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ABSTRACT

With the rise of industry 4.0, the manufacturing industry is developing rapidly to
high-precision direction. In modern industries such as aerospace, shipbuilding, automobile,
mold and so on, the types of work piece to be processed are becoming more and more
complex. Five axis CNC machine tool is one of the most important tools to process
continuous, smooth and complex surface work pieces. One of the typical structures of five
axis CNC machine tools is the dual turntable type. In the application process of dual
turntable five axis machine tools, it is difficult to verify the effectiveness and functionality,
especially in the aspects of the machining ability of given parameters impeller and the
overall motion functionality of the machine tools. In order to solve this problem, the spatial
mobility of the five axis machine tool is studied, and the effective machining range is
analyzed in space, so as to determine the path marginal range of the double turntable five
axis machine tool in space and the machining ability of some surface parts.

In this paper, 3D software is used to build the simulation model of the physical machine
tool, and the 3D model of the transmission system of the five axis machine tool is
established, and the spatial kinematics modeling and solution of the machine tool model are
carried out. Through the motion trajectory of the 3D model, the five axis travel of the spatial
range is determined, and finally the work piece is cut, and the accuracy report of the work
piece is analyzed and verified The correctness of the results is verified. The simulation
results are used to verify the kinematic calculation results, and the real machining results are
used to verify the simulation results, which makes the experiment more reasonable.

In this paper, the forward and inverse kinematics of the five axis double turntable
machine tool is solved. In the process, the impeller model is correctly established by using
NURBS curve, which verifies the mach-inability of the impeller blade. Through the
simulation verification in NX microelectronic conceptual design module, the movement
interval curve is obtained, and then through the real machine tool processing, through the
selection of the correct tool, speed parameters and tool path path path, the standard impeller

is processed, and the expected effect of the experiment is achieved.

Key words: Inverse kinematics; Maximum machining range; Five axis machine tool; MCD;

Impeller machining
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X/(mm) Y/(mm) Z/(mm) X/(mm) Y/(mm) Z/(mm)
1 35.515 -21.597 44.149 11.690 -12.681 46.682
2 36.724 -19.511 42.849 13.778 -10.857 44222
3 37.889 -17.381 41.511 15.579 -9.048 41.526
4 38.761 -15.219 40.088 17.118 -7.217 38.646
5 39.538 -13.070 38.603 18.549 -5.707 35.601
6 40.221 -10.899 37.062 19.972 -4.273 32.522
7 40.801 -8.738 35.488 21.552 -3.013 29.408
8 41.310 -6.651 33.778 23.371 -1.891 26.378
9 41.803 -4.639 31.977 25.438 -0.829 23.492
10 42.345 -2.731 30.089 27.687 0.312 20.782
11 43.011 -0.918 28.141 30.132 1.590 18.209
12 43.841 0.788 26.172 32.718 3.038 16.091
13 44931 2.402 24.227 35.429 4.621 14.109
14 46.345 3.837 22.382 38.303 6.161 12.322
15 48.023 5.148 20.661 41.409 7.471 10.828
16 49.903 6.401 19.112 44.710 8.819 9.732
17 51.959 7.541 17.721 48.008 10.278 8.998
18 54.199 8.606 16.527 51.388 11.759 8.693
19 56.603 9.558 15.569 54.799 13.198 8.648

20 59.049 10.469 14.851 58.174 14.771 8.721
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X/(mm) Y/(mm) Z/(mm) X/(mm) Y/(mm) Z/(mm)
1 35.522 -21.594 44.155 11.686 -12.675 46.677
2 35.522 -21.594 44.173 11.686 -12.675 46.695
3 36.952 -19.195 42.654 14.177 -10.584 43.884
4 37.778 -17.467 41.569 15.543 -9.121 41.666
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9 41.310 -6.629 33.801 23.323 -1.877 26.356
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18 51.909 7.546 17.690 47.964 10.261 8.932
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22 59.058 10.474 14.848 58.167 14.769 8.719
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A s B A e Ja A B A ME RO e ARHTWTAT X By Y iy Z Bh. B AT C Bl
ARBRAR e, B 2 ST IS Bl S IR AR B R A A AR A

2.2.1 FFIR AL RIS HR

10 0

0
0 cosA —-sin4d O
0
1

Rot(X,4)= (2-14)

0 sind4 cosd
0 0 0

[ cosB 0 sinB 0
0 1 0 0
—sinB 0 cosB 0
0 0 0 1

Rot(Y,B)= (2-15)

[cosC —sinC

0 0

sinC cosC 0 O

Rot(Z,C)= Lo (2-16)
0 1

0 0
0 0

S = O

Trans(X,Y,Z )= (2-17)

S O O =
—_ O O
— N~ X

0 0

LT & TR BRI 30, 18 H AR B a3 (2-14) Z X (Q2-17) P
7y e AT DA I AR O B R B AT SEBRA LR (R AA AR 2R e, 7 M I (R B A

222 A ARG FZEIRRIE

TLHUARIA 3 DNELH (XL Y. Z2) M2 DS BRI ieke 4, A =7
3, I AC. BC. AB, HPZMIEAR 0 AXERL. WG 55 5 Rk,

TR B 200 R i T AL bp 2 -

PURMERR 28 HURIEAT A0S 28, RIORHE LA A bR SR IO ZEA AR R &R, I TH5E T
HATA BRI E, RAFEA TR AR RS

LA bR R SRR RO F AL bR R 58, RIAE JTHAL B SR S ) B
TAFAE bR RGNS B . R TAEN GORT DURR 1 00 AR AN [R] 1A 5 A [F (1 L AF
AAPR AR ARG Rl BB BRI AR, A AAAR Z 5Bl B 7 1] 25 LR A A A
PREHIT B IFRLEAT R IR R R

INLARKR &R e - I AL B ARG = A bS 28 o BEAT D I T AkS iR RO R P
Mwan s, B REfr B a8y sl B BT ARBRE AL, TTRIN ARG S5 A
AAKR R R R A, N AR FRARFR T ] S LR AR AR &R — 2
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TR 1 AR AR AL I AR Ol i, RE BB TG, RE AL
EERBIRS, KRS TFEGuCEBERBTIE,; g MM RS, T
FUR M AR 2T BB, R LA A RS 28 5 T B A AR AR E R ST I 2R o AE LR AR T
BN T SR 5 AR AR, 0 UL B AR A bR R A2 IE 3N, SEBRHLIR
BN AR & AT A bR RGOS T B E IR 5 I R ST T2 ek B friash, e,
B E TR IE S, AERESREER T, BT LAFEAT A R, TSN U TR D B,
TIEGHEATRE BNy, OGO IR, JXRE AT DAMER R Y LA AR bR . SEBRT) AR bR Z [A)
RI AR AR B AR R

HARRUEL & TSRS 40 -

SX5 z]E AL 5

S

Kl 2-5 XU & TUIBRBIH LR 45 F 18

WRTHIURRASH MERR. ML ARPURREE R LS WA R 1i23)
Fone AR SR HIXES G A BIENUREHTIZ 2 2 04, ARIEHLAR B SEBrfi
i BARMATRE, AT DIORAR ALK =4 )iz 8l a3

XU & TR A AR R HAAL BB Sy LA AR &R -C l-B Bh-X Fl-Y Hl-JK &-Z
Bih-JT R AARR R o ARIEALIEEE RN NAAR R, AR RFGL I RE P s B
AR, HURIZEhAER R S SR e %

LEERE & HAHUR R R I, JRRE RST8] IS Bl s 22 1k
WA, fERET, BT B AR RR A R TR AR R BAR AR T R, Xt
THUPREEF AN TR 7 B L IR R RER,  w] AT {8 e 30 0 T s R
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2.3 BRIFIEFFERE
2.3.1 ETFFFRLIREIMRIEFERZ T F IEFEER

RFHIURKIZ BN LM ZOR X B, Y By Z 8. B4, CHIBIMXI AL ERR,
R 5 AN BA e SR I8 s A O A AR R G RTINS TR R, #4755 kAR
PREGEAL, SR AT 5 T) HARR RGN FACRERE T, ana2-18)H:

T = Trans(— X1,— Y1,— Z1)- Rot(X,— B)- Rot(Z,— C)- Trans (0,0, — Z>)- Trans(~ X, ~ Y,.Z )- Trans(X 3, Y3,Z3) =
cosC  cosBsinC sinBsinC  (X3—X)cosC +(Ys—Y)cos BsinC +(Zs+ Z — Z2)sin Bsin C — X,

—sinC  cosBcosB sinBcosC —(X3—X)sinC+(Y3—Y)cos BcosC +(Z3+ Z — Za)sin Becos C — ¥ (2-18)
0 —sinB cosB —(Ys—Y)sinB+(Zs+ Z — Z2)cos B~ Z
0 0 0 1
BTG T] AL B R RN [0,0,0,1]7, TR R BN T0,0,1,017 . FedfeJa ) O b B ARER N :
Px 0 (Xs—X)cosC+(Y3—Y)cosBsinC+(Z3+Z—Zz)sinBsinC—X1
Py _7 0] —(Xs—X)sinC+(Y3—Y)cosBcosC+(Z3+Z—Zz)sinBcosC—Y1
Pl o] —(Ys=Y)sinB+(Zs+Z - Z2)cos B— Z:
1 1 1 (2-19)
Fedbe )5 TR BN -
O« 0 sin Bsin C
0 sin BcosC
O =7.| |= (2-20)
0O: 1 cos B
1 0 0

2.3.2 ETFHRLFRETIRIEMENIE R F L RIRE
18 B W AR R AR 2R R B T) A BT Tl O B A AN g i
MALE . ORI R NI OALE AR TR &, KA MREE X, Y.
Z. B. C.
=P hhviEsh B2 PR
X —cosC sin C 0 || P+Xu X3

Y |=|-cosBsinC —cosBcosC sinB | Py+Y1 |+| Y3 (2-21)
Z sin Bsin C sin BcosC cosC || P-+Zi Z2+ 73

PR e il 1 iz B e i =X(2-22) 2 X (2-23) B :

B = arccos Q- (2-22)

C= arctan(Qx/Qy) (2-23)
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DNEGAIE bR AR BRI e SR R IR, R TR DAAD TRV AL B AR R A, SR NX
2 1) 1) 7 EL BN GZE FRAF RUAH L) JIAE A )l ok 0, @il s B, AU E R
HEAT AR AR 4 I SO0 NI fE B AL B
RS NX Hon Cai B AR i) ) BALE R8s, P A SCEEAT IR,
€ B RA C B IR B, 8 S SR IERA S B S B s NC A )%
RERILEXRS, IOUE T S R IR AR, BRI R ES WK 2-3 B
#*2-3 JIERERDN B

B. C fiE NX JIHRE EHPILDS o
B58.8083, C32.3689 0.7225,0.4579, 0.5179 0.72252, 0.45798, 0.51790
B58.8069, C32.3731 0.7224, 0.4580, 0.5179 0.72248, 0.45802, 0.51792
B58.8066, C32.3756 0.7224, 0.4580, 0.5179 0.72245, 0.45805, 0.51790
B58.8065, C32.3751 0.7225,0.4579, 0.5179 0.72252,0.45798, 0.51793
B58.8054, C32.3752 0.7224, 0.4580, 0.5179 0.72246, 0.45804, 0.51793

W ALY S IR ES oy T AL AT LU, ANk 2-4 PR, R AL ET R )AL R
57 A\ 2 Matlab =065 A4 i) 7] R GZE AT S0 AE . F] Matlab 34T B2 5 5 A2 B 412
Ll 2-6 iz, FIFH SinuTrain BEAT 00 TARFPROSE, AR R0 Z i 2-7 Fis
A A B 450 200 Jm B AL TR 10 TR R IER I, AT SRAIE T 8 57 A ST ST ) AR b %
P FR IR AR T B AT AT M

%24 JIRL S

RACERTIAL R AR (mm) JE S E I TIAL R AAAR (mm)
34.927,5.552,-13.832 X34.92680, Y5.55242, Z-13.83198
33.969, 7.103, -12.068 X33.96917, Y7.10284, Z-12.06834
32.831,9.114, -9.690 X32.83146, Y9.11396, Z-9.69002
31.622,11.380,-7.018 X31.62249,Y11.3801, Z-7.01794

30.890, 12.765, -5.413 X30.89041, Y12.76464, Z-5.41309
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Fle Edit View Insert Tools Desktop Window Help ~

Ddde | b RROVLEL-2|0H aDd

O

21.04.22
14:26

8 zhiEr

At Eh 22/ mpt/ 189Y1
HETHOD

| 306267y | 130.83472 [ a2 I
|H99398 60 B39. 14076 C77.9387 | 77.939 thiEfezh 180% |AR:88:15

2.33 N

R B A Tl )3 BORTT A S I, AT T RS AR S AR BLIR (32 5)
FOrM, FERIA Matlab 3EAT F LR R0 A5 A (R AR -

(DWFFT 7 M EE, KA 17 NURBS BEAT H4e Bodls sl A0S, 7155 AR 5 1T
2 al ih 2, S i I ELGC T, A2 RS IR AR AR A R

)7 BTHUREE R RT s, X TN AT Iz A, IR Tiash A R il it 51,
RAETIRL RS Mo sl S e sh e (5% 22, A Bl Matlab B8R BEAT T O THER, 85
SB[ NI Y VAR 0PI vaTI Ay 11 N1 i
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F=EF HFVHERIBLSHERIE
3.1 HUARE S 5 =45 B AN ST

-----
uuuuu
sus

|

K 3-1  Wle YL569 XU[al%% & = F ez LA

ISR FERT GO YL569 XAl £ 20 A A m Tty SR ok FE Ul % 1
EG, JFEC&TEITT 840Dsl #5248, HAZHIES)ThAE, 7T LA 25 4% dl i 2= (1)
TR . SRR A SO& A F AU T &R T SR s EAEm LT, 46
U SCRA TR G A D TR

W YL569 #MEANIE 3-1 firr, FESHILE 3-2.

F#3-1 W YLS569 T EESH

Fs LR TA ¥

1 MUK X/Y/Z B 247 FE(mm) 500/300/500
2 B %A (°) -11~100

3 C i e () n*360

4 HUAR TAE & A (mm) 700%420

6 FHAGE Dy FE (kW) 8

7 I A I v 3 (r/min) 9000

8 TIPS E (1) 16

7 HLARAME R 5F (mm) 4200%2800%3200
8 FAHIHESL BT40
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AHUR Z K H SINUMERIK 840Dsl, HABHA. it RIS — 14
o EATTRAGT T 7 N KRG RE4E . SINUMERIK 840Dsl] %1% R 44
T RERGSH, @R RESE, EAVURIIRE, WERIRMVETE, UTA
REWIKRASERE, NS T TR
32 HUKMRSHEE

2¥5 & X wEE BT X BEE
$MN_AXCONF_ $MC AXCONF_CHANAX

10000[0] MACHAX NAME TAB MXl1 20080[0] NAME TAB X
$MN_AXCONF _ $MC_AXCONF_CHANAX

10000[1] MACHAX NAME TAB MYl 20080[1] NAME TAB Y
$MN_ AXCONF _ $MC AXCONF_CHANAX

10000[2] MACHAX NAME TAB MZ1 20080[2] NAME TAB Z
$MN_AXCONF _ $MC_AXCONF_CHANAX

10000[3] MACHAX NAME TAB MBI  20080[3] NAME TAB B
$MN_ AXCONF _ $MC AXCONF_CHANAX

10000[4] MACHAX NAME TAB MCI1 20080[4] NAME TAB C
$MN_AXCONF _ $MC_AXCONF_CHANAX

10000[5] MACHAX NAME TAB MSP1 20080[5] NAME TAB SP
$MC_AXCONF_ $MA_POS LIMIT -250/-150

20070[0] MACHAX USED 1 36100  MINUS /=250
$MC_AXCONF_ $MA_POS _LIMIT 250/150

20070[1] MACHAX USED 2 36110  PLUS /250
$MC_AXCONF_ $MA MODULO

20070[2] MACHAX_USED 3 30330  RANGE -11/360
$MC_AXCONF _ $MA MODULO

20070[3] MACHAX USED 4 30340 RANGE _START 110/360
$MC_AXCONF _ $MA ROT

20070[4] MACHAX USED 5 30310 IS MODULO 0/1
$MC_AXCONF _ $MA DISPLAY

20070[5] MACHAX USED 6 30320 IS MODULO 0/1

R RS AFRR ), BEATHURSHORE, 16| Z4ERRUTRE, £ NX s iy
SRSIER B, KRS8 ] BRI RCR
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32 U A T L = SR
3.2 NX Hl R RRIR E

3.2.1 MARIEE
WG IS F N T R NI, B X,Y,Z,B,C, A S A X Rl B2kl

v mENEE) e
REFIEEE A
I
~
FElE
|
ARR k) &
EE 378.826700712844 kg B
[ A

bex 42184120.3948946  kg-mm?~ ¥
39114777.165693  k
19754221.6759665

RIfFERE A
@®isme Ox

L) ]
[ A
RIS (0) 2
BIR A
[x | &

K 3-3 X Bl E i NIR R E
322 HITEEIRE
REANIREA L EH S 20R, SR ESIYE S REITRE, XX, Y. Z #1798
HEIRE, X SP. B. C#HTREERIWE, mARESRINE 3-4 Fin.
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RN A
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BRI A
R [100 v
TR [-25 |
EFR A
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Cee I
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o EESEEE (1) &
 EEREIE (1) @
HFNRE A
et X ta] -
wE |D mm- ¥
BRI A
E® [s00 mm- v
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EFR A
[x |
e
Sl e b ey = S
LA r8sE
A C 583
[ sp ]|
-ARX =]
-ARY BE
ARz BEl
- [IsE E& ElzEE

K 3-4  IzzhElI B E R

3.2.3 R MPITEENRE

TEXTHURIE SRR, FF BB S AR IR, BlnFia eI, 2
WEAE L. FIN, FTXEARIAT S, BT & i B A B e AT R E .
XX, Yy Zy By C. SP W B IEHIMEEES, K X, Y. Z. B. C WEN BEILKE,
SP &% B N fEAL RS, A n] UG R EE, WES R 3-5 ATx.
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—E%ﬁﬁmw%
-2 A PC(1)
- C PC(1)

- SP_SC(1)
- X PC(1)
~MAY_PC(1)
=M Z_PC(1)

3-5

324 BNESR

S
S
EEEEH
S
S
S

R AR AN HAT 2% 1 13 B AR

55 IR BRI RN s NC A5 5 RAZRINLR, 9140 % Al 7
BEEMPURN R BUE 5, WTRERNAE 555, #%
Eﬁiﬁi%%MEu —H, WAL RIE 3-6 Frs.

=5k H T OPC UA [1E 5,

¥* PEFEALEENTER (0)

BEIER

# BIE P PUE=E=ic) S8

A A_PC(1) fiva—z] s

c C PC(1) s W=

SP SP_SC(1) EHEEE HE

P X PC(1) UERE B

= T s e

==

# B RS mANEH BE =M
XX TEER & 0.000000 B
Yy WREER @A 0.000000 £E
7z TEER  ®A 0.000000 5
AA TEER @A 0.000000 FRE

ot

iEiKA ot

A AA

C cc

SP SPSP

% XX

FIR

SignalAdapter(1)

Kl 3-6
_ == s =
3.2.4 BN ESEESME

5 SIRAYESR T ZH T/ MCD 15

=1 B
300.000... ©
300.000... °

0.000000 °/s
300.000... mm

="liv b=
mm
mm
mm

FifiE

miEEL
TEER
put i)
TEEL

e

R AR AT 4% 1 1 B AR

SIEFT OPC UA frs =it

T e

TR,

SR, BE S, ESEREEE RS S IV = 4R A,
23, WEIRME 3-7 Fis.

FEFP, —4ERORREAT SEIN I8
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© [FSHet REE
HMEBIESZEE A
St OPC UA I
OPC UA B3 ope.tepi//DESKTC ~ || 4]
==3 A
MCD 52 (6) A SHEBEE (10) A
5em = - || R = e -]
=i v [Hxasme [Jrmes =i - :D HASrE [ rEess )
B SEHMESE.. ERREETR 10 257 Bt =1 1027 RS BETE BE
AA SignalAdapte... B WEE A~ B &t LReal 1 BE1 A
cc SignalAdapte... B THEE c i LReal 1 EE 1
SPSP SignalAdapte... A WiEE X i) LReal 1 EE 1
Z i LReal 1 EE1
Y i LReal 1 EE1
¥ on RS 1Al a k-l ¥
< > <
HITERNRRET |
BRENES A
EEER MCD ES8HR  5E SEMES SR FEEEs e 2

~+/ OPC UA opc.tep://DESKTO... ~
 SignalAdapter(1) XX X XX I8 1.840D.
+/ SignalAdapter(1)_YY.Y  Y¥ i 1.840D.
+/ SignalAdapter(1)_ZZ Z ZZ
-/ SignalAdapter(1) AA B AA
/ SianalAdaoter(1) CC C cC

N ERERE

I8 1.840D.Si... &

I N->1 ST

-

K37 M55 HER S B E AR

I ER A, B MCD % & 5T, M5 R s UM LR P B4 57 5 B SR — 2,
BB R 3-8 s

- BB fa
i @B i3
@C [ZII1=N
@ SP [ZIT1=
[ZII1=
Rilx
Pl
[Z17%S
Rl
R
R
EnEl
aaEl
EwE
EEEl
=t
Bl=lic= e
B4 B_Pc(1) ot
A
prlsai ]
ArEE
iva=cc ]
ArERH
=l
.+ @ SignalAdapter(1) EEiEAE
" SymbolTable(1) HEE
-oEsEs
= % opc.tep://DESKTOP-BO... v

33 BT RGEER

fex e er | €A\

g FLEESEn 0 L=

SHF) SR WEN) TET) ER) REH)

DESHR BMETG I 9% 0o X E
=0 Iﬁg ~ | imicER 3 HilgpeR) et Lt i
! E%E_ 4 B ns=2:s=/Channel/Machine.. Double 10 EH
& @JﬂEJE’rOD ac =/Channel/Machine.. Double 10 EH
163 Sinumerik ax ns=2:s=/Channel/Machine.. Double 10 EH
=1 Channel ay ns=2:s=/Channel/Machine.. Double 10 EH
i [ MachineAxis az ns=2:s=/Channel/Machine.. Double 10 e

.57 Spindle

K 3-9 OPC UA LIz R G vk ik B
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KRICKH OPC UA 5%, HAFMIRRA 2 KEPServer EX6, KEPServerEX OPC i
R T SRR RS IR, & PLC. B HIEE, 8 556 RS AT EIR S
B, @ISR G AT BUE AR, i 3-9 for. Eti Y, T EIF RS R
WKENFEP AN SFEAE . K15 EF SINUMERIK 840Dslfwmﬁl]¥iﬁz%a‘“
HIRGIEARESR S 7. [FN, KEPServer EX OPC IR %%5#% 7] LUl & 4% ) OPC
SRR G4 ALY R P N R . KEPServerEX OPC 45 25 AT 55 U\ﬁ?ﬂl%‘\é}i
SREUCEE, #EPONFr MBS Y (OPC B, DDE) , {85514 /1 #5GE WS 432 52 A FE AR X
SEE P

KEPServerEX ;2\ AW Je b &, @iz Farwett, FH7 ] DLE W IS 4%
F P R B ASEE E S s AN, KEPServerEX FJ ] OPC 3 if by
W CHBNAT AR B AR AR HE) AILLIT ?ytlﬂfbﬁﬁiéﬁmb‘( (f#ltn SNMP. ODBC.
Web 55D [ H 2 SRR AR B B T B . X AP & BIFF ARG 12 P R
PhAE. Al SN S PR R .

LA
RE[RS SEENEFR 2RSS TRINRSE IOIED

URL Ret
8 opc tep://DESKTOP-B0OCDLP49320 x

TP R
PIEEIEERE: | Default

Y
x
[easicizersats =
lsasezss 5%
L | wE wh BT
Desm
FrT) BIR)
R EEETEN, EEEFIRHRSSRIEG. Close #E
. .
Kl3-10  ufis IP &
T %] i
NE/MPF/182YKL
7R 1RO
s % [l s
0 BT 1
MX1 447.063 ‘ T 30 o
MY1 -103.327 | w1
M21  -250.593 F  osee _
MB1 0.080° | 1L mm/min_188%
Me1 8.088° ES1 0
BEG54 ER 8, N

LB & me

éyﬂjﬁ !’I /ﬂl; 1\“}_{_‘

-5l Kepware KEPServerEXVE | ltem ID | grigzem) | & | Timestamp | Quality
-3 _DataLogger <1818 1.840D.Sinumerik.Channel Spindle.SP Double 0 232330324 HiF
[ _System i1 1.840D.Sinumeri k.Channel MachineAxis.Z Double -250.593 23:23.28.232 BT
- _ThingWorx jE1E 1.840D.Sinumerik.Channel MachineAxis.Y Double -103.327 23:23:30.021 BT
JE3E 1._Statistics D18 1.840D.Sinumeri k.Channel MachineAxis.X Double 447063 23:2348758 RiF
& 1B1E 1 _System 18 1E 1.840D.Sinumerik Channel. MachineAxis.C Double 0 225731333 B
L3 iEiE 840D._System i 18 18400 Sinumerik Channel MachineAxis B Double 0 226731314 BRI

*3 #i3E 1.840D.Sinumerik

K 3-11 35 A3E47 SinuTrain 12 5 &0
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- E %
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T IR false
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. @x O O [ 0000000 N
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R false
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Bh A ThFH N T

SV NS oy INR

- Fr L E AN T

e BN i T

A i

IR 5] 5 o T

K 4-3 INLIZ M

AR5 T 2RI 4-3, HAagi g a2k, UIHEBEE. RsFEkE. TE2H
PEEEE MR 4-1, EFENUR T YL569, Z %N SINUMERIK 840Dsl &% .
41 RSN ) B kR

FS  WIIFAR AERLES PIBIERE FHWFEE pm) #HZAFE (mmpm)
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Abstract

Flank milling is an efficient process to remove materials from free-form billet. In conventional, its path generation addressed the
approximation error between the ruled surface and free-form to-be-cut surface. Different from reducing the approximation error
as much as possible, the error between the machined surface and the design surface is addressed in this paper. The machine tool
kinematics is introduced into the establishment of the instantaneous engagement. The complex spatial engagements are repre-
sented on a group of planes. In order to ensure that the machined surface is valid, the instantaneous engagements are limited in the
tolerance band. To improve the efficiency, the machining region of each path is increased as much as possible by adjusting the
contact points and tool orientations. Therefore, an optimization model to generate a milling path is established and solved by the

particle swarm optimization algorithm. At last, the proposed method is verified on a compressor blade.

Keywords Five-axis machining - Flank milling - Free-form surface - Engagement model

1 Introduction

Five-axis machine tools are always used to fabricate the free-
form to-be-cut surface. End milling with ball-end cutter is
common in the free-form surface machining. However, the
efficiency of this process is limited by the point contact be-
tween the tool and the workpiece. Therefore, the flank milling
becomes an alternative process because the contact area is
larger. It helps to promote machining efficiency. Regrettably,
path generation about flank milling is not a mature technolo-
gy. It is necessary to discuss further.

The tolerance is the limitation for the machined surface.
The scholar in computer-aided design scope paid attention to
construct a model for planning tool path. A group of ruled
surfaces are used to approximate the free-form surface. The
deviation between them is reduced as much as possible.
However, if the cutter orientation is determined according to
the generatrix of the ruled surface, the overcut is inevitable
due to the surface is non-developable.

In flank milling, material removal occurs at the profile of
the cutting tool. Compared with end milling, flank milling
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! Northwestern Polytechnic University, Xi’an 710072, Shaanxi, China
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makes it possible to get larger machining region in general.
However, the advantages of flank milling are often limited
by poor path planning in practice. Five-axis flank milling
path generation is considered a crucial task, especially for
complex geometric shapes. An ideal path planning needs to
satisfy higher processing efficiency while meeting the toler-
ance requirements.

2 Literature review

Free-form surfaces are complex surfaces that are common in
engineering, and 5-axis flank milling of free-form surface has
been researched in many previous literatures. Early researches
focus on how to approximate the free-form surface by ruled
surface and reduce the approximation error between the fitting
surface and the to-be-cut surface. Chen et al. [1] proposed that
the to-be-machined surface can be approximated to a straight
surface in the form of a B-spline tensor product. To machine
the curved impeller completely, Fan et al. [2] fitted the single
continuous surface blade that can surround the curved impel-
ler surface in roughing stage and approximated the to-be-cut
surface by continuous segment straight surfaces in semi-
finishing milling. Chu et al. [3] approximated a ruled surface
with consecutive quadratic developable Bezier patches with
G1 continuity, and the tool end moves along the boundary
curve of the patches. The tool path planning for five-axis side

@ Springer
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milling is transformed into a geometric modeling problem.
Gershon et al. [4] presented a five-axis flank milling scheme
for free-form surface based on automatic piecewise ruled sur-
face approximation, with accurate resulting surface finish that
satisfies tight tolerances. However, the surface must be convex
or saddle-like shape. Similarly, Han et al. [5] approximated
free-form surface by piecewise ruled surfaces, and the approx-
imation error was controlled by the iso-inclination angle.
Methods for selecting appropriate tools and generating tool
paths also were presented.

Except generating the tool path by approximating the to-
be-machined surface, the contact relationship between the tool
and surface was also considered. Liu et al. [6] proposed single
point offset (SPO) and double point offset (DPO) algorithms
for the cutter location calculation of five-axis cylindrical mill-
ing. There is one cutter-contact point and the tool axis is par-
allel to the tangent vector of B-spline curve with smaller nor-
mal curvature in SPO, whereas the latter calculates the cutter
locations by allowing that the cutter contacts the to-be ma-
chined surface at two points. The three point offset method
is presented by Redonnet et al. [7]. Improved positioning of
the conical cutter is characterized by two points of tangency
and one point of contact between the to-be-cut surface and the
cutter. But the method needs to solve seven equations with
seven unknown values. Based on that, Monies et al. [8] opti-
mized tool path along the directrices of non-developable sur-
face. The conical tool is in contact with the generatrix and
tangent to two directrices of design surface. Bedi et al. [9]
allowed the peripheral of the cutting tool to touch two direc-
trices of the surface, relaxing the limit than the former but the
error increased. Hsieh and Chu [10] allowed contact locations
to deviate the boundary curves along the normal, tangent, and
bi-normal directions to enlarge the feasible region. The error is
defined as a weight sum of overcut and undercut, and the most
suitable cutter location calculated by the particle swarm opti-
mization (PSO) algorithm. Chen et al. [11] proposed a method
of flank milling path planning with the max milling band, and
the cutter tool is barrel cutter with complex generatrix.

In addition, some scholars have generated the tool path of
flank milling by studying the tool motion envelope. Gong [12,
13] built up the envelope model to transform the problem of
path planning into the least squares approximation problem of
the tool envelope surface and the design surface at the discrete
cutter location. In this research, local tool interference in 5-
axis flank milling is also taken into account. Yan et al. [14]
obtained the initial cutter orientation by DPO and optimized it
by adjusting the two points through three-dimensional trans-
lations. Thus, the cutter orientation is represented as a function
with six variables. The approximation problem of tool motion
envelope to non-developable ruled surface is decomposed into
the optimization of variables. Zhu et al. [15] evaluated the
error between the design surface and tool envelope surface
by means of a group of points, and conical tool path planning

@ Springer

for 5-axis flank milling was promoted. In the following re-
search [16], a model for optimizing the tool path and cutter
shape of the five-axis side milling simultaneously was devel-
oped by representing the sweep envelope of the universal
rotary tool as a spherical sweep surface. Gong et al. [17] pro-
moted that ball-end conical cutter should be tangent to the hub
surface in flank milling of impeller. Nonnegative-error con-
straint was considered in this paper; that is, there is no overcut
region. Based on this idea, the error between designed surface
and tool motion envelope is minimized by adjusting tool path.
Yan et al. [18] proposed a method to calculate the error of tool
location based on envelope principle; the computational effi-
ciency of the error in five-axis machining is greatly improved.
In summary, the tool path planning is important for five-
axis flank milling, and the tool motion envelope is a signifi-
cant basis for valuing whether the tool path is accredited.

3 Instantaneous engagement model
of free-form surface flank milling

Based on tool motion envelope, the instantaneous engagement
model is built up in this part; it represents the material re-
moved at a certain instant.

3.1 Cylindrical cutter model

In flank milling, the profile of a cutting tool does the major
cutting. It is obvious that the peripheral of a cylindrical cutter
is a surface of revolution which determined by the generatrix
L(s). In the coordinate system Wt (O7-X7Y7Z7 ), L(s) is
represented as

L(s) = (1-s)Vy + sV,,0<s<1, )

where Vy = (Xo, Yo,Zo) and V| = (X;,Y,Z,) are two end
points of the tool part with cutting ability, and s is the param-
eter of the profile curve (see Fig. 1).

N e

Fig. 1 Cutting-able part of cylindrical cutter and its surface model
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In addition, the radius of the cutter is r and the length of
cutting edges is /. The profile of the cylindrical cutter is de-
fined as

reos
rsinf
s/
1

S'(s,0) = ,0<<2r,0<s<1. )

3.2 Scattered model of billet surface and to-be-cut
surface

Except for the tool model, billet surface and to-be-cut surface
are also needed to build up instantaneous engagement model.

In this paper, to-be-cut surface is a free-form surface (see
Fig. 2). In practice, it is obtained by offsetting the design
surface along its normal vector. To-be-cut surface can be rep-
resented as

Mp Np

SP(u,v) = ¥ S Ni(u)Nj(v)-Vij, 0<u<1,0<vsl (3)
i=0 j=0

in the design coordinate system Wp (Op-XpYpZp ).

The billet surface is the result of previous working proce-
dure. In this paper, it is represented as the nominal machining
result from pre-process such as rough milling, and the rela-
tionship of billet surface, to-be-cut surface, and design surface
is shown in Fig. 3. In the coordinate system Wp, the billet
surface is expressed as

Mg Ng
SBu,v) = zo ZONi(u)-Nj(v)-Vi_j,OSuSl,OSVSI (4)
i=0 j=

The billet surface and to-be-cut surface are built up in the
workpiece coordinate system Wiy (Ow-XwYwZw ). The
transformation matrix T} transforms the coordinate system
Wp (Op-XpYpZp ) to the workpiece coordinate system.
To-be-cut surface in WAy is represented as

Sh=TH.8P ©)

and the billet surface is represented as

To-be-cut surface

Design surface

Fig. 2 To-be-cut surface and design surface

To-be-cut surface
Billet surface

Design surface

Fig. 3 The relationship of billet surface, to-be-cut surface, and design
surface

iy =To-s” ©)

In the workpiece coordinate system Wiy (Ow-Xw YwZw ),
a set of parallel planes I'; perpendicular to the Zy axis are
defined (see Fig. 4a). The plane I'; corresponds to a Zyy value
of z;, so it is denoted as

Ti: fix,y) =2z, i=1,2"" n (7)

The intersecting curve of I'; and to-be-cut surface are rep-
resented as

CP = (ShNfix,y)=2), i=1,2--,n (8)

To-be-cut
/ surface

) PR e | Yw

X Ow
T(fO6Y)=Z, ) oomommoees - @ 1

(b)
Fig. 4 a Parallel planes I';, and b the intersections CF and C,D

@ Springer
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MisR— Matlab 2~

% 57E —HEHE A RIBUE R BRORILAEHITIR, G X 2o R {E £ 3D NURBS
ek, BEARBME S SEHIAES, F7y NURBS Hi 24 {EH

% FA n MUE L k X NURBS #{E 2k, $A nt2 DARFIEHITA, BT S
BT r=k+1, NI B A n+2+k+1 AN

% =X NURBS HHZ& 5 K A HEE L r=k+1=4, ul=u2=u3=u4=0,
Un+3=Un+4=Un+5=Un+6=1

clear

ptl=load('C:\Users\Administrator\Desktop\MATLAB\01.txt');
pt2=load('C:\Users\Administrator\Desktop\MATLAB\02.txt');
[rowl,columnl]=size(ptl); %EATAEX—NEUE S, RAFIFERR xy,z, ET KM

[row2,column2]=size(pt2);

n=length(ptl); Y% E A
k=3; Yol 25 Fr 4t

Ul=zeros(1,n+k+3); %1 HKE
U2=zeros(1,n+k+3); %1 A KRE
%it B R E
if(columnl ==2) % 2D curve
x1=ptl(:,1);
y1=pt1(:,2);
x2=pt2(:,1);
y2=pt2(:,2);
else % 3D curve
x1=ptl(:,1);
y1=pt1(:,2);
z1=ptl(:,3);
x2=pt2(:,1);
Y2=pt2(:.2);
z2=pt2(:,3);
end
Yon NEHE ., ARG R 52 KL AT BUE A S B A
temp 1=zeros(1,n-1);
temp2=zeros(1,n-1);
fori=1:n-1  %n M &, n-1 BEsZK
if(columnl == 2) % 2D curve
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temp1(i)=sqrt((x1(i+1)-x1(1))"2+(y1(i+1)-y1(i))"2);
else % 3D curve
temp1(i)=sqrt((x1(i+1)-x1(1))"2+(y1(i+1)-y1(1))"2+(z1(i+1)-z1(1))"2);
temp2(i)=sqrt((x2(i+1)-x2(1))"2+(y2(i+1)-y2(1))"2+(z2(i+1)-z2(1))"2);
end

end

sumtemp 1=sum(temp1); %ol Fr> A T 1 A 22 ) 3 AT, RLEL 52

sumtemp2=sum(temp2);

for i=1:k+1 %HT k+1 MR 0
U1(1)=0;
U2(1)=0;

end

for i=ntkntk+3  %JiF k+1 A 1
UlLG)=1;
U231)=1;

end

Yon M R, T RN 02 AN, Ut DFEAWIAGTE

for i=k+1:n+k-2
U1(i+1)=U1(i)+temp1(i-k)/sumtemp1; %n-1 &34+, U (k+1) £ U (n+k) n 55
U2(i+1)=U2(i)+temp2(i-k)/sumtemp2;

end

Yo B n+2 NEHI AL RAVIRIAF

o2 fil) TR FR) T A S s A1 45 58 AR AU 1 R O o B

if(columnl == 2)
dpt11=[0 1];%%5 & & Hif Y1 &
dptln=[-1 0];%%5 & K& VIR
dpt21=[0 1];%%5 7€ 1 53 IR
dpt2n=[-1 0];%%5 & R EHE VIR

else
dpt11=[0 0 1];%%5 i€ 1 #4h S VIR
dptIn=[-1 0 0];%%5 /& R EHkE S V)&
dpt21=[0 0 1];%%5 & & 2 SR
dpt2n=[-1 0 0];%%; & K& m VIR

end

dUl=zeros(1,n+k+3); %11 mifisE, AU=Uit+1-Ui
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dU2=zeros(1,n+k+3);
for i=k+1:n+k-1
dU1(i)=U1(@i+1)-Ul(i);
dU2(31)=U2(i+1)-U2(i);
end
Yo R NETT FE ARG IZ | T s 171 &, A¥D=E,A ARHUEFE, RN B HEFE R
fE: D REHIGIFE: EZ5AE
Al=zeros(n);
A2=zeros(n);
if(columnl == 2)
El=zeros(n,2); %2D curve
E2=zeros(n,2);
else
El=zeros(n,3); %3D curve
E2=zeros(n,3);
end
AL(LD=1;  %VIRFAM al=1,bl=c1=0
Al(nn)=1; %P)R%EME an=bn=0,cn=1
E1(1,:)=ptl(1,))H(dUL(4)/3)*dptll; % s 44
El(n,))=ptl(n,))-(dU1(n+2)/3)*dptin; %A i 2614
A2(1,1)=1; %I R4 al=1,b1=c1=0
A2(n,n)=1; %) R 24 an=bn=0,cn=1
E2(1,:)=pt2(1,))H(dU2(4)/3)*dpt21; % & im w2 A
E2(n,:)=pt2(n,:)-(dU2(n+2)/3)*dpt2n; %o A i i 2614
YitH RHUERE A LK ab,c LLESIFE E FIICEK e 1H
for i=2:n-1
Al1(i,i-1)=dU1(i+3).22/(dU1(i+1)+dU1(i+2)+dU1(i+3)); %a IE
Al(1,1)=dU1(i+3)*(dU1(i+1)+dU1(i+2))/(dU1(+1)+dU1([+2)+dU1([i+3))+...
dU1(+2)*(dU1(1+3)+dU1(1+4))/(dU1(1i+2)+dU1(i+3)+dU1(i+4)); %b HI1H

Al(1,i+1)=dU1(i+2).~2/(dU1(i+2)+dU1(i+3)+dU1(i+4)); %c HIME
E1(i,:))=(dU1(i+2)+dU1(i+3))*ptl(i,:); %e MIE
A2(i,i-1)=dU2(i+3).22/(dU2(i+1)+dU2(i+2)+dU2(i+3)); %a MPIE

A2(1,i)=dU2(i+3)*(dU2(i+1)+dU2(i+2))/(dU2(i+1)+dU2(i+2)+dU2(i+3))+...
dU2(i+2)*(dU2(i+3)+dU2(i+4))/(dU2(i+2)+dU2(i+3)+dU2(i+4)); %b I
A2(i,i+1)=dU2(i+2).~2/(dU2(i+2)+dU2(i+3)+dU2(i+4)); %c HIME
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E2(i,)=(dU2(i+2)+dU2(i+3))*pt2(i,:); %e HIE
end
DI=A1\EI; Yoftft JTREAH.,  FRAF 23R B AR B s PRI A ) T ]
D1=[ptl(1,:);D1;ptl(n,:)]; YedEhI T i lal &, 5 T LA s sl 2 AN, I b 8 oK o
[s1,t1]=size(D1); Yos: Tl MEE
D2=A2\E2; Yoftf JT R, FRAF 23R B R i s PRI ) T )
D2=[pt2(1,:);D2;pt2(n,:)]; Y= HI TN s (&, &0 EEEE A2 A, B oK i A
[s2,t2]=size(D2); Yos: P MEE

%NURBS _toolbox J& 1 F sS4
%1% F§ NURBS_toolbox % e¥ £t : 1] NURBS 4k pfi %k
ptls=[D1(;,1);D1(:,2);D1(:,3)']; %nrbmak &ECKH AT M EAF-AE x,y,z 4R, HIRTEF
J& KA R BAT x,y,z 2405, TESLET 4
crvl=nrbmak(ptls,Ul);
nrbplot(crv1,1000); % N SHURHRE R EE, HBK, NURBS 20Ot
pt2s=[D2(:,1);D2(:,2)";D2(:,3)"];
crv2=nrbmak(pt2s,U2);
nrbplot(crv2,1000); % N SHUR TR E AR, HBK, NURBS 4ot
Yozl 2 e BUE AL 12 5 M NURBS £k
if(columnl ==2) %2D curve
plot(pt1(:;,1),pt1(:,2),"*r");  Y%Zxill FUAE
plot(pt2(:,1),pt2(:,2),"*1");
hold on;
plot(D1(:;,1),D1(:,2),'b-0"); %l 5
plot(D2(:,1),D2(:,2),'b-0");
hold on;
plot(P2(:,1),P2(:,2),'r"); % NURBS 2%
plot(P2(:,1),P2(:,2),'™');
nrbplot(crv1,1000);  %f# ] NURBS_toolbox % i ¥ 22 il NURBS 2k
nrbplot(crv2,1000);
hold on;
else %?3D curve
srf=nrbruled(crvl,crv2);
nrbplot(srf,[20,20]); %221l NURBS [ 1]
hold on;

end
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