 A, 2 H]
skl D=5 mm, 5 #4550 £=0.10 mm/1, 55
N =1 500 r/min, 5 ¥l 1 A8 KR Q235 454K,
IR IMAFEE R 5 5% T a7 B0 PID 448t WL ¢ 42 ]
RO TR PD_TDC F il S s il 5 S

PID 5 T 08 5G9 ) B R 22 AL ) 1 22k an &l 6

iV
0.2 0
- — X7l
PN - —— %12
O1f TTmmee—me-—-——-mo S o
1
of
3
)
3 -0.1
S
#
® 0.2
-03
-0.4
0 02 04 06 08 1.0 12 14 1.6 18 20
t/s
800
—Iil
798
796
Z
= 794
2 ol
= 792
R
790
788
786
0 02 04 06 08 10 12 14 16 18 20

t/s

K6 PID 42 T AT f IR 22 A A2 1k

PD_TDC & T #5775 A DR 22 Al ) g 72 4k 4
K7 B

1.0

K71
-— 2
0.8 3;:13
0.6
(3
L
5 04
L
3
u
g 02
oK
0
-0.2
-0.4
0 02 04 06 08 1.0 12 14 1.6 18 20
t/s
800
—YIHI1
705 JIH 1
790
z 185
< 780
R
ZF 775
R
770
765
760
755
0 02 04 06 08 10 12 14 16 18 20

t/s

7 PD_TDC ¥l T B 5G9 F B 1% 22 A HI 1 A8 4

A ERCRE T LA

SR EL PID 45 B, BAR PR R KOG iR 22 A
FEFEHIAE 0. 3° 22 47 B A b ) 1o B B BL sl W 1, 2 3
BEI e G B Be R sh B ., HLOGTT M IR 22 WA
TR LA R E7E 0.8 s ~1 s 224, T
SFHI PD_TDC #54il , RAA G 1 iR ZE /R KN 0.8° /4
A, R 2 78 0.2°LUF , 56Ty 3 iR 2R W] 55 i HAE
0.5 s J&a, K05 1 JCH 2 FIOCTH 3 KT A FE IR EH
BT AEYIH] 1 FIRAE0. 4 sZRIA — KT
Wesh, Z e TRE,

A 5 2 e HE AT L% B

PID (A4 il 7 2% B AR 15 22 1 B 8 il A5 AR 4, (47
HHBFS A, W NI E] IS (0. 8 ), I HLAN Sk I f iR 25—
BLAFTE, fAEN ) ) — B2 IR K, AR T4
BT PD_TDC #E i HAEFF 45 0.5 s WAETE— 1A
KPS, WIHAEEE] 1147 30 N 2545 i e 3, {8 20 )7
At R 37. 5% , Z ) I Tad i 22 )L &, 4
FIFEEM T,

AR T PD_TDC ¥l EA 5 iy &bk,



o

556

# W 1,5 S LALER NROHR S S OF Y

- 601 -

6 ZEuih

A T AL AT b e Mk WA TR, FEAILARE 328 45 Tin
TR AR, 2o 3 BT % f m A%, B iR 31
I, ARSCR B PD_TDC #5477, 1 PD BRI 4k
BB, AR S P TR OO IR AN ) ke T
T AR T 5 Sk AL 1 B PR 20 (R L, W] AR 4
HiARIEFL B T i,

22 3L 1k ( References) :

TP, AR, R/ LA AT PR S e B

X R KL A SR AC b B AL & A L3l ) - 05

B . AT R B AL AN B0 T2 [T ] 0 I ey

JAMEE. RN A B T 2 Al B[ D] F at: B ot

SPONG M W. Modeling and control of elastic joint robots

[J]. Journal of Dynamic Systems, Measurement and

MINUKHIN I. An improved method of cutting forces predic-
tion for the primary cutting edges of twist drills [ D] . Mont-

real ; Concordia University Department of Mechanical and In-

WA, X R, kA . 5 S8 ST R PR AL A A FL
RS 2B )], AU 53 ,2015(3) :196-200.

[1]

[1]. AshikiEs ,2016(8) :68-75.
[2]

[J]. Wizs il A ,2012(16) :26-29.
[3]

F1 712 ,2006,27(5) :615-623.
[4]

BT RFHUM TR BE 2003,
[5]

Control ,1987,109(1) :310-319.
[6]

dustrial Engineering,2013.
[7]
A3 A

(8]

[15]

FHTRE, TR, AR, LU ATE S FL i AR b r 4R
SIMHIATFEL)]. HLHL A ,2017,34(6) :591-595.
KINSHEEL A. Hybrid force /position control of robotic
drilling system [ C ]. Control, Decision and Information
Technologies( CODIT) ,New York: IEEE,2014.

ey Bl Sk 7 4 R L B il L DD SR el e g A
56 ) Hi %, [ DB/OL] https://wenku. baidu. com/view/
3130afccal ¢7aa00b52ach56. himl

TLZERR. HALALAR ALEREEI /R T A2 SR sh it 5E
[D]. Biat: AL AR AL 2B ,2015.

W RBUA R HE, B sSCsL. I AL s sh 2 moe [ )], )
BB 5% E,2017(10) :49-52.

HEAE XTI AL Y S R BT . AL T
PRI ,2003(7) :27-30.

GLAA N, MEHDI K, ZITOUNE R. Numerical modeling
and experimental analysis of thrust cutting force and torque
in drilling process of titanium alloy Ti6A4V[]J]. The In-
ternational Journal of Advanced Manufacturing Tech-
nology, 2018 ,96(5 —8) :2815-2824.

WANG Y, LUO G, GU L, et al. Fractional-order nonsin-
gular terminal sliding mode control of hydraulic manipula-
tors using time delay estimation[ J|. Journal of Vibration
and Control, 2016,22(19) :3998-4011.

WANG Y, GUL, XU Y, et al. Practical tracking control
of robot manipulators with continuous fractional-order nons-
ingular terminal sliding mode[ J]. IEEE Transactions on

Industrial Electronics, 2016,63(10) :6194-6204.

[fREE: K 5]

W B,M M, ESE5E AL NRRS S RIPEE[T]. HLHR TR, 2019,36(6) :596 - 601.
YANG Yang, CHEN Bai, WANG Yao-yao. Vibration and control of building drilling robot[ J]. Journal of Mechanical & Electrical Engineering, 2019,36(6) ;
596 -601.

<<HLEE.:|:5FE>>%/%:\;http://www. meem. com. cn





