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Analysis of rotary axis motion errors of a dual-turntable five-axis
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Abstract: To analyze motion error fields in the rotary axes of a dual-turntable five-axis machine tool, this paper proposes a modeling and
identification method for the rotary axis motion errors based on a large-inclination-angle S-shaped test piece. First, based on the machine
tool” s topological structure, a motion error propagation model for each rotary axis of the dual-turntable five-axis machine tool is
established, along with a rotary axis motion error model that accounts for the coupling effect between the curvature of the S-shaped test
piece and its inclination angle. Second, utilizing the dual-standard-sphere identification principle, the virtual circle center coordinates
are fitted from two layers of measurement points in the region of maximum curvature of the S-shaped test piece. A method for constructing
a virtual standard sphere center based on the virtual circle center is proposed, enabling the identification of the six motion errors of the
A-axis (8,.(a) ,6,(a),8.(a),e.(a),e,(a),s.(a)). Subsequently, a virtual machining model of the dual-turntable five-axis machine
tool is built using UG. The milling process of S-shaped test pieces with different inclination angles is simulated. Combining the
simulation results with on-machine measurement experiments, the influence of large inclination angles on the identification results of
A-axis motion errors is analyzed, revealing the sensitivity of the S-shaped test piece’s inclination angle to A-axis motion error
identification. As the inclination angle increases, the identified values of each A-axis motion error exhibit a trend of first increasing, then

decreasing, and finally increasing again. Compared with the S-shaped test piece without an inclination angle, the identification accuracy
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of the six A-axis motion errors is improved by approximately 10% for inclination angles between 45° and 60°. Finally, based on the

identified A-axis motion errors, the Kriging interpolation method is used to establish the motion error field of &,(a) , which is the most

sensitive to inclination angle in the machining workspace of the five-axis machine tool. The results show that, under different rotation

angles of the A-axis, the motion error £ (a) of the dual-turntable five-axis machine tool exhibits a stable distribution pattern, with smaller

values in the center and larger values near the edges. This finding provides a reference for precision optimization and error compensation

of five-axis machine tools under large posture variation machining conditions.

Keywords : dual rotary table five-axis machine tool; motion error identification; large-inclination S-shaped specimen; virtual standard

sphere; spatial error field

T

0 H®j

XU 5 TURIBLR PR g 0 B 250 4 R0 N T8
V4] 1 1 K LA B 52 4% i T TR 07 9 S A A, O S
ALK BB A ORS " T i 25 U O 1 2 B fin T A9 A%
DA, S AT A I TR BN SZ TT B AR ML
ML ESHGEW BRI Bk THLR A B 89 JL
iR 2 Sz 2z, Hoh 1B 8hiR 22 ik T HUK %12 5)
eI AT AR RN B R R Y i 25 B £ RO, It Al
{3 B AR B B 25 (0 A 1) AR S S0 2 ) 24 LA BIL R
TAEEREZEN R, i, PR EZE R 2N &Y
PR SEILAOR BE AN (DR 22 AME B T RESR T (Y
KBEFERY , VAR, BE T RR AR AR PR A 1% 22 A6 I 5 125 ] B
AT A S FEAE e T AR S PSR S5 L S 2 B2 %
B e S AR PR Jy SR TR LR A I AR v R B iz
W BRI, A BT 22 2 T [ 5 AR R 22
B AR 26 E T S TR0 22 3l i 3 Bl 22 f9
EYE2E S M B2 RGN, JUHR R 26 1F T iR 22 5%
LB RS BEAR THECRAT A TR AR

BRI AT, AR A AT i 3 B
BT WIARIZ 37 1 Jr ik M T 2R RGEis 37 ik,
Horp 2R RGNS 25 & 57 YO et 2 0 TR AL R
REABY WL Lei 55 0 HOAEHRE VLR 112 5)
WEPAT T, it T — B A% B iR 2 B8 T4
BRI A5 58 I EL O ) IR A DE TE 02 f] 1] B2 15 2 A7
AL 2 PR AR X T A U T LA 35 22 e LR ) A
M B Bl R E BT IR B T — b T LB R 2
(B 1 s W 451 SR T 5 W 8 44 M O v A IE
S TURIHLIR B LA DR 2245 AL B 1 A i 3 20 07 72
(IR 22 AME ; Fan 451 3L 55 Y28 S0 0 B 22 1 3 40 94
W, RS T 3 Fofr ) A P SBUBRFASC R AR A 32 A6
T WIS AR BRI A R A LA 32 By BRI SRl
LRI SR AT B T — B 5 3 1 25 (6]
RZEEBT R S H B IE AR R ; Wang 5517 B T 5700
FRE B S 7 T OUUBRAT AR B0 B Bl R 3 A2 5 Lia
SRR A SRR B R 22 T A PR A9 AR R

2 ST T AL IR R 22 Y LRI R 22 B Peng 451
SR FH S UR AR b A 460 R P A5 158 2 T ik, 56 T U 4
B, S T A e 28, Niu 2520 ) FH 5 B 1l B i 2%
B ST U 1R 25 i BT ok Ve AR pRBORE Y LIRS
LA 3158 22 AL SR A T SR A (H 224
WF5E FEBEET X HILIR 540 s 2 )7 B AS B | X AR AERE A L
[T A5 B LS A5 708 Al X 15 26 A% 388 R P 9 52 i 5 JE R
R B R A S TR S ALARE 2l i 25 EEAR AR 2 &
A BT T o B S b S LA N T R v 2 R SR 25 Y
b AR LRSS Bl 22 A S b A i o S Bt

FEiz SRR Tr T, TORIL R 38 22 F Ry 1 &
AT 53 g BT e S R 18 25 HER O R LR TRRIEFE R 1Y
BREFER T IE PSS, 76 T I = AR5 0 22 BE i
Wang 21" JEFHLR RIS B2 R 7. T HLIR 25 1] 32 3l
BR2E G AN JL AN 15 22 Z ] A B G ¢ R O B HE R T
PR [ (IR 5034125  Zheng 251 2 1 — il [ i) 9%
i CNC( computer numerical contral) 75 H /1 B JL{A] 1z 3l
BRZEMH T, FEIE R T MR (I R 4 e e 0h 2
308 3o SR ASCHE ]~ T AN [) o7 B A7 P O B 3, AR
B AR 25 | T ERAT A 22 25 2 (R UL | oK
fie A A LA 52 22 Wang A5 $EH T —Fh 3k T 25 )
AT R 2158 25 A0 1) W 26 1E 58 Ak T s, BRI HLR 9 L
AT 22 5 X1 S I 20 ot g ) Ol SRS RS 3 B
R E T BRI, DG R RS 28 Skt 2t T 22801
50 AT A SRR I Y £ T 22 A A T vk SR
LA LA LA 58 22 1 3 A | R AR AR L Xu 451 R
JH R-test K456 3 40 Bl I &t th 1 79 /5 FLAALIR
48 %} 1z 515 2% A F) A6 38 3 2% ; Wang %7 T HAC
XU TCECE BT e ST THE 27 Al ) % TR 2, — W2 2 T
PR 8 TR A O B 52 2% s M L Z T, JE TREIEAE
PR R 22 BER T B AR 0 25058 v A0 R
PESRSEOE S (R VA5 B T ISR TR A bR
T R 5 EBERRISIE TAF 455 Ze bk il =41k
PR 22 A DR 2 Mt i 25 B RGOS T =R A% 15 0 1
FEFIFH 22 F BRI 5040 ) 2 oy FR L, SR e/ —3fe
RSEIRZE S RN B AG T Tang 551 SR T —FP LT
FRAE T A B AL I f e UM LA 152 25 1 5 3, 4 AT iR i



5 6 ] EN

A A5 T RIBUA S AREI U 3 UMLK R, iz sl 22 5 0 pr 127

BRSNS R A s Wang ™ SR8 T HAT ZH0 Ry
RGP, 458 S B AG I 1 R o7 1% 22 X6 il TR 22 1Y
S, U IR FAENUR DR ZE BT TR 1 A
A B HTFE 24 b Tl A SR s R I S R AR B
XA S 25 AR A HILPR 22 il A DR 22 HE R U PR A 52 TR
WEFERD , FERRNS T ALK F A S JE L, AN TH]
15UFA 250 S HUR S B i 22 R R B B ST B8 A PR
P, BFFEA R S TR XS TRl AL A 2 2l 12 22 AR
G BE SR X T8 i MUK 158 22 B AR RN vk LA

FEMLARAT FRR A 5 7 T, 8 22 HE TR A5 R A L 1 S
WKL R L B A0 T2 8] 9 B R 22 30 A e, iR it i — 20
PRSI 25 AR 22 RAE D7 1, Li PV RN T — 3k
THLAMER Z A I AR R R B O R T i
A 3t 3 AT T A L R S ALK P ke e B 4 e 22
BUHE R T FUALAR Y 25 )5 22 37 s Wu 58 22 BF 5 17
TTLERGS T Z AR 2E M OC R, 7 b T Tl %L
PEHURIN T2 B 2R 3R 22, I, A 46 BE45 5 R i
i S IARPF IR ZEHIRAE R | dE— P BT ML IR I T2 [1)
DR BRI T5 vk RO A L

g5 LR BT B OB AL R e e il iz Bl iR 25 R
TR AE S 25 1 TR A I D R o 3 A 8 2 R ) A
B TR ZE R RE 1 AT BRAF DR, AR SCHE ) — i T i
S WAMF iz ShiR 22 M & S HR T ik, B, AL B I8
IR -5 3RS 5 ) B TR e iz 3 i 22 4%
BRI FLUC, BT S SR PF il A 00 A R AR, B2 1 2R T
S FE AR i 3 e R DX A 1y 1 = 0 ) R AU M B
HI5vk IRl 6 Ii2 3 1R 2% WAT AR HE N ; IfE
5 ELAGAERLIN B S0 I A A A X5 22 B B R
PRSI 5 B, ik TR R TOLR N T3 W) 35 3
WY, ARSONEFEEE Tk U RIE 5 355 B
X iR ZE R ARG AT O TR AIL R v A E 15 22 A
SiMRMES %,

1 WEEIMIREEMIESRERZES
SrH

XU &5 UL FH 45 Sl A 9K Sh F B R IA IS 8 | 35 %l
O TAEE L2F 8 3 A F 3kl (X Y. Z) RIS ies:
BH(A.C) S CHEB R AL, WU &5 FLAHLERF Sl A
AL 30 TiE B iR 22, MR ML R 15 22 R AR 4 A Al
AL, BERE Y 12 T2 shiR 25 5 HLEOK, TEBERG Sl | e R:
A B A TS SR ZER K, CHITAEG ZRAE AR I,
R THERFG b 2 B T Ti) R 58 5 14 LR 45 65 40, TR I A2 O 52 i
LR 25 (A AR SN A BT RTSE . WL & T RHL
PRIEREh 12 Tz shis 22 i 1 i,

Bl 1 iEkssh 12 Tz shiRs

Fig. 1 Rotational axis 12 motion errors

WRIEIE 1 RS IERE B T e Al A #5 iR 22 |
mk 1 fim,

F1 REEHMALEIRERRR

Table 1 Rotational axis position error and sources

iii 2RI iif 25K U5

e(a)  ARIZE X BITEREFIIRE || o,(c) € BISE X Hiess iR
e,(a)  ARIZE Y BREEE IR || o (c)  CHILE Y BiERE f iR
ea)  ABNZE Z WHEEEAIRE || o) CNZE Z BER: fa s
8.(a) ANZE X BILARIRE || 5.(c) € AiLE X Bk (R
8,(a) AMZE Y MRS || 5,(c)  CHILE Y (R
8.(a)  AMLE Z WIkBIRIR | 6.(c)  CHliLE Z Wik RRpiR

BURS I S B AETE F O B I8 3l AL bs 3R | i 8
iz B AR F FR IR ORI JR T XU 5 TR HIL IRz 3 AL s 5
Rk, ARAR ARSI N VRN TARGE, T R AR EE L
PRIRE X Tl Y Bl Z i, TAOFEEELER . C Bl A il BLERIR
B o XU S TUMBLR R hES IR AN 1Al 2 B

CH/ TR
@

BURIR S
()

2 WU G LRI

Fig.2 Topology diagram of a dual-turntable five-axis

machine tool



128

i a4 %

o
¥

#H B47%

MRS 3 U LR 3 FM 1, 456 1 B gk 5 T A
B 1) B % 18 06 AR, R 5 U B A 5 3k X 4% 3z 3
fihZ (B B 286 R AT — A, a5 AR S
Bl iz Bl iR 22 I, R T AL 2 Rl S O Y iz
SR R, S T A% iR 22 1) T 2R i 37 Y
Gi—WRAS R IR, AR R | T B il o Sl Rl i 32 B

PR TC R 22 RS AT X LG, dlSr 1 ALK 28 [z 8l i 22
RIS, T I SRR 22 70 i A A L R 22 SR o A
P LS LAl

TE TAFL AT T BALE o0 S T AR AL R R AT H
AR R BT R P, AE T H A BR R R I S AR AR
(P, P, P)" BRI T ferh HURIZ 3% 22 2 3 3L

ty »

DRZZM A AL bR AR R B R I A WO T RAE T SR T A s ERAR N T, SepR T B E P, 7R T
PEARBR Z2 rp 28 () 007 A 25, B XFSCBR I TARE S iR ER R,
1 —e(x)  efx) 8.(w) 1 00 X, 1 —e(y)  &,(y) d8.(y)
P - &.(x) 1 —elx) (x| 010 0 e.(y) 1 —e(y) 8,.(y)
’ -e,(x)  &(x) 1 S (x)| [0 0 1 O —e,(y)  &y) 1 8.(y)
0 0 0 1 000 1 0 0 0 1
100 0 1 —e(2) ez 8,(2) 1 oo o7
010 Y, £.(2) 1 -e(2) 8(2) 010 0
001 0] |[-e() &2 1 au) 00 1 2z,
000 1 0 0 000 1
i 1 -e(a) e,(a) &, (a) 0 0
e.(a) 1 -¢e.(a) 8,(a) 0 cos(Am,) -sin(4,..) 0
-s(a) &/(a) 1 8.(a) ' 0 sin(4,.) cos(A,.) O ’
0 0 0 1 0 0 0 1
! —e(c) () 6,(c)| [eos(C,.) =-sin(C.) 0 0[P,
e.(¢) 1 —e.(e) d,(e)| |sin(C,) cos(Cy) 0 0P, (1
-ec) elc) 1 5.(¢) 0 0 1 0f|P,
L0 0 0 1 0 0 0 1]]1
ﬁWA AN C N CREE AN X . RBERTT Y SR AR B HEAT VI H, R4 BT R 25 S 8L

A”'JJ?X%EH Yl Z BRI R
Tfﬁﬂfﬁﬁﬁﬁniﬁi&*/ﬁﬁmﬁ]m%ﬁ’]ﬁﬁ,239%
1 oo X . 1\"'T[1 0 0
01 0 Y, 0 cos(4,..)
Z || lo sin(4,)
0O 0 O 1 0 0 0

B () 2K (2) AT AR BN & HU ALK /14 25 i)

BHR 2R

E=(E_E, E,0)"

E. =8, ((z)cos(C

YBX

(3)
) +8.(c)cos(C,,
cos(A,..)sin(C,,. )] —e.(c)sin(A,, )cos(C,,
5_,»(G)COS(AM)SIH(C ) +6.(a)sin(4,,
,=lee) —e,(e)]lecos(C,.) + COS(Aax
8.(c)sin(C,..) —¢&,(a)sin(C,,,) - &.(c)sin(4,,
8,(a)cos(A,, )cos(C,.) —8.(a)cos(A4,,)sin(C,
E . =8(c) +8.(a)cos(A,,.) +8 (a)sin(A,,) + &
BB RO AR A T B2 4
PEAE . T RIS B 2 P AL 1R 2 R B R 2% 1 A%

-sin(4,...)

cos(A,..)

) —6,(c)sin(C,,
) —&,(a)cos(C,,

‘‘‘‘‘

e) 1+ 3}(c)cos( C,..
)cos(C,..
a)sin(A,

o) €08 ( Cax

N0 RATIAANE P, TE TR R PR R

cos(C,..) —sin ( C...)
sin(C,..) cos(C,.)
. o 0
0 0
XM E E E G358 X Y 73X

=N
Jrit,

SN B, B B
D 26‘),(0)005(0&“5) -e(c)[sin(C,. ) +
) —ea)cos(A,, )sin(C,,,) —

x

ty

< v

(2)

tz

1
34NJr ) BB BhiR 2

- O O O
S = O O
- o O O

) +8.(a)sin(C,,
Dsin(C,,

) +

(4)
) +e (a)cos(A,, ) +

w) T &, (c)sin(4,,)

B, DI E IR AL R u,, AR AL REL, R
BREAN g DR 22 5 AR R 2 O MG &R 23l



5 6 ] EN

A A5 T RIBUA S AREI U 3 UMLK R, iz sl 22 5 0 pr 129

K (5)F(6) FiR,
_OE
u,v = 8781
L. 8, WPURRIOIE IR,
O
! de,
K e, IHURM AR 22,
0507 1) A8 Tb 25 T 3R A% 38 R B I 22 A8 Ak, DRt Ao
BRZEAL I R BOR AR i iR 22 A% 380 BB Ry

(5)

(6)

oE

u,(9) :T&COSG (7)
oK ok

() =—_——sinf + —cos6 (8)
de,; de

i

K. 0 8 S TR R,

Bl S TR R0 i eic s il S AL il A & AR ek
s PR s 21 22 R i, BT 28 K | i £ e
B2 (9) M(10) fiR,

K.(0)=K,(0)cosb (9)
A K.(0) Sy S IR R 0 B %
7,(0) =7,(0)cosf +7,(90)sin6 (10)

Kl 7,(0) . 7,(90) 43502 S AL Sl 0°F1 90° if
GUEGTHIDEIS

LR IR AR f B T A 30 iR
FEREALN .

P(8) = Y u(6) -5, - K(8) - cost +

ilj(ﬁ) c&,+7,(0) * cost (11)
IBBRZEAN LM S TR B R g X, 182552
W R T A (] (915 22 0 A, 775 08 S TRl 15 20
U B LR 2 [H]52 3R 22 R
iui(e) =8, - K(0) -
E,(x yz8) ZJ cosf + il,(e) e dxdydz
T](H) - cosf

(12)

2 EEXEA S B A 6 DUZEhIRE
MEF PR

bRV BRI Rz BRI B DL 450 fa S AR
R M9 1223502 53 A DS I N2 4%, AR 25 4% b e B il =R Rl
O3NS TSy IR O L1 A L2 )2 AE i AR e KA Y
2 4 DI I A ) 0 BRI o, KA S TR
PP 3R KA AR AR £, 43 SR A R L1 L2 TR )21

[RLCy A b, FETT LG A BRIk O Ak b, SRS AR A T 42
AR AR 6 WLz 3R 2% 6 (a) &,(a) &,(a) .
e.(a).8.(a) 8 (a), 45°Wiff S AL G 2 K FE Ik
DA N 3 s

B3 asofiiff S T AUHFIN i K e Atk C (0 B 23 A 4]

Fig.3 Distribution diagram of measurement points and virtual

sphere centers of 45° inclined s-shaped specimen

2.1 EFXAH S il ERROLIRNERITE

T TAE S FEAF P A2k 2R A AR U045 LA R UL A
HEBR, BB S S R AR iR RAL B L1 JZH 12 J24%
3 AN AT X 3 AN AL T R AP AN IRZR
L1JZFTIN 3 A G5 — A0 L2 R 3 A4S0
P AL P B R L S — S RE UL R
—A S HARPF 2 DA B AR

BRIz 3 AL R A(x,,y,,2,) B(x,,y,,
2) \C(x5,y5,2,) D O(x,y,2) o BLOFE]3 A A HEE
PIARSE HD

loA|*=10B]|*=]oC]|" (13)

F B A S 2R P T At P A ek T 7

20(%, —x,) +2y(y, —y,) +22(z, —z) =
|B|* - [A]?
(14)
20(wy —x,) +2y(ys —y,) +22(z —2) =
cl* - |A]

A \A\z =x12 +y12 +zlz; \B\z =x22 + yzz +222;
\C\2=x32+y32+z320

[ e i) F- I ) & m o= (n, 0, n,) N

n =AB xAC (15)
ﬁ':f:‘;zﬁ=(x2 —X,Y ~ Y15 —zl);ﬁ=(x3 T
yl’z3 _ZI)O

HoVH IR .

n(x=x) +n (y =) +n(z-2)=0 (16)

Wl (14) F (16) 28 WAL
2(x2_x]) 2(9/2_)/1) 2(z2—z1) x
2(x3 _x]) 2(9’3 _yl) 2(23 _zl) l:y:l =

n, n, n,



130 % & L F ¥

B|* - A’
cl-1al (17)
n.x, +rL},yl +n,z,

WK A (17) BIRTA3 58] L1 R ELG 0, Bk
fn, W12 ZEL 0, Bk,

R A O TR AT K VA £ 17 82 41 T S 158> A
FE AT 12 B [0 L2 L P 1 A Bk b, LT 9 i o
SSE T £ivEe NN

P TR RIER O A3 0 568 1 ARG FER 2 A
(5210 FLVR 5 ) i 7 T) ) L% L

—

P, =0, +1n, (18)
—

P, =0, +t,n, (19)

T2 (7R, W14 TR T RE A AC , PR It
SIRDRHG ¢, 1, (75 P, P, 2 FIBEE F, SR R 6K
Bk R

/M BE BRL

d(1,,6,)= [ (0, +1,m) = (0, + ;1) > (20)

XF e, o, SKASEIFAH R 0, AT 135,

— — —
t, = (n, *ny)t, =n, - (0, - 0,)

-— > — (21)
(n, *n,)t, —t, =n, - (0, - 0,)
SRR
izz
(n, '"2)["1'(02;(13] -[n,-(0,-0))] (22)
(n, 'nz)z -1
b= (0 m)i, +n - (0, - 0,) (23)

W 0, 0, IRAZ(18) TN (19) o ATLCRRH S P, |
P, EIRERL A
P +P,

0, = ) (24)

P O AT SE I i S T it 3 e R A I e ) A b
PrESR A L1 2 L2 JZRLCFE LA A~ B L Bkek
AR,

2.2 EFSEILEGEMBKOM A H#H 6 TUSZNRENE
KPR

PR ZEE 5 IR S TR0 AT A BlVES: M
FE A BISRIERE M RE T i i S TRk L1 2R L2 )2
] R A SR AR )22 [ C 2 THT UL 5 HF PR A R A3 00 AR A
LRI 4 s,

VB PNRZEAFERT, HSN OLN B SRR P o=
[x, y, z, 1]',SEBRIGOLT 25 A MHER I, 3.0 R A AL
S, =[xy z 1]"ARS, =[xy, 2, 11", S, Ml
S’ REE—BRO AR PR AT 2 AR A B B S PR O

=00 =00
(a) A=0°JU & & (b) A=15°$UE &

(a) A=0° measurement Diagram (b) A=15° measurement Diagram

 4-30°

e=0°
(¢) A=30°i & &

(c) A=30° measurement Diagram

(d) A=45°JUEE

(d) A=45° measurement Diagram

" o=0°
(f) A=90° 1 & &

(f) 4=90° measurement Diagram

(&) A=60°J & &

(e) A=60° measurement Diagram

B4 AR AR # B2 3 sl 220 ) ]
Fig.4 Measurement diagram of motion error test points

at different rotation angles of the A-axis

TEROALEAPR PSS, S| X 3 AR R N
S, =T, Ty * P
S\ =T, * Tpy - R(O) - P
H: R(O) J ekl A C Z 8] (135 3 (7 2 e AE R

(25)

cosf@ —-sinf 0 O
iné 6 0 0
R(O) =" o 0 S TBR P A
0 0 1 0
0 0 0 1
B, T, ANLRBER N A C 2 (8] BY 7 2 450 A5 1 46 14
10 0 d
01 0 d
T, = . d, . HHUR LA X Y 5 2
00 1 d
0 0 0 1
SR ; T MIERESN A 5 PR 5 2[RI 12 B3 iR 22
1 -e(a) &f(a) §/(a)
1 = !
R o sl elo]
-¢,(a) &/(a) 1 e.(a)
0 0 0 1

A B2 SR 25 SRR A 2XOR
T;cl .TI;[I)(;E.SI =T;cl 'T;L;CE'R(_g) -8, (26)
Wt (26) AR



5 6 ] EN

A A5 T RIBUA S AREI U 3 UMLK R, iz sl 22 5 0 pr 131

Ax, + Ay, - e .(a) - Az, - £.(a)=0
e(a) « (z, —d, +y, —d)=8,(a) -6.(a) +C,
ea) - (2} —d, ~y, +d)=6,(a) +5.(a) +C,
(27)
. Ax, =2 —x Ay, =y =y, 30z, =2 -z,
H1I(27) TR, BERE A Bz ghiR 20 2 —4H
M2, FITE S Bk B3ghn—41 s, fr sy, gk
fif A Bl ) 5 Tz B iR 2
Ax, + Ay, - £ (a) - Az, - £.(a)=0
e(a) +(z —d +y,-d)=6(a) =8.(a) +C,
ea) - (25 —d, ~y, +d)=6,(a) +5.(a) +C,
(28)
A, Ax, = x) - z38, =
[0y oz 1)58 =[xy 2 110
HRAZF(27) FI(28) HEATRAR 155 A B4 1006z gk
2R R, W (29) Fiw

- 2,38y, =y) - y,30z, =2

5ga>=u;+4-—mL+A%>T]-Q+y;_%)
2(C, - Cy) _?(Cl +C,)
C, -C,
Ayle2 _AxlAyz
& (a):—
} Ay, Az, — Az Ay,
Azlez _AxlAzz
Sz(a)z—
AylAzz - AzlAyz
5.(a)= 1 I3 ‘Azdf% 5ty =)
2(6, =€) -5 (6 -C)

(29)

K. €, ~ C, HiBFREZET e (a) & (a) K SIEAME
PABRC s 23 R AR B B2 B, an= (30) i o
C,=(x;-d,) -e(a) +(x, -d,) -

e(a) —y, +z) +d, - d,
C,=(m, -x) -&(a) +(x)-d,) -

ea) —y, =z +d, +d,
C,=(x;-d,) - e(a) +(x,-4d,) -

ea) —y, +2z, +d, —d,
C,=(m, —x,) -&(a) + (x5, -d,) -

e(a) —yy, —z, + d}, +d,

H 2 (30) FRARK (29) b A7 K i ] 15 232 3l iR 22
%6, (a) e.(a) &, (a) () B.(a) HERIBNG ST
B ZEITTRRARIX (25) PHEIATR B siR2E TR
8.(a) . HIILHHNIAURE & OB HLRIE R 4 A Bl

(30)

6 Wiz 8 iR 2 TR 6,(a) \£,(a) &,(a) &(a) .5 (a).
8.(a),
2.3 ETFTHMMS HiHHERIE

R BT iR A TLART S 25 ) e iz sl 25 MR 25 SR 1
S VEH 00 30° 45°H1 60° 4 FhBUEUE £ (19 S TRk
FPSEIRmraT, o, 0o i ff ot AR v FE MR 25, 30° 5 45°
Sk UL T e AR RS 60° S KA T, T
SRR R 1 25 I R A R R T AR A
B, T S M A ARURR DX 2] i ARk X 9 7 75, DI 28 i 1R
ZHHREE R TSR SRE e . TR & LR E
AR B, 7€ UG (unigraphics ) HP A2 BEAH R (19 0°,30°
45° 60°fi 1 S AR T AR AUHS , 348 UG h i A
s T EXE S AR AH Rz A 0 e o R A7 00 i 3 a3
ARBRSR A S FEAR A 9 J2 [0, 38 2k 7 )2 150 AR AR AU
R FBR 0 A A, K R BBk O AR ARG A B (30) B
AR EAR A S JEIRAE A FlERE AR M B T 1 6 Tiiz
BIREAE, W 5 FR .,

102 .
050f |ul™ i, T
E 25 ° '#‘P‘f 6o
=] a N
£ i 45 O3
S O 308y ="
~0.25,/* o A
90 45 0 45 90@‘3‘ 90 45 0 45 90

ARSI ) K

(b) ARBIARI Fo () iREM
(b) Error value of o‘”(la) under
different inclinations

AHERERLEC) S
(a) AR T o ()R 24

(a) Error value of J (@) under
different inclinations

102 AT =, o 107
0, :
£ 028
S -0.56
=" -0.84 6 AWy
-90 45 0 45 900@‘3(7%“ -90 —45 0 45 900$
AR £ () AR &

() AFMEFAEEM Fo () RZEMH
(c) Error value of J (@) under
different inclinations

(o) R Fe (R 2EA
(d) Error value of ¢ (&) under
different inclinations

90 45 0 45 90,48
ABNERE A B/ ()
(O AREBIALM Fe(ayREM
(f) Error value of & (a) under
different inclinations

-90 45 0 ‘.’@—_
ARER B () N
() AR M Fe (ayiRZH
(e) Error value of H}((l) under
different inclinations

K5 Azt S TEIRIHTE A Rl AN IR £ BE R 1Y
6 Wiz B iR 22 {H
Fig.5 Six motion error values of the variable inclination

S-shaped specimen under different rotation angles of the A-axis

HE 5 B %0,0°,30° .45° 60° M ff1 S JEARFR# T
A HB SR 2E KRB R 2 Fis,



132 % & L F ¥

47

*2 AEMHASHREGERET A BEHREEKE
Table 2 Maximum A-axis motion error of S-shaped

specimen with different inclination angles (pm)

B 0°S J& 30°S 45°S B 60°S J&
2R A A A A
8,(a) 5.0 5.8 5.3 6.5
d,(a) 9.6 10.5 9.9 12.4
8.(a) 11.2 12.3 11.8 13.6
&,(a) 14.0 14.9 14.5 15.6
g,(a) 14.5 15. 4 14.8 15.8
&.(a) 18.5 19.5 18.9 20.0
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motion error field under different rotation angles of the A axis
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Table 3 Analysis of machine tool workspace motion error
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