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Abstract: The thermal error from a dual direct feed axis driven by linear motors was analyzed and the
error compensation method was proposed to improve the accuracy of the system movement. The cau-
ses of thermal error generation in the motion processes and the complexity of the compensation were
discussed. And then a compensation method based on Latent Variable Regression(LLVR) was applied
to improvement of the positioning accuracy of the feeding axis. With the method, a laser interferome-
ter was utilized to obtain the thermal deformation of the feed axis in real-time. Some thermocouples
and infrared thermometers were used to measure the temperatures of some key points at the linear ax-
is. A regression model based on latent variable model was established to recognize the thermal deform-
ation behavior of the mechanism. The prediction magnitude for on-line error compensation was ac-
quired through the real-time regression calculation and a corresponding system was developed with

output control strategy for the compensation process. To demonstrate the procedure of the proposed
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approach, an experiment was conducted on the self-construction gantry double direct feed axis test

rig. the experimental results show that the method for thermal deformation error compensation re-

duces the linear feed axis thermally induced error by 75%.

Key words: linear motor;direct feed axis;thermal error; latent variable model; online compensation

1 7]

qul

BT H L LUK Bl Y B R 25 R — R AT
AP ) A B EA A 45 S S HLA L 5 AR G Y TR B
22 FF 35 265 Sl AR LU, F AT W S JRE DR S VR JEE
TEATRE BRG] BOR s SR Y HLIK IS Shs
A BRI AR B 2 R ALK B 2R LR L X L
ARAT R BE R A 4 TRl B MR X
PRSI I RYE /28 IPNEE [ DA RS R IR s O
B R g R © A B MOk B2 ok
VEET v R R g A R AL
B A HL L 3K 7 B 3 B AL I 90 20 2k B e 3
R AEBA Ve H0Z GE A F I, 26 R i %2 nT 35 100
T, TERUE L A AL IR 3 7] 25 HE 25 %l b, 3 sh gl
DA B0 %l 90K 8 v BIL T 52 0 28k LA L S S
Bl AT AN — 2 [ 25 0F 25 Al i) iR 22 BAY
SR PR 22 BUAT AR R T XUE 4 2E 45 b A HL
PR RS . JONG J K 455 R A BR T 0y A
FIEG F 7 AR 45 A 19 T 15X 3 BB Bl Y B AR R BIL
5K 1 (¥ ML B HLIAA T S HEAT T W58 s Eun T UM%
[ 2L 2 i LA S 20 A i L AT R T
B85 Chow J H &1 R T 20 24k B4 U 1) 4 PR L
50 B2 LML) G 2 B 114 R0 2 15 T it JEE A
5 W ARG 2 T 7 % 5 AR 3 45 0 A 4 0 245 i
il 37 73 A FR AR SRR 54T T SE R e

IO7 FHAE 2 w22 7 125 T LA e IR 0E 4 a3 22 L 42
1+ T 2Bl 1 TR AR R EBL IR AR TR AN
FE M 20 R JH S 0 R AR 45 6 19 O 15 i e
ZEW L SR AERIL A D s HEAT I S 3
Aoz . 2 I 46 A0 SCAF i) AL AT A S2ORS BE
R o P A i 1) A R 22 AR L (HL X S BTy TR A
Jot L R S R T 2 o) T[] U SR i 2 > Y [m] 5
Y A7 7 AR BT 5 2~ I ] A 28 658 ) A4 A
S ) REAS OME L3 B 78 X AR R ) A AR R 2 A
Ao GETHRLAY 1A 23 B 5 i A BIL R PR 25 o
WAFRN Tz R H G it A 5 2 5O T X A A
HARERW i T [ 0l B2 A2 B 5 28 B 1]

AR 22 (8] 7 7E B2 AR 2Rk, 3 e B 78 1 5 4
WHIF R 20 . WA I )5 Y (La-
tent Variable Model, LVM) &4\ T £ 4 8] 15 F1 24
2] Z ) ) — b 22 78 1 X 22 78 A ] A AR 1
e Z UL AE IR A 50 BT | 32 L3 43 AT L SR AH G 43 #r
AUREARTNRE N — A, 24 3 25 NI AF R =
PR E B AH DG PRI, & ] DX B A8 & #4785 5 i
TE LA 1 8 1 18] 9 22 FRH OGP DA T B R i
PRI B A 5 AR A G E B I AT 1R 4
B TEG Gt AL 2% KAl T o0 # A i Bk 2 55 4
R AR BN B

AL LA A A 0 BUEL 2R i ALK B 3 4 il R
FERS G HE T AR 22 PRI B AY | Oy it i XU i 45
Wz s, g — R RS T s . LA
A R T IR R PR A Y
B A ) R W Sy R O 0 2 Tl A e
FRAENLUR BT 2 N R AE S .

2 BHEEFwmPEERS K

2.1 BEESRBPHERFE

WA pTMEZEE{ 2, ) q NHRAE
{3t yesmsyg b W TR R 5 A A8 & Z [H 1
KR n DAL G2 A A5 5 AR REGR
X=[asas s @ ucps Y=Ly1s 320 s 3y Jucgo
PRI A S22 B[] R0 v AN ) 7% St 9 B0 67 AS [ 50 S
B O A A A B, 75 30 68 I Hh s A 7R A AR
E, 1 F, . B0 E, fl F, 093406k 0, 258 1,

LVM fy B A J 22 A8 5 E, o 42 032
g3t AR BOX A F S — Oy TSR 6 AT RE R
i B, B R P RE R g B 2R
AIRERY R, o0 — H %R v 5 F, (94H CH B g
RFRKR., GaER.ER o 5 F Wb 21k
B g5 R B

Cov(t;» F)=/var(t)) r(t; , F,)—>max, (1)
Kt =Ew,w RFHAE, B w | =1;
Cov(ty» Fo) &t Fo I 5 25 s var (o) J& 6 IO
Zsr(t s Fo) i o L Fy WA G R 8. R ks B



432 e KE TR

5 23 &

HEES w N EJF, F)E, B KRR E B G R 1) 5

BLRHAE ), BIAS 3058 — A F s 6. SR15 E) A
Fo X 6 8y E0H 77 7 .
E,=t pi +E . (2
F,=tr +F, (3)
Ao [HE R 5 &=
p— E t thl‘ _, 0

s —
Fa s ol

Horb . Ey L Fy 43 90 2 568 By 18l U5 5 B8 19 5k 22 6 B
LI E.F % LR E . F, JFHE L BERE
D ERSGT 6 KA 5 256 E, L F, . WA
AR m DM EIEZLERD ti sty ;X
Ja AT SZE By Fy 76 t oty 5+ t, LA, B,

E,=TP+E,. (5)

F,=TR+F,,, (6)

K. T=Ct s t,) , P=Cpispos s p)s R=
(rysrsear),

Tttt Y2 Eg s Ep e B BUZRTE

&8 Fo ol i Eny Epy e
F, 0y mH#RIR .
F,=E,B+F,, )
KB LVM R &,
2.2 *ﬂﬁs“eﬁzﬁ%ﬁ
o 0 7 AR AR (1 o 43 4 HURT A K AR i i AT

%%,u%mﬂ*almaﬁz@aa@@ RTHRERS
AR ) T A T B — 2D X T2 B R A O 2 S
BIX o R GER MR B RIE 7S 3 25 S B i — >
(R L 53 R AR 150 B 7 J2 A5 A W S 1 4 v ok A
WHZ B i A 8. BRI IT .

AR RBRFEREA S HERFEA SO h
AL A — A BUE R A AREAR S i TR
BAH Fuoo s BUMR 2275 1R PRESS, , 7] %R

JE MR 1R

PRESS, = > (fi— Fu ). (8)

KRBT AR S WA & A8 e

TR i DFEAR ST Fu R2ET T
A SS, AT RIRA

SS, = Z (fz* ]?/”’)2 . 9
i=1

WS R A PRESS, KT SS,, 1 SS, M
INFSS, . Hi SS, o BN AR ALl
H Ch— DA R 7 B G 1R 22 s PRESS, i H b

AR, HED S A R R Bh R 2, R
PRESS, fe— & & L/N T SS, . WA o 5 i —

DEGE 6 AT AR E LA R . s AR
,_,_PERSS,
0.=1 —ss, - (10)

2 Q7=0.097 5 W WA o, B4 %5 T vl 15
P BTk 35 0 [ 3 R 5 A X AN I
Oy I Z b R R ICSE R
2.3 FHITHARMERFE

AR it (] 5 7 S U v A A A S A B
B R LA AR A8 AR 2 {5 8 25 [ i 2 A8 B ]
H 8, WA R PSR R EE i A
B HE AR B A ST . A T ORI AR A
F14) TR B 1 AR R S s AR TR ) AR R M N —
K I N B P v B BIL 07 8 B0 1 ke AR AR
e, BHARJEMT .

WHE - P, DB E T A
2 H50H b Pk — A Bl S B R A O B
WP R BEPLY . BB A s AR W
ow oo R ABIER A B
RO R FEA B X P4 & Cs— PO 2 4
ARPEER i AREAR N

Xi=W =W/, (1D

Hrp . P BN A WA KT P WIERE L., @
b 5 VA4S B BE HLRE A P2, AT DLAR TR A R A
JE 1) 5 A e A AU B H— e M R AT S

:I:wlv'UUz"'

3 RXBRFEARLAMZAEAR

3.1 REFEETL

N T AN 1 TR B R 2R FL LK B B dE
BHIRE G R Ao B E L B LR sh B R 3h
AU 8 BT R IR A bR 3R TR DG A bRl A 9
Xy Bl X, BhLY B Z A P RL X Bl X Bl
Shy [ A i 3 2

HELZEHUAR HhoR] 7= A PR 25 1 I R A6 4R
BT 9 FL I 2 fof 0 G 4 P A L S I 2 T Y R
PEAE T30 S He= AR R T L i 6 AU AR
AR AR A AE . AR DILAE  A B PAR 2% AR
B 1) PR 22 AR 1) BRGR 22 DA il PR 22 L i
B3z Bl BE 52 ) due K 2 il ) BAGaR 25 L DA il 1
AR ZNWFGEAT G . R T % Tl [ B 25 A AR T



AR St , A5 RO P R A8 ik [ 7 R R O e 2 4 Tl R R 22 433

E 1 el IS AL B ALK S S e &
Fig. 1 Test rig with gantry double direct feed axes
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Fig. 2 Temperature measurement point layout
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Fig. 3 Block diagram for error compensation model
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