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GIAI PHAP PO PAC VA PEN BU CAC LOI PINH VI CHO
CAC THIET BI BAN XOAY HAI TRUC

A SOLUTION TO MEASURE AND COMPENSATE ALL LOCATION ERRORS RELATED TO
2-AXIS ROTARY TABLE

Nguyén Hiru Nhan
Truwong Pai hoc Bach khoa — Pai hoc Pa Nang; nhnhan@dut.udn.vn

Tém tat - Trong qué trinh cong nghiép hoa, hién dai héa & nwéc
ta hién nay, cac trung tam gia cong CNC dang dugc (ng dung
ngay cang nhiéu va dan thay thé cac may cong cu truyén thong
Do d6, viéc mé& rong kha nang cong nghé ciing nhw nang cao chat
lweng gia cdng ctia cac may CNC dang thu hut dwoc rét nhiéu sy
chu y. Trong d8, cac thiét bi ban xoay 2 truc ludn dwoc xem 1a mot
trong nhirng Iwa chon hang dau nhe gia thanh ré, dé tich ‘hop voi
cac trung tam CNC 2, 3 truc va cac may cong cu truyén théng. Tuy
nhién, cac 16i hinh hoc tdn tai trong cac thiét bj nay Ia nguyén nhan
chinh dan dén sw khong chinh xac trong qua trinh gia cong, dac
biét Ia thanh phan 16i dinh vi. Trong nghién ctru nay, tac gia huwéng
dén viéc thiét 1ap mot quy trinh do dac va dé&n bu cac 16i dinh vi cho
ban xoay 2 truc pho bién nhat (A, C) bang may do CMM. Két qua
thr nghiém cho thay, do chinh xac cla thiét bj thte nghiém duoc
nang cao hon 50%.

Tir khéa - Trung tam gia cong CNC; ban xoay 2 truc; 16i hinh hoc;
16i dinh vi; may do CMM

1. Pit van dé

Céc trung tam gia cong phay CNC 5 truc bao gém
3 truc tinh tién va 2 truc tron xoay dang dan trod nén phd
bién nho kha nang cong nghé vuot troi trong gia cong cac
chi tiét c6 hinh dang phirc tap va yéu cau dé chinh xac ky
thuat cao. Trong d6, dic biét l1a dang may phay c6 2 truc
tron xoay theo truc x (A) va truc z (C) dugc su dung nhiéu
hon ca nho kha ning nang cip mot cach dé dang tir may
phay CNC 3 truc tich hop vai thiét bi tron xoay 2 truc riéng.
Tuy nhién, viéc tich hop thém céc thanh phan riéng ¢ vao
hé théng dong hoc chung cia may dan dén cé nhiéu hon
céc thanh phan 15i anh hudng truc tiép dén d6 chinh xac
ciia may. Trong d6, 16i hinh hoc luén dugc thira nhan bai
nhiéu nha nghién ciru va san xuat la mot trong nhitng thanh
phan 13i chinh va c6 tac dong nhiéu nhat dén may. Do do,
trong nhidu nim qua d c6 nhidu nghién ctu, giai phéap
duoc dé ra véi muc dich xac dinh va dén bu 16i hinh hoc
clia may, dac biét 1a 16i dinh vi gy ra bgi céac tryc xoay.
Céc tac gia trong [ 1] da ching minh, cac thanh phan 16i caa
truc xoay gay nén 80% I3i vi tri cia dung cu cit.

Str dung may do 6D laser interferometer ludon dugc xem
14 giai phap hitu hiéu, phd bién va tiét kiém thoi gian nhat
trong viéc do dac tat ca cac thanh phan 18i hinh hoc [2]. Gan
day, nhiéu nghién ciru da gioi thigu thém nhiéu céc thiét bi
do c6 do chinh xac cao nhu hé théng Double ball bar (DBB).
Pay 1a hé théng rat hitu hiéu trong viéc xac dinh céc 16i dong
hoc cuia hai truc tron xoay khi dang hoat dong dong thoi [3].
Tuy nhién, hé thong nay can nhiéu thoi gian thiét lap va kha
phirc tap dé sir dung cling nhu phén tich két qua do. Cac hé
thdng, thlet bi do ké trén duoc liét vao cac phuong phap do
truc tiép. Bén canh cac phuong phap do truc tiép, cac
phuong phéap do gian tiép ciing thu hiit nhidu nha nghién ciru.
Mot phuong phap do dién hinh nhét la gia cong mot mau thir

Abstract - In the process of industrialization and modernization in
our country today, CNC machining centers are being applied more
and more and gradually replacing traditional machine tools.
Therefore, expanding technology capabilities as well as improving
the machining quality of CNC machines is attracting a lot of
attention. In particular, the 2-axis rotary tables are always
considered as one of the top choices thanks to low cost, easiness
to integrate with 2, 3-axis CNC centers and traditional machine
tools. However, the geometry errors that exist in these devices are
the main cause of inaccuracies in the machining process,
especially the location errors. In this study, the authors aim to
establish a process for measuring and compensating location
errors for the most popular 2-axis rotary table (A, C) with a
Coordinate Measuring Machine (CMM). Test results show that, the
accuracy of the tested device is improved by more than 50%.
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dac biét va do dac bang cac thiét bi do chuyén dung nhu méay
CMM tir d6 so sanh véi thiét ké va dua ra gia trj thanh phan
15i. Mot dang do gian tiép khac d6 1a sir dung mot vat mau
nhu dugc dua ra trong [4, 5, 6] va sau d6 bang cach so sanh
vi tri tuong quan ctia 4 VAt mau trong qué trinh hoat dong
dé danh gia sai sb dong hoc ciia may. Pay ciing 1a hudéng
phét trién chinh trong bai béo nay.

Trong bai bao nay, cac tac gia dua ra mot giai phap méi
dé xac dinh céc 13i dinh vi cua thiét bi ban xoay hai truc bang
cach st dung vat mau (bao gdm cac khdi cau tiéu chuan) va
may do CMM. Vé ly thuyét, ¥ trong do 1a viéc theo doi va
xac dinh vi tri twong quan cua céc khdi ciu nay trong hé toa
d6 may va dua vao cac mo hinh toan dé danh gia sai so.

2. CAu hinh may va tap hop 15i dinh vi
2.1. Céu hinh mdy

Hinh 1. Céu hinh mdy phay CNC 3 truc
ket hop ban xoay 2 truc (4, C)
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Nhu da d& cap ¢ trén, thiét bi ban xoay 2 truc (A, C)
dugc tich hop trén may phay CNC 3 truc sé duoc sir dung
trong bai bao nay. Tuy nhién, y tuong cta bai bdo nay cd
thé ma rong cho céc loai ban xoay khac. Két ciu chung cua
hé théng may phay CNC dugc thé hién trén Hinh 1.

2.2. Léi dinh vi

Nhu di duoc dé cap trong [7] va bé tiéu chuan 1SO [2],
dinh nghia cua 131 dinh vi 1a sai sb cua gia tri danh nghia
vé huéng va vi tri cua truc dugc xét trong hé toa do cua
may. Trén thyc té, céc 11 dinh vi xuat hién trong qua trinh
Idp rép cac thanh phan dong hoc cua thiét bi, do d6 né con
duogc goi 12 16i lap ghép. Theo [8], ddi v6i mdi truc s& co
téng cong 5 151 dinh vi (2 13i vi tri, 2 13i dinh huéng va 1
15i sai s6 goc), tuy nhién 15i sai géc qua nho nén dugc bo
qua. Bang 1 liét ké céac 16i dinh vi cua truc A va truc C.

Bdng 1. Tdp hop cdc 16i dinh vi cua truc A va C

Ldi dinh huéng
Sai s6 goc cua truc C theo

L&i vi tri

Sai s vi trf cua truc C theo
phuong X [5_, ] phuong X o, ]

Truc C

Sai s6 gdc cua tryc C theo
phuong Y [a, ]

Sai s vi trf cua truc C theo
phuong Y [§, ]

Sai s vi trf cia truc A theo| Sai sb gdc cua truc A theo

phuong Y [3,,] phuong Y [a,, ]

Truc

A |Sai s vi tri cua truc A theo| Sai s6 gdc cua truc A theo

phuong Z 5, ] phuongZ[a ]

3. Xay dung m hinh 15i va h¢ toa @9 dong hoc

M6 hinh 16i duoc xay dung véi muc dich miéu ta vi tri
cling nhu huéng ciia diu dao cét trong hé toa do cua phoi.
Trong rat nhiéu cac nghién ctru da cho thay, véi gia thuyét
Ia thiét bi duoc lién két bang céc thanh phan dong hoc lién
tiép, hé ma tran chuyén vi (Homogeneous Transformation
Matrix) duoc xem nhu 1a mot giai phap hitu hiéu dé miéu
ta méi lién hé gitra hai hé toa do thanh phan lién tiép.

Dua trén két cdu may nhu Hinh 1 va chudi lién két cac
hé toa do thanh phan dong hoc may duoc thé hién nhu Hinh
2, trong d6 hé toa do tham chiéu duoc dat tai vi tri gbc cua
truc Z trong hé toa do may. Suy ra, toa d6 cua dau dao cat
s& duoc thé hién trén hé toa do cua phdi gia cong bing
phuong trinh sau:

Wy _ (rT t
1)

Trong d6, w, t va r lan luot 12 hé toa do cua phoi

(workpiece), dao (tool) va h¢ tham chiéu. Do d6 "T¢ 1a ma

tran chuyén vi biéu dién hé toa do t 1én hé toa do w, tuong

tu cho 2 truong hop Ty va Tw. Suy ra, toa do [X, v, z] va
huéng [i, j, k] cia dao dwoc xac dinh bang cong thirc sau:

- xyzq" WTt><[0001]T

—fijko’ = YT xpoz1of
R )
St dung phan mém MATLAB dé giai phuong trinh (2)

cho két qua nhu sau:

i =sin(A)xsin(C)

j =sin(A)xcos(C)

k = cos(A)

X = (=D + Z)xsin(A)xsin(C)—Y x cos(A)xsin(C) — (3)
-X ><cos(C)+YaC xsin(C) x (1—cos(A))

y = X xsin(C)-Y xcos(A)xcos(C)+

+(-D+Z)xcos(C)xsin(A) Yoo X cos(C) x (1—cos(A))

z=(-D+2Z)xcos(A)—dl-d2+Y ><S|n(A)+Yac xsin(A)

Trong d6: D=L, +ds+ds—ds+ ds. Ngoai ra, dl, dz, d3,
da, ds, ds Va Y 12 tham s6 hinh hoc ciia may dwoc quy dinh
bai nha san xuit. A, C, X, Y va Z la gia tri diéu khién cac
truc quay cua may CNC va ban xoay. Tt phuong trinh (3),
ta cd thé thay, gia tri dinh hudng hoan toan phu thudc vao
cac truc quay.

z

B

Spindle

Tool

d Ly Y,
’ Workpiece :
X

. Y, d
C- axis i !

Hinh 2. Chudi lién két déng hoc
Véi viéc thém céc thanh phan I5i trong Bang 1 vao cong

thae (1), vi tri (Py) va huéng (Qr) thuc té cua dau dao cit
trong hé toa do cua phoi duoc tinh bang cong thirc sau day:

'y = Wr'xpooy'

—[jkol = WTtlx[OOlO]T

(4)
Phuong trinh (4) cho két qua nhu sau:

i'=sin(A) xsin(C)—aAY xcos(C)—

cz cos(A) xsin(C)
xsin(C)+ cos(C) xsin(A)+

x cos(A) xsin(C)

—a A, %C0S(A)xcos(C)—a,

CY

=%y
+a~,, xC0S(A)xcos(C)+e,

CX
k':cos(A)fozCX xSin(A)
X':(D><05AY _§CX -X-=Y Xaps +d2><aCY)><COS(C)—
—(6CY +d2xacx —Yac)xsin(C)+
Az X 75AY -Y- DxaCX )x cos(A)xsin(C) +
AY ~ D _5AZ ) xsin(A) xsin(C) +
x COS(A) xcos(C)

CY

+(a
+(Y XAy - Xxa
+(D+Y)x0:CY
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y'= (8o ~d2xagy

(CX +X—D><ozAY

+(X xa,, _SAY —Y—Dxacx

—(D+5AZ

-Y_ )xcos(C)+

ac
—-d2x ey )xsin(C) +
)% cos(A)x cos(C) -
)xcos(C)xsin(A) -
xsin(A)xsin(C)

+Y><0(AZ

Ay "V ¥ %cx

xC0s(A)xsin(C)+Y xa

+Xxa
~Dxagy
X -dl-d2-Xxa
+(-D-¢

+(5AY

cYy
Z :Yacxa CY+
A7 —anAY +Y><aCX)

+Y—X><ozAZ +D><aCX)><S|n(A)

x COS(A)+

()
Vige xéc dinh cac gié trj s 16i, ciing 1a p};én quan trong
nhat trong bai bao nay, sé duoc trinh bay chi tiét trong Muc 4.

4. Quy trinh do dac va dén bu 15i
4.1. Thiét ké mdu va thiét lgp do

Y tuong chinh trong bai bao nay la sir dung phuong phap
do gian tiép thong qua viéc xac dinh vi tri cua cac khdi cau
sau mdi chuyén dong ciia cac truc > Xoay cua thiét bj (Hinh 3).
Sau do, so sanh cac vector sai s dwoc hinh thanh béi quy
trinh trén véi vector truc quay danh nghia cua thiét bi, tat ca
céc 16i dugc dé cap trong Bang 1 s€ dugc xéc dinh.

Thiét k& miu do bao gdm mdt tim kim loai phang c6
duong kinh d = 150 mm, 2 khéi cdu tiéu chuin duoc su
dung trong 6 bi ¢& 16n c6 d6 chinh xac vé hinh dang cao,
khdi 1 c6 duong kinh D1 = 26 mm va khéi 2 ¢6 dudng kinh
D2=41mm. Hai khdi cau nay duogc bd tri cach cang xa truc
quay cang t6t nham muc dich khuéch dai gia tri do. Cudi
cung mau do s& dugc lap vao truc C cta ban xoay. Ban
xoay s& duoc tich hop véi b didu khién va dugc dat 1én
méay do CMM ¢ tién hanh do dac.

DPiu do may CMM

Khdi cdu 1 Khoi ciu 2

Hinh 3. So do thiét Idp mau do

4.2. Quy trinh do
4.2.1. Léi vi tri

Quy trinh do dugc tién hanh tuan tu theo cac budc sau:

+Budc 1: Su dung may do CMM dé xac dinh tam quay
cua truc C, sau 51(') dat no6 la goc toa d(f)‘, tham chiéu. Budc
nay thuc hién bang cach do toa 6 3 di€m tuy y trén vong
tron ban xoay C va st dung chuc ning Circle Fitting
Function cia may CMM.

+ Budce 2:

Péi vdi truc C: diéu khién xoay l?}n luot 12 14n, mdi lan
30 do (tong cong 360 do). V6i moi lan quay, st dung may
CMM do toa do cua 6 diém tuy Yy trén khoi cau 1 va 2. Sur
dung chirc ndng Sphere Fitting Function ciia may CMM dé
xac dinh toa d§ gan dung cta tdm khoi cau 1 va 2.

Déi véi truc A: tuong ty dwoc didu khién quay tong
cong 6 1an, mdi 1an 15 do (tdng cong 90 d6). Sau do, cac
toa d¢ tam khdi cau 1 va 2 s& dugc xac dinh mot cach tu
dong bang may CMM.

+ Budc 3: Tir tap hop cac vi tri tam khdi cau 1 va 2, ta
¢6 thé xdy dung nén hai duong tron tham chiéu gan dung
nhu trong Hinh 4 va 5.

+ Budc 4: Vector ndi tim hai dudng tron tham chiéu tir
budc 3 chinh 1 truc quay thyc té cua truc C va A. Chiéu
vector d6 1én miat phang X0V, (dé do 15i vi tri truc C) va
XOZ. (dé do 15i vi tri truc A) dé xac dinh cac 13i vi tri cua
truc A va C (Hinh 4 va 5). Mot luu ¥ 12 16i vi tri cua truc A
dugc tinh gian tiép thong qua cong thirc:

5AY - Yac _Yac

Opz = ac —d,

Khoang cach danh nghia ctia truc quay

(6)

Trong d6: Yac —

A dén truc quay C.
gjz — Khoang cach danh nghia cua hé toa do

truc quay A dén hé toa dg truc quay C.
4.2.2. Léi dinh hudng

Sai s6 goc duge xac dinh bang cach chiéu cac vector 16i
dugce tao nén tir bude 4 6 Muc 4.2.1 1én cac mat phang tham
chiéu twong trng nhu Hinh 4 va 5.
7 Truc quay thue té

¢ Bubng tron
tham chiéu 1

Khéi ciu 1

Puong tron
tham chiéu 1

Hinh 4. So dé do 16i vi tri ciia truc quay C
Tryc quay C 4

; Khi cau 2

Khéi cau 1

. Truc A thye té

-

Hinh 5. So dé do 16i vi tri ciia truc quay A

4.3. Gidi phdp dén bu 16i

_Giai phap dén bl 18i I tryc tiép thay doi cac dong Iénh
dieu khién (NC codes) bang cach thém vao cac gia tri den
bu dé khién cho dau dao cat ve ding vi tri va hudng cat. bé
hoan thanh viéc nay, mot giai phap dén bu duoc thuc hién
qua cac budc sau:

+Budc 1: Gia tri dén bl cho truc quay dé diéu chinh vé

huéng cho dao cat s€ dugc tinh trudc dua trén cac théng so
veé dinh huéng Qy tir phuong trinh (5) nhu sau:
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AA = cos_l(k N-A
i’ 7

AC = arctan(l_—|) -C 0
J

+ Budgc 2: T4t ca cac sai 56 vi tri hinh thanh tir budc 1
s& dugc cong dér] VOi cac sai so vi tri da dugc do dé hinh
thanh b gia tri dén bu cho céc truc tinh tién:
AX =yxsin(C')-xxcos(C')- X
AY =z xsin(A')+d1xsin(A')-yxcos(A")xcos(C')-
—xxcos(A")xsin(C')-Y
AZ =D +zxcos(A')+dlxcos(A)+yxcos(C')xsin(A')+
+xxsin(A")xsin(C) -2z

@)

5. Thwe nghiém va Kkét qua

Dé ching minh d¢ tin cay va dung dan ciia quy trinh do
dac dugc néu & Muc 4.2, myc ndy sé trinh bay v& qué trinh
cling nhu két qua do thuc nghiém dugc thuc hién trén ban
xoay hai truc NCTLT-125 cta cong ty Exact Machinery. Qua
trinh do dac dugc hoan thanh trén may do CMM LH 54 san
Xuét boi cong ty dén tir Birc — Wenzel va thir nghiém do chinh
xac sau khi dén b sai s6 duoc thuc hién khi ban xoay dugc
tich hop trén may phay 3 truc 340A(ATC)/340 (Hinh 6 va 7).

Ap dung quy trinh do duoc trinh bay & Muc 4, gia tri
18i dinh vi dugc do va trinh bay trong Bang 2.

V6i cac gi tri 16i dinh vi trén, ta tién hanh tinh todn bo
gi4 tri dén bu dua trén phuong trinh (7) va (8) duoc déra &
Muc 4.3. Sau d6, tién hanh kiém tra do chinh xac sau khi
dugc dén bu bang cach dit mau do 1én ban C ctia ban xoay
(Hinh 7). Str dung dau do Touch Trigger Probe va thuc hién
quy trinh do nhu Muc 4.2. Cac két qua do dwogc hién thi
trong Hinh 8.

»

Hinh 7. Thi nghiém kiém tra két qud sau khi dén bi

Bing 2. Gia tri do

L&i vi tri L&i dinh huéng
8¢y =-0,0015 [mm] 0y =-0,003°
Truc C
’ 8oy =0,0009 [mm] 0y =-0,0014°
Truc 8 oy =-0,0293 [mm] 0, =0,0232°
A 8 ,,=-0,3924 [mm] 0, =-0,03°
06 So sinh gid tr 18i dinh vi theo phwong X
04
0.2
Iy
§ 02

s
ES

—e— Sau khi dugc dén ba 16

081 | —4—Truée khi dwge dén b 1bi b

N I i
A=-1550=0" A=-15°C= 180" A =-30°,C = 30° A =-40°,C = 60° A —-60°C = 90°
(a) Gid tri goc quay (°)

So sanh gia trj 16i dinh vj theo phwong ¥

~de— Sau khi duge dén bi 13i ;
~#— Trude khi dwge dén bu 15i

LGi vi tri (mm)

-0.5 . -
A=-15°C=0% A=-15°,C=180° A =-30°,C=30° A=-40°C=60"° A=-60°C=090°

(b) Gia tri goe quay (°)

08 So sanh gia trj 16i dinh vi theo phwong Z

—— Sau khi dwgc dén bu 13i 4
06 | —4—Trwée khi dege dén bu 16

0.8 B
A=-15°,C=0%A=-15° C = 180A = -30°, C = 30°A = -40°, C = 60A = -60°, C = 90°
(C) Gia trj géc quay (%)

So séanh 13i dinh hwdn;

| [—#—Sau khi duge dén bir 15i
—4—Truée khi duge dén bi 15i

(%]

Loi dinh hwdng (°)

=

o i
A=-15°C=0°A=-15°C= IRO°A = -30°, C = 30° A = -40°, C = 60° A = -60°, C = 60°
(d) Gid trj goc quay (°)

Hinh 8. Dé thi so sanh do chinh Xac vé vi tri theo truc X (a),
Y(b), Z (c) va vé dinh huong (d) trudc va sau khi den bu
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Tir Hinh 8, ¢6 thé chimg minh duogc tinh hiéu qua cua
quy trinh dugc trinh bay trong bai bao nay. Co thé d& dang
thiy, voi mdi cap goc thir nghiém (Hinh 8), do chinh xac
trong chuyén dong tinh tién cua hé théng may da dugc cai
thién it nhat 1a trén 50% va chuyén dong quay cua truc quay
1a trén 60%. Dic biét, gia tri 16i dinh hudng dugc cai thién
dang ké nhit. Didu d6 hoan toan phi hop véi két qua cua
phuong trinh (3) khi gia tri dinh huéng hoan toan phu thugc
vao truc quay.

Mot luwu ¥ d6 13, két qua do nay duoc thuc hién trong diéu
kién khong c6 tai cling nhu da bo qua cac 18i thanh phan
(mot trong hai loai 156i cu thanh nén 15i dong hoc [7]) va 15i
dinh vi ctia cac truc tinh tién. Do d6 vé co ban van khong thé
hoan toan loai bo cac sai s6 khoi hé théng dong hoc may.

6. Két ludn

Giai phap moi nay da chimg minh duoc sy hi¢u qua
trong viéc nang cao chat lugng hoat dong cua céc thiét bi
ban xoay 2 truc khi dugc tich hgp vao cac mady CNC 3 truc
bang cach loai bo cac 161 dinh vi. Cac wu diém cua giai phap
nay c6 thé ké dén nhu: (1) cac gia tri 16i duoc do dac mot
céch riéng 1é va khong bi anh huong boi cac yéu té khac,
(2) mau do d& ché tao va lap dat, gia thanh ré, (3) co thé
mé rong ap dung cho cac dang ban xoay khac. Tuy nhién,
thoi gian do dac va xtr Ii s6 liéu ton kha nhiéu thoi gian va
can c6 may do CMM.

Loi cam on: Xin giri 16i cam on dén Truong Pai hoc Bach

khoa - Pai hoc Pa Ning di ho trg nghién ctru nay. Ma $6
de tai: T2019-02-07.
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