v
Manufacture and Simulation mjﬁ—'ﬁﬁjﬁ

BEEI RIS A\ S5
thZedhieh ik

BIE L XEELAEL S, HBEE L EEiE
(1. RERFAMEL L ZEXFHFTIHELEE T, KF 300350;

[ ]

2. B AR A A E], b 100076 )

dm TREEEA R L Gk SR SR e L E R, PR St TR &R A LT, AEIALS H &

AR ik B M T AR B R — A TRENWEATF S LIk, NB—F3A L REm THEA
(TriMule ), 5t T HiZ S F i fFER . ARG IAFE, AR T AR EGIRERLERKNEAMTESL L
A, REESFRRAILUN I I, ERREINEAMLF & LTRSS HILIKNE, 15 AFf XL R AR, KA
BB R AGAN T i R AR A R S R ERFMBE AW TATE, BREALIRHRBEMNBEALLEGRE &
B B ERE SRS EAUE R AR R R 6 R R AT R
KR RIRALEA; LR e T R XG4 B AR S $Rak 4t
DOI:10.16080/j.issn1671-833x.2018.16.043

RIE
HIHRE, FEARTE A
Hlfin T AR BX LB N BT AR

i 328 b R 28 % A SR
L2 A 3 ol U 2 — A T A 2ol K

«HE W HE: BRE S ELIFIH
(2017YFB1301800 ).

VHZE AR, Ak, REFER
JEALZS Y, TS S0z O H AR
T ERAS 2, TR B HE — R Pk RE A
257, A E R ALK L C919 45
FEMLZS HlE A, 3z A F B AR R
AL R A T RE X s
i A i 32 55 B L AR AR KRR B AR
Foeatmm FB Y, BEE SR
i zs = i AME S5 R H 25 52 24k, HXF
FEAFIN A B SRR B, AR A
23 il T I R RS 1 R
Zeihinn 1. BG4 XA RN
TR € ] it S5 A HE RS, R e AR
WILEE | oG | s R e 2R 1
R T R R H B
TN TR G E 2 BN 2 i 1 b &
EOBTER7I =S

Tl WL A S5 0 VR
T SO, Bt ML T S iR
PR PR & Ji , AL N AHE M2 T s 400,

R by S LR 8, andlLds A A 2l
L AL AR SR S B R
T BUAILAS N AE N 1 ) i € s ni
H & e, (8 i T H 47 2088 T8 NI
JEEATR SR FE 25, A BRI A2 A 1
T P RS I T oK, DR T [l A
25 ML A ML AR N A5 R A 2 A
i 2 RRUEE A s A A ol 3
1, G A o R TR R A R AL
PR, L8 3 e A I 88 DK A TR IR AL
A NS E) TS i Al )iz 56
P, B PHPEF SRR R R I A
H LA Tricept. Exechon RECHLAS AN
A0 il 3 BT Y R ARG F Bl b hn 1
g5, E I TR s K i i
B T XA A AT S
( 1T2R ) iz 3l o B TR FFERHLAA A%
LIRS, ) R4 2 A Rk
A/ SECLA XY KATRE R, I H5 4
XTI RIC S RS, W R AT

20184E 5561 & M 16M] - it hlE AR 43



- . .
—— ¥ o

25 il 3 TR A RUBE A 753K o

TR UEHLER N FERRGS AT, i
TR G 0 T IR A A s B
B7 LEATUBBAS A e A iR, 020055 TR
BeALAs A& ST IR shBE 1, A= i —
SAEBHLE AN T B s s
IREXCHLES NRE A FFisl 7, IR KRB
AR R NA L A B, A
N A AR B A AT 2 B
CRAT AN Rl . LR IR S A0 B AR
ook w22 EOR RN S B
Y (5 JBE 3 12 3 T 14) Jy 2OR T fLAR
BN T £, NI S35 248 0 hn
T8 fEJ, A e ks B i T
i, & FEA T (1) 3K CAD/
CAM ZGiHl CNC R4z b 5
e, B H R g it (2)
B INR B A I 1 s AR R B 2
2 IR BRI T 5(3)
A IGE | MELL IR B 24 RE 1) T 250k
2 BRI TR

T LR R AR A
IR[A) L, ORI 2 1~ E T IR S
R R B SR s B TR D
A BRI Tt R H (R R 25 R 8
PRUERBALES NP RGB T, 0Tk
TR EEE N, NS
HHZ UG IR 51 A 7 B FEAcHhZE . B
FEACHZE )2 Bezier HHZk 55,

SR ZR AT #b 7 R g
T HEAENUR (B4 SRR A
FIMFFR AN 2 L AR SC LA 23 il 1
SR ECAL N oA 5%, LA TriMule
TRBEHLER AN T & 1, Ry 3
TAUB #5510 S 50 th Ze 4l b vk,
FFii 1 BR A A R e e AL A R A T
Bk

BEHBRANMIES

1 GEEEHISEA

WA 1 f7~, TriMule HLES A H
A/C RUESL = A B 1T2R FF Bk
HLAE FR TR, For, 1 T2R FFRRAL
P A 2 T e sl SR B
2-RPS&RP “V-HiHLI LA & —4% UPS

44 WizsREEEA - 20184 61 & B 1610]

YHEH A, EHE R, P U, S HIE
IR B BRI R v BCRER IR
P RN ES B Al TRz,
RPS 25—l it R @ 558 58
HAZ, h—hmiad S Rl 58 &%
;5 RP 2B —ufimad R Bl 555 sh %
BERE, w5 ah T B [ D)

SR I R RS — 2 SO AR i

UPS 34—l U BIl5 5 —413
PERN AR, oy —umid ) S @S B
Bk,

TriMule #l#s AR B L 1T,
S 4R Bl 3 ] R T 4 B AR TR AL
b L AN S A A H B
1© FRESEIUAE A A R A in T,
I AT I 2 HE Rl T R S,
AR VEL R R, aniE 2 Fos .
2 IBEFESH

7 TriMule HL#F Az sl 27
A2 T HA (B AR ) SE AT
AV R ) L L B3

A/CRUEE L

TriMule #l#s AR R R E, H B,
FR UPS ZHEES R et 4,
F/R UPS 4 58l F 5 AH R
iLy; B, &/ RPS ki 556 s S0 4%
2 R BRIl 2 ARG 8l S 505 [ il g
4 R ORI 0 5 s, AT
By Fl B 5 A, 1 A 73 3R Wiz RPS
YHES T GEE S RIS, AN
RP Z455 4, (i=1, 2, 3) 3K T
2w, H O RP SC8E R 5% 1 1E
&, PO A/C L Wi I ih 2 i 52
ST BA SRR b, C R,
#H 37 TriMule HL#F AL B 30 7
HEETRY 2 1N FH 2 550l e A b i A b
B, R AL A A S TR 1
BB x,, ye, z. FIEESM o, B, KfFS
leijja‘é*ﬁﬁfﬁ“ qd1> 925 93 &%%Egﬁ
O, 050 WG FRBIEAENE S RS,
AL SEAHE R TriMule HLES A, 520N
TAEME. Wi 3 Fios e T bR R
{O} W, JTELBRAT Jr ) K w FRA

RPSZ 4k

SARS R

UPS it

Bl TriMuleiRBRHLEF A = 445
Fig.1 3D model of TriMule hybrid robot

(a) BeBh TAEREEH |

B2 TriMuleiBERAL2E AR TR
Fig.2 Mobile workstation of TriMule hybrid robot

(b) g T w2 2



WS hi s

B a, pEX B

w=Rot (v, f) Rot (x, a)z (1)
=, 210, 0, 177, ZBHHHEE Rot (v, B)
FORGE y WhERe p A, AT R RIE SCH:
AR, ABFR R {C) AXS T4
FRZR (B} ML AT 3R«

R=R.R,. (2)
A, Ry, FoRFRR {P} AXTALBR
F (B} MRS, R R AR R
{CY FIXFTARFRZR {PY YRS
H

R, =Rot (s,, w)Rot (s,, 0) (3)

(4)

K(3).(4) FRyAs m 7R 3
WA B E L. FEHLRABAR R {B)
o AR EEERE TriMule HLgs AR
PR A/C e Sk b AT 20 B, WT ST 45
UK Bl e 5 T B 2 2Z [ i O &
/(I

r=dy-d wtb+qs; ~a,i=1,2,3 (5)

L, (re, w) IR JIAR S EE , Wil
it CAD/CAM $1 A Kot TI45AE AR,
d, M d, 5 HFRE PIEAARR {C)
WG T v SR w B 1 2 % A B (R
PN v E ANE

wxn - _ Te
wxa” " |

H g, R AR K n Fon
TIRSAEAEAR R (B} HPEYNL B KA

R.=Rot (s, 0,)Rot (ss, 65)

vV=wX

(6)

a, M b, 73 5IFRR 5 A, B, TEARAR
A {B} PHOIE R A B
a;, = Rpai0
. T
a; =[-a;cosy; a;siny; 1]

b =[-bcosy; bysiny, 0] (7)

1

-n/2, i=1
7; =140, i=2
T, i=3
R A SCHERT , BT X IR AR
BASTANTR G R
r=btq;s, ;—a;,i=1,2,3 (8)
rp=(qste)s; (9)

K(8) H, rp TR P I B R &,
K(9)Hh, g, Fls; 73 5F7R RP S5
FIAFR S i R i, Hoe=||AP| Jky
o P08 P BUEL, AT R H g,
sy RIS i 2% S04k B FF B A7 Jr 1)
S

q=|r,+a-b),i=1,2,3 (10)

s.s=(r,ta~b)q;,i=1,2,3 (11)

g5 4 X(4) MaR(s) ar Rk
AIC 3L B4 6,, 05, B, HE T
TriMule L AL B I fERLTY, N IS
LSRR 2R A I B R At

SR LR EE
SEPUR B ML A o A
T, kG I B 2 A 1% B 1k
HUBECRE B iR, JCHETE T2 Al — L
N RE AT B W 38 s B Y
R TERFIN TR = YR vE P

i : {BY AHURMFRZ 5 {Py N ah P BIERAAR R ; {C} N ITRIERAFRFR ; (O} A TAFABFRE

B3 TriMuleiBERAL 28 N AR R E B
Fig.3 Coordinate system diagram of TriMule hybrid robot

T8 TSR (B B BE ), % 1)
HA9 50 2O TR 2 BRI, m] k)
H— A EMNIN T, S0kt
TN TR A PR B N s, AT ORERI AR
B T AL, andE ] R
LU Y AR e T Rk,
B XEHBEEIN T AR B MLER A B 0
FLRI AT PO TR AR DA T 7 (R 2R %
FA SR U RS ANk 3 kA T
T . A SC B2 JEAR A MA L (15
i) , S Af AN 7 45cp) i Bedi™
P, W4 7F Siemens 840D 24 1k
RGeS SR, B AR
¢ B AR F HA B HURSE 5T
SR AT A I AE RN T TR
AL A N b B I AR SC ) 224
B
1 MIEESHL

N T B AR 1 S04k 2 S S5
B IR IO DS i kA
FEIN T A, 38 SR P AR 2
Z NS E IR T %, A3
K FUB FE 2 ki 142 10,
HFFRUNE 4 iR 25 5 T B
pi(i=1, 2, -, m) RAAIRZESE,
T AR ©AlE s B4 B FRAciiZR %
N, r(u) R TIRE C Wi s gie,
q (u) F53R TTH F R I19Q 55 AIME —
MO myis gt Bl

r(u) = Zdi’lNi)k (u)
i=0

r— (12)

q(u) = zdi,ZNi,k ()

i—0
K, N)(i=0, 1, -+, m) B AR
HEpR%L, d; i d; , IIINFTR  (u) FI

w(u)

r

A\

r(u)
El4 WBHZFSHMLMTEKE

Fig.4 Parametric machining path of
double B-spline

20184E 55615 M 16M] - it RERAR 45



N

g (u) BIFERITRS, 7 (u) Fl g (u) A]R
FH B FE 5 h e (B s L& i 07 kA%
F, P RIEEE L=(| CO|l, R H
IR XU B RS AR N TR AR, 23
HER |r(u)—qw)|£L FITETE , At ASC
PEINF el

4 (=(a;, ﬁz)»ﬁ:qﬂ o, B, Tyt
IR TIE REE p, TN ) % R
POy I AR i BUN = Y e eI
CIECESIP

W)= YN, () =), S (13 )
i=0

HET AT R A AR A O iz
£ e
q(u)=r(u)+L-Rot(y, p(u))Rot(x,

o(u))z (14)
X C14) ARAKC12) BpA] 52
SIS S g

2 SEMEFBNEE

Z: B0l 2 A Ah R I T E 4G
A B P AR Ml 75 ) R e A AR R
T,, >R ff A2 M S BP9 {ug, u,,
o, ARAS AR TS 3 B L
TIE BT I {r(ug), r(uy), -,
r(u,)} FITENTT 10 %A P 5 {w(u,),
w(u,), =, wu,)} it hF
ZHMEINK 5 S BZ A {EE
HH Bff 9 i AT DG R, S 850l 2 A A0 11
B TR Af AN S8 A L
A% T T 1% 1 SR A 2% 238 R SK A K
B, "B Taylor RIFILRERAGHE N
T AH fit 45 5 19

e taE ) B VR u(h)
S t=t, AT B Taylor J&JF,
W62 1R B 3 ] A

Ui =U; +m71 -

LRACARICHPETS

2 ()
R, 7 ) R ;) 43 1) R TR s B
ML r(u) XFIMESE u 1F u=u, 4b
B — B SRR — B S8k, B T
R r(u) T g (u) FETR—F bR A Y il
LS BAEAM R, B3 u,,, I, K H
FRA w(u) Feak = AT 15 21 24 Firddfi b

46 WizREEEA - 201845 61 & 1610]

SN Y507 10 % f wu, ) BN
F G LA AL E W Rk,
AR 7 () B w () T
BRI q1 (i)« @(Ui) « g3«
O, (1tyr) F Os(uayy) XTI I i i,
HETTBR B 25 512 sl 58 i TAE ..

1 MIRE

TriMule HlL#F NEE R 5T
PMAC £ #liiz sh# il R #5 ), R
FH PID il , Horp B L B AALAE
H R LabVIEW 54405 1 i
F S LA 720 T TriMule
LR A AR AN S FioR, il o0 A
2 THUA BRI A 2R S A B AR
HARLIRIT

(1) 7E CAD 84 rp i 47 = 4
AL A BRI TR R,
CAM AR I T 4%, 153 38
i) APT Jin AR

(2) A REALE N A 5
B AL FEERAS B PR N RERS P T I AL
i, Bl NC #2% ., TriMule HL&S A fiE

P AUBEL (X, Y, Z, 4, By #RHY
NC A5, RSB X\ Y. Z FoR IR
SUARAR, FAEE AL B Ik LTy
BESEGEFYER

(3) %% NC /7, RF B RS
FRE LA 2, nT S8 S50k AR
HIEPA

(4) AR B Zam s s e, 25
A S 2 n v B SR g, E T 3 3 IF
T BT 2R G WK B IR B AR
N KATIB B, A ] A5 R B 15
% SERL AR RN T,

TELR S A FRAS R 32 2505 S S5k
AT AN E LA AT 25 i S B,
BRI .(1) i ad 5 1B NC
R EALZS AL, 25 B ALK
PR AT SERUIN T AR S EE Sk
SRR R, (2) 455 JIL S Kt
255 8, B A PCOM32
S ASBE RS Z 2 PVT 2 44
PMAC #7358 PVT a2l 4472
AT T A D I P 0 2R A5 0 A7 R
JE. (3)PMAC #&iil R iz sl
FETE AR B OR S5 Bk, i ik

,,,,,,,,,,,,,,,,,,,,,,,,,,,,

B TAL P
----- AR e |
----- ¢ ‘WWT--------{ I |:E%ié;smizu |
_____ <) F.”ﬁ?@??ﬁ%..{ Nclmg |
..... LR zswmﬁ e
----- TRERERE »smiﬁfm |

| JZ2LabVIEWH2 %

LYW > R RS B RS

PCOMB32sh k4 ¢

JEEPMACHE T

|

SER R IEPVT AT A

!

TS SN T

TELR S A 3

Es5 mIfEEE
Fig.5 Flow chart of milling operation



v
Manufacture and Simulation *ﬂﬁlﬁﬁjﬁ

Bt 1o e Sy G ES g
2 EiEptrlidie

SEBO AL KA ZS 77 b LB e
BLISEATOR 2 —, G2 RIS
77l I PERE  BEE BT R RUE S5 A 1)
KM, ETE MBS EEN
BT BE AL T A s ] s S el 5 3]
Pz R M ASCR) TriMule HLAS
NI A5 RS E i Zddieh Iy
W B EBE L T 2R A etk
AT LRI . IR PR RS
S R A A R A A7 1
k44 (Ti-6AT4V ), 5 TC4 ;
I AR 0 1 5ok B AT e S
SRR gL L R AR T B, )
H RS HE 12mm, 714
4, BRE AR 38°, i AR 8°, JE A 15°,
I N R A St Ein T 24~
FL42 M 19.05mm 93 FL, Bk A 4
R 5E M 120mm x 250mm x Smm,
P A R & SRS fL T 22
B, E4h%E 2000mm/min, V)[4 4
W HEZS 0.04 mm, B2 HE 0.20 mm.,

Kl 6 (a) Mil il UG B4
MR LN T #6428 6 (b) A
BT AR, S Bz a 1%

#19.05mm
/

Smm

- A

(a) UG AT e Bt fL ik A2

2000
£ 2002
£
N -200.4
22006
154 )
150 5 2
Y/mm 146 4 2 Xmm
(o) P E ST N T 4%

Elo MEMEHLFLINTEEIZ
Fig.6 Machining path for helical milling
holes

I SRR H 2 F(u), AL 7 B,
Pl 7 208 ROR B RE S i TS
WM B HEARHHEL r(u), 7RI
JVRTT R AL SRS H
2 [ I AT LU , Z B0t 2 A A0
PAET REA RO P25 AP BNIR
PEMTARE I T B, W, SPRitsy
e N UE

V, =ds/dt = |r'(u)| (dii/ds,)-V (16 )

A, s FORIPRIAIN, Vv, 2R
Jbribsn R, VICRIE S AR, 4
'@l - (diafds, ) 1 B, k45 5 i1 31
P sl FLrb ik 4 AL B R 2 X
W
n= |VF_V|><100%
v

£ PMAC iz 3 £ il + & K
5] B A4 A0 B 0 3% A T.=3ms, 8 3
MATLAB $ {5 B4 5 (4 3 45 %
W sh il 26 n R 8 i i, U i AE R
0.005%.

(17)

i

—-200.0

-200.2

Z/mm

—200.4

—200.6
154

150
Y/mm 148

146 4 °  X/mm

BE7 BHFZHLEELR
Fig.7 Results of B-spline interpolation

BELE A 107
[\

1 J)

0 2 4 6 8 10 12 14
A/
Els SHLBmMNERERNBE
Fig.8 Simulation of feedrate fluctuation of

parametric interpolation

AR BT B TriMule TR 6 ML 25
NIBTEFEFLIREE -5 s 9 iR, i%
SRR AR LT Y | K PN NN
g ARV E5 T SN ' o 7 ) W= 5
AT HEIRI AN VEA 41, A0 45 H 6 H 2
W, it PMAC iz shis il Rk frae
AR R A, AT AR BT IBCHL 38 A SEBR
ESPS AT B i i £k
WE 10~12 iR, X TA& 58 4
(] SITCARR b, 5 b 3 3 R 3k U 3
TEAEL YA B SR A, 2E i ml 40, SR
SR AT Ay 1 BE A A0E 45 0K
Bl 5T IR B 22, BRI 45 8
R B, kS ML A A S iR, It
Ab, i A B i S PR o 4 R B
SR AR R LN TR, AR A
- UR ) 51 SR BE A TriMule #HL
¥ N Jocabian Hi [, il &L W F AL
TSRS R

v, =l (18)

A, JFE 8 TriMule HL #8 A
Jocabian i [, ¢/~ 45 9K 8l ¢ 45
BEo B 13 RoR R4 R i 2k,
k25 R P S IR R 0.012%, 5 H
28 [ 9IUA £b 0.022% A EE , BR ISR
B . & 14 MERA SR e gt AL ik
o a5 3 R A Aokt B3t
T8 AL SR = ARARI ALY
Hodr 5 AN T ALFLAR IR T 5, P
B 3% 1, H LU IR 2= ARk fa H
antEl 15 P, e 25 SR R B AL
THSFEREIRE] HS, A E— M

B9 TriMuleREHLEAMITEE
Fig.9 Experiment platform of TriMule

hybrid robot

201845561 16 10] « i BlEHA 47



f\./, -
—— ¥ o

SRR - He ot
845 e
g
E 840 .
=
835 ' ' ' ' ' '
850 T T T T . .
£ w0 N N N
=
830 ' ' ' ' ' '
850 T T T T . .
£ J/A\\\///\\\w//f\\\/,
£ s40f .
>
830 ' ' ' ' ' '
0.05 T T T T . .
S ot /N N\ N\
)
~0.05 : : : : : :
10 T T T T . :
< 99 '\/\/\/\ J
9.8 : : : : : :

Hif () /s
E10 IRFXFIES MBS LR BT L fhzk

Fig.10 Comparison of the command and actual position

of actuated joints
SEPREE - TR HE

Eop 10 T T T . : :

w

=)

g W
= 10 . . . . . .
~ 10 T T T T T T

‘U}

=)

g Of\\¢//\\\J//\\\J//X
= 1o | | | | | |
~ 10 T T T T T T

=)

£ oo /\/\/\/\
= 10 | | | | | |
01

< 0

-

0 2 4 6 8 10 12 14
Hif[a)/s

B IRF)XATHE < B 5 SERRIE AT L i £k
Fig.11 Comparison of the command and actual
velocity of actuated joints

48 Wiz hEEEA - 20184 61 & B 1610]

a,/(mm-s?) a/(mm-s?)

a,/(mm-s)

a/(s?)

af(°s?)

Fig.12

/(mm-min')

7N
e}

4

s

Biis

200

—200
200

—200
200

—200
50

0 2 4 6 8 0 12 14
s ) /s
El12  IRZNKATHE < 0 ik B 5 SRR A0 i B R L B 2%
Comparison of the command and actual acceleration of
actuated joints

350

300

250

200

150

50

0 1 1 1 1 1 1 1
2 4 6 8 10 12 14

HiF /s

E13 SERR#tE Rk

Fig.13 Actual feedrate curve of the process of helical milling holes

E14 EiEskrLikinsR

Fig.14 Experiment results of the helical milling holes



WS hi s

F1 ORBIBABESRILALRIRE

mm
LR L1 fL2 1L 3 L4 fL5
1 0.024 0.025 0.007 0.010 0.019
2 0.027 0.027 0.019 0.016 0.016
3 0.029 0.026 0.018 0.009 0.021
4 0.026 0.024 0.014 0.010 0.021
5 0.027 0.022 0.005 0.008 0.020
——o—fll —v— 14
e fl2 —A— 5
0035 = 1l3
HS
0.030 |
0.025
g
£
§?§ 0.020 |
t(é
|
~
0.015
0.010 Y
0.005 : : :
1 2 3 4 5
fLI%/mm

E15 FLRIREMFLRTUL ML

Fig.15 Variations of the aperture errors versus different hole depths

TRGRE AT il i SRS 2 B
AT R FH B A R I 1 R B, B
S SE T 042 T St

Zig

AL —For BUGEE i T AR
BAILER A XS 42, i S Eth Ze4di b
T, F T R A IR e B LA

Eeyiog (I

(1) TriMule {RIBEALEF Nz 8l
faf o H HA B L R B 5 AT S A B
pAL:E Yy W= O NE VAR s
g R AN R =X s B e o 3 &R

4, 38 T as il i e

(2) R H 2 8 b 2 45 b 58 w
ARG S B 2 2 2R U Sl R A o A
0.012% LI, (RIEHLZR A K F- a8
1T BB S IR BA LI A R,
FLB T TR B RE A% 35 31 HS K B 4
e, WU T SEM AT AN T IR R AL
i FIRIRHLES A

(3) i Tad A e, PR Az 30 s
R AR M4 1) 3R G sh A e 5
M), BL A5 3K B0 21 10 52 o
T 24 BRI B S Sk T ARG
F B FTTRPAL AR A A il SR ms

— L UEE I T

& £ X #t

(1] SRR 3 s fil R R R
TR IR ], Wi hliE s AR, 2002, 45(1):
27-29.

GUO Enming. Present status and
development trends of aeronautical
manufacturing technology in China[J].
Aeronautical Manufacturing Technology, 2002,
45(1): 27-29.

[2] KRBT, BUREA. CHLAS P
INCCHLAR A J 05 1) S el 7= Ak (3], s il
A, 2013, 56(17): 40-43.

SONG Zhiyong, ZHU Xiaojun.
Development direction and localization of NC
machine tool for machining aircraft structural
part[J]. Aeronautical Manufacturing Technology,
2013, 56(17): 40-43.

[3] ERE, SOLRe, B, E N
NBARG AR (7], HLas KBRS,
2009(3): 25-31.

BI Shusheng, ZONG Guanghua, LIANG
Jie. Robotics and aviation manufacturing[J].
Robot Technology and Application, 2009(3):
25-31.

[4] S, #BUAE, EiZE BE
KAl U Tl L AR s 1], sl
R, 2013, 56(19): 32-37.

FENG Huashan, QIN Xiansheng, WANG
Runxiao. Developing trend of industrial
robot in aerospace manufacturing industry[J].
Aeronautical Manufacturing Technology, 2013,
56(19): 32-37.

[5] URIARTE L, ZATARAIN M,
AXINTE D, et al. Machine tools for large
part[J]. CIRP Annals — Manufacturing
Technology, 2013, 62(2): 731-750.

[6] NEUMANN K E. Tricept
application[C]// Proceedings—3rd Chemnitz
Parallel Kinematics Seminar. Zwickau, 2002.

[7] NEUMANN K E. The key to
aerospace automation[C]// Aerospace
Manufacturing and Automated Fastening
Conference and Exhibition. Detroit, 2006.

[8] YEH S S, HSU P L. The speed—
controlled interpolator for machining parametric
curves[J]. Comput—Aided Des, 1999, 31(5):
349-357.

20184E 55615 M 161] - it RER AR 49



—— ik

[9] CHENG MY, TSAIM C, KUO J
C. Real-time NURBS command generators for
CNC servo controllers[J]. International Journal
of Machine Tools & Manufacture, 2002, 42(7):
801-813.

[10] LIU M, HUANG Y, YIN L, et al.
Development and implementation of a NURBS
interpolator with smooth feedrate scheduling
for CNC machine tools[J]. International Journal
of Machine Tools & Manufacture, 2014, 87:
1-15.

[11] DONG C, LIU H, YUE W, et al.
Stiffness modeling and analysis of a novel
5-DOF hybrid robot[J]. Mechanism & Machine
Theory, 2018, 125: 80-93.

[12] LIU H, LAI X, WU W. Time-
optimal and jerk-continuous trajectory
planning for robot manipulators with kinematic
constraints[J]. Robotics & Computer Integrated
Manufacturing, 2013, 29(2): 309-317.

[13] CHU C H, HSIEH H T, LEE
C H, et al. Spline-constrained tool-path

planning in five-axis flank machining of ruled

surfaces[J]. International Journal of Advanced
Manufacturing Technology, 2015, 80(9-12):
2097-2104.

[14] SUNY, ZHAO Y, XU J, et al. The
feedrate scheduling of parametric interpolator
with geometry, process and drive constraints for
multi-axis CNC machine tools[J]. International
Journal of Machine Tools & Manufacture, 2014,
85(5): 49-57.

[15] BEDI S. Advanced interpolation
techniques for NC machines[J]. Journal of
Manufacturing Science & Engineering, 1993,
115(3): 329.

[16]
LARTIGUE C, et al. A new format for 5-axis

LANGERON J M, DUC E,

tool path computation, using Bspline curves[J].
Computer—Aided Design, 2004, 36(12): 1219—
1229.

[17] PhESC. B Ze il iAr s 1k RE 22 ik
WM LEARS T M]. LAt Bl R,
2015.

SUN Yuwen. High-performance multi-axis

machining technology and method of complex

surface[M]. Beijing: Science Press, 2005.

[18] YANG D C H, KONG T. Parametric
interpolator versus, linear interpolator for
precision CNC machining[J]. Computer Aided
Design, 1994, 26(3): 225-234.

[19] ZRHIL, BRESE, XUF, 45 . 12
TREGEFLEAA S A5 ] 1 B FC L v A 25 e 1
(1. Az il F A | 2009, 52(6): 58-60.

QIN Xuda, CHEN Shimao, LIU
Weicheng, et al. Development and application
of hole helical milling technology in aviation
manufacturing assembly industry[J].
Aeronautical Manufacturing Technology, 2009,
52(6): 58-60.

[20] ERKORKMAZ K, ALTINTAS Y.
Quintic spline interpolation with minimal feed
fluctuation[J]. Transactions of ASME Journal of
Manufacturing Science and Engineering, 2005,

127(2): 339-349.

WIRAEE: XN, 1 B0, UF5E D7 1) il
B S RG MR, BE-mail: liuht@tju.

edu.cn,

Parameter Interpolation of Hybrid Robot for Milling Operation
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[ABSTRACT)]
and high-flexible machining, Research and development of high-performance processing equipment is imperative. In

The traditional manufacturing equipment is hard to meet the demand of high-speed, high-precision

order to achieve the goal of high-speed and high-precision machining, a 5-axis hybrid robot for milling operation is
proposed. A brief introduction of the robot and its kinematic analysis are presented. To improve the machining accu-
racy, the principle of parametric curve interpolation and its application in the hybrid robot are studied. Finally, taking
the helical milling of holes as an example, the experiment of milling holes on titanium alloy is carried out. Simulation
and experimental results show that the parametric curve interpolation method can effectively limit the feedrate fluc-
tuation and improve the machining accuracy. In the end, it is pointed out that the hybrid robot has the characteristics
of high-rigidity, high-speed, high-precision and high-flexibility, and it has broad application prospects in the aviation
manufacturing industry.
Keywords: Hybrid robot; Machining operation; Parametric interpolator; B-spline; Helical milling
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