NGHIEN CU’U - TRAO DBOI

NGHIEN CU’U BAC TiNH KiCH HOAT THEO HUONG CUA PAU DO
CHAM TREN MAY PHAY CNC TRONG MAT PHANG XY

INVESTIGATION OF THE DIRECTION-DEPENDENT TRIGGERING BEHAVIOR OF
A TOUCH PROBE ON A CNC MILLING MACHINE IN THE XY PLANE

Hoang Vinh Sinh'*, Phan Bui Khéi!, Bui Van Dién?
"Truong Co khi, Pai hoc Bach Khoa Ha Noi
2Cong ty c¢b phan Cong nghiép Weldcom
*Email tac gia lién hé: sinh.hoangvinh@hust.edu.vn

TOM TAT

Trong do kiém trén mdy phay CNC bang dau do cham va lénh G31, toa dj ghi nhédn dwoc
khong chl chiu anh huong cua sai $6 mdy ma con phu thuée vao déc tinh kich hoat ciia dau do theo
huong tlep cdn. Bai bdo dé xudt mot phwo'ng phap thwe nghiém dé nhén dang dac tinh nay trong
mdt phang XY thong qua phép do cdc diém trén vong tron xich dao ciia qua cau chudn c¢é dg chinh
xdc cao. Tir sai léch giiva toa do do dwoc va toa do 1y thuyét, phan b6 sai s6 theo géc tiép cdn duoc
xay dung va tiép tuc xir Iy bang phu“O’ng phap dwong tron khép tot nhat dé loai bé 1éch tam va lech
ban kinh tong thé. Két qua cho thay dir liéu do bang G31 luon chira dong thoi thanh phan sai s6 hé
thong ciia mdy CNC, sai 56 ldp dat dau do va sai s ciia ban than dau do. Nghién civu la co so dé
phat trién mé hinh bii sai sé theo goc tiép cdn cho do kiém bang dau do cham trén mdy phay CNC.

T khoa: Pau do cham; G31; Mdy phay CNC; Pdc tinh kich hoat; Sai s6 dw hwdng kinh;
Phdn tich diéu hoa; Bu sai so.

ABSTRACT

In on-machine measurement using a touch probe and the G31 command, the recorded
coordinates are affected not only by machine tool errors but also by the direction-dependent
triggering behavior of the probe. This paper proposes an experimental method to characterize this
behavior in the XY plane by measuring points on the equatorial circle of a high-accuracy reference
sphere. Based on the deviations between measured coordinates and theoretical coordinates, the
angular error distribution is analyzed to determine the variation of probe triggering behavior with
respect to the approach direction. The results show that G31-based measurements always contain
both the systematic error of the CNC machine, the error of assembling & installing and the error of
the probe. The proposed method provides a basis for developing angular compensation models for
touch-probe measurements on CNC milling machines.

Keywords: Touch probe; G31; CNC milling machine; On-machine measurement, Direction-
dependent triggering behavior, Best-fit circle; Radial residual error; Harmonic analysis, Error
compensation. &
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1. MO PAU

Do kiém truc tiép trén may CNC bang
dau do cham ngay cang dugc sir dung rong réi
nham rit ngan thoi gian ga dat, giam s6 lan thao
lap chi tiét va hd tro kiém tra kich thudc ngay
trong qua trinh gia cong [1], [2]. Tuy nhién, két
qua do khong chi phu thudc vao do chinh xac
hinh hoc cia méay ma con chiu anh hudng cua
dc tinh kich hoat ctia dau do.

Déi v6i dau do cham kiéu touch-trigger,
hanh trinh tién kich hoat (pre-travel) thay d6i
theo hudng tiép can, chidu dai stylus va ciu
trac co khi cua dau do, tir do tao ra sai sb phu
thudc hudng hay dang nhiéu thuy (lobing) [3],
[4]. Trén may CNC, thanh phan nay khong bi
triét tiéu hoan toan boi cac bude hiéu chuan
thong thuong, nén cé thé gy sai sb hé théng
theo goc tiép can [7], [9].

Bai b4do nay nghién ctru dac tinh kich
hoat theo hudng cua dau do cham trong mat
phing XY thong qua phép do cac diém trén
vong tron xich dao ctia qua cau chuan bang
1énh G31. Muc ti€u nghién ctru 1a 1am rd ba
van dé:

(i) Sai s6 do bang G31 trong mit phang
XY c6 bicu hién phu thugc hudng hay khong;

(ii) Sau khi loai bo cac thanh phan sai
s0 hinh hoc bac thap, sai s6 du con lai mang dac
trung cia may hay cua dau do;

(iii) Viéc quay dau do quanh tryc chinh
c6 lam dich chuyén dang phan bo cua sai s6 du
theo goc dinh hudng hay khong.

2. MO HINH TOAN HQC

Trong nghién cru nay, vdi nguyén ly
do cho trén hinh 1, dau do cham dugc su dung

dé do cac diém nam trén vong tron xich dao
clia qua cau chuan trong mat phang XY. Goi
0/(X,Y) la tam ly thuyét ctia vong tron xich
dao va R 13 ban kinh danh nghia cua qua ciu
chuan. V&i mdi goc tiép can 0, toa do 1y thuyét
ctia diém do dugc xac dinh boi cong thirc toan
hoc sau:

{Xm () =X, + Rcos @
Y, (6) = Y, + Rsin 6 (1)

Sau khi thyc hién 1énh do G31, hé diéu
khién CNC ghi nhan toa do thuc do tai thoi
diém du do phat tin hiéu kich hoat, ky hiéu la:
X _(0),Y_(6).

Sai léch toa do tai mdi diém do duoc
xac dinh theo cong thirc:

{dx (6) = X () — Xen (6) ,
dy(8) = Yi(8) — Ve (6) 2)

Vector don vi theo phuong hudng kinh
duoc xac dinh la:

cos @
sin @

u,(8) = | 3)
Vector don vi theo phuong tiép tuyén
duoc xac dinh la:

—sin A
cos @

u.(6) = | )
Tir 46, sai sb hudng kinh d,(0) va sai sO
tiép tuyen e (0) dugc tinh theo cong thirc toan
hoc sau:
dg(8) = d(8)cos @ + d,(8)sin )
e (6) = —d,(6)sinb + d,(f)cos &

Trong do, d (0) la dai luong dugc su
dung dé nhan dang dac tinh kich hoat theo
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hudng cia dau do trong miat phang XY.

Sai s6 huéng kinh tai mdi goc tiép can
dugc mo ta dudi dang:

dg(0) = dip(8) +dp(0) +da(8) (6)

Trong do:

*d _(0)lathanh phan sai s6 do may CNC;

«d (9) 1a thanh phan sai sb dong do téc
d6 do, @6 tré truyén tin hiéu va do tré dimg cta
Iénh G31.

«d ,(6) 1a thanh phan sai s6 do dic tinh
kich hoat cua dau do d (9) (0).

Pé thuan tién cho viéc xtr 1y, ham f(0)
duoc xap xi bang chuoi diéu hoa Fourier hitu
han:

dp(8) = ag+ Y _ [ancos(nf) + bysin(n)] (7)

Trong do, a, a va b_la cac h¢ sb can
xac dinh tir dit 1iéu thuc nghiém. Bién d¢ cua
céc thanh phan diéu hoa cho phép nhan dang
loai dang phan b6 chi phéi trong dit liéu, vi du
bac 2, bac 3 hoac bac cao hon.

3. PHUONG PHAP THi NGHIEM

Hé thong thi nghiém gdm may phay
CNC trang bi dau do cham lép trén truc chinh
nhu hinh 1. Dbi tuong chuéan 1 qua cau chuin
c6 do chinh xac hinh hoc cao, dugc ga ¢ dinh
trén ban may. Vong tron xich dao cta qua ciu
duoc chon lam tap diém chuin dé khao sat dic
tinh kich hoat trong mat ph'ﬁmg XY. Hai hé do
khéac nhau dugc khao sat. Hé do tha nhat dung
dé danh gia didc tinh sai s6 tong hop ban dau va
kiém tra tinh lap lai gitra nhiéu lan do. Hé do
thir hai ding dé phan tich anh huong cua viéc
thay doi goc dinh huéng cua dau do ddi véi
dang sai s6 theo goc.

Céc diém do dugc phan bd déu trén vong
tron xich dao ctia qua cau. Tép phén tich chinh
gdm 32 diém déau tién twong tmg voi PNTI-
PNT32, déu nam trong mit phang Z = 0. Tai mdi
gbc tiép can, dau do duoc diéu khién tiép can bé
mit qua cau bang 1énh G31 cho dén khi phat tin
hiéu kich hoat va toa d6 dung dugc Iuu lai.

Tai mdi goc 0., dau do dugce diéu khién
tiép can bé mit qua cau bang 1énh G31 cho dén
khi dau do phat tin hiéu kich hoat. Toa d dimg
dugc luu lai dudi dang: (X _(0), Y, (0.)).

Dt liéu duogc xir 1y theo cac budc sau:

1) Tinh toa do 1y thuyét ciia timg diém
trén vong tron xich dao.

2) Bo toa do thuc té va tinh sai 1éch toa
do d (0,), dy(ei).

3) Chuyén dbi sang sai sb hudng kinh
d.(0,) va sai so ti€p tuyen € (0,).

4) Xay dung cac d6 thi d (0), d (6)
d.(0) va db thi toa do cuec.

5) Ap dung phuong phap dudng tron
khép tot nhit dé loai bo 1éch tdm va léch ban
kinh tong thé.

6) Phan tich diéu hoa sai s6 du dé nhan
dang cac thanh phan bac troi.

Trén h¢ do thu hai, phép do duogc lap lai
v6i nhidu goc dinh hudng khac nhau cia dau
do quanh truc chinh, trong khi chuong trinh do
va vi tri qua ciu chuan duoc gitr nguyén. Muc
tiéu 1a kiém tra xem dang phan bé cua sai s6 du
sau xtr Iy ¢6 ¢ dinh theo hé truc may hay quay
theo goc dinh hudng cia dau do.
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Setup do trén qua cdu chuin

Phin ra sai 56 tai diém do

Trye chinh CHC
Quay diiu dd
sang géc khic

Déu da cham

Hurémg tifip cin
¢ho lgnh G31

& =0,C056 + dysing

&= =d:5in@ + d, 0058

I X Bin may | 0 dwge goi la goce tiép cin

Hinh 1. So d6 nguyén Iy thi nghiém do trén vong
tron xich dao cia qud cau chudan bang dau do
cham vd lénh G31; dong thoi minh hoa phin rd
sai so theo phuong hudng kinh e, phu’ang tiép
tuyén e va nguyen Iy quay dau do dé phan biét
thanh phan sai sO gan vm mday CNC va thanh phan

sai s6 gdn voi dau do.
4. KET QUA VA THAO LUAN
4.1. Két qua 6 hé dir liéu do thir nhit
Sau khi loc dir liéu ding trén mit phiang

xich dao Z = 0, tdp phan tich chinh gém 32
diém PNT1-PNT32.
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Hinh 2. D6 thi sai s6 dx, dy theo goc tiép cin 0

Két qua trén hinh 2 cho théy sai sb theo
truc X va'Y phan bo gan doi xiing quanh gia tri
0.

Diéu nay phu hop véi tinh chét vat Iy 1a
toa d bién thién theo hinh sin va sai s6 cling
bién thién theo diéu nay.

Hé do 1: db thi cuc cda -dR (pm)
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Hinh 3. So sanh do thi toa dé cue ciia sai s6 hiong
kinh d, trudc xu Iy va sai so  due hieéng kinh sau khi
ap dung phirong phdp dwong tron khép tot nhat
trén hé do thir nhat.
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Sai s6 huéng kinh d, ¢ hinh 3 ¢6 xu
hudng am trén toan by vong do. Gia tri trung
binh cua d, ban dau vao khoang —15 pm, cho
thdy cac dlem do c6 xu hu:ong dich vao phia
trong so v6i vong tron chudn ching t6 hé do
“tdn tai mot thanh phﬁn sai s6 hudng tdm cua
dau do”.

Viéc dich vao phu hop véi thuc té: Khi
dau do cham bé mit thi phai can mot khoang
thoi gian dé kich hoat tiép diém dién bén trong
dau do va thoi gian bo xir Iy dimg chuyén dong
cua dau do. Khi d6, dau do da di vao mot doan
nho rdi. Poan nay chinh 13 hanh trinh tién kich
hoat (pre-travel). N6 hoan toan phu thudc vao
cAu tric va dic tinh caa du do.

Trén db thi d6 thi hinh 3 ciing cho thiy
muc co vao khéng ddng nhat theo goc, cho thay
ngay tir dir lidu gbc da “ton tai mot thanh phan
sai s6 phu thudc hudng tac dong cua dau do”.

Sau khi ap dung phuong phap duong
tron khép t6t nhat, mot bo dir liéu dién hinh
cho tam dwong tron khdp tét nhat (X,Y,) =
(—0,000239; 0,002227) mm v&i ban kinh R =
12,484841 mm. Sai s6 du huéng kinh sau xir Iy
dao dong tir —7,357 pm dén +9,257 um, voi gia
tri trung binh Xép xi 0 va d6 léch chuan khoéng
5,424 pm. Két qua nay ching t6 phan dich
chuyén hu:ong tam mang tinh hé thong trong
dir liéu gbc da duoc loai bo dang ké.

Do thi toa d6 cuc cta sai sd du sau xir ly
chi con biéu dién phan méo theo goc quanh gia
tri trung binh bang khong. Diéu nay cho thay
thanh phén sai s6 phu thudc hudng.

Phén tich diéu hoa sai s6 du cho thiy
thanh phan béc 2 1a thanh phan troi, v6i bién do
xap xi 5,39 pm, trong khi cac thanh phan bac 3
va bac 4 vao khoang 2,73 um va 2,99 pum.

Hé do 1: residual sau best-fit cda 3 bd do
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Hé da 1: so sénh harmonic bic 2-4
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Hinh 4. So sanh sai s6 diwr hieéng kinh sau khi dp
dung phiong phép dwong tron khép tot nhdt ciia
ba bé di liéu trén hé do thir nhdt va bién do cdc
thanh phan diéu hoa béc 2 dén bdc 4. Dang phdn
bé ciia sai s6 dw ¢ tinh Idp lai tot giita cdc lan do,
tuy nhién van chit yéu bi chi phéi boi thanh phan
diéu hoa bdc 2.

Nhin vao hinh 4, thanh phan diéu hoa
bac 2 van 16n hon thanh phan diéu hoa bac 3
trong ca ba bd dir li¢u, phﬁn sai s6 du con lai
sau xtr Iy & hé do thir nhat van mang diu 4n
manh cua may CNC va dong hoc ctia qua trinh
do. Vi vy, trén hé do nay, do thi toa do cuc cua
d, chg thiy rd sai s6 hé thfr)ng’theo huc'mg tam,
con do thi toa do cuc cua sai s du cho thay van
ton tai sai s theo goc, nhung chwa du co so dé
quy thanh phan d6 hoan toan cho dau do.

4.2. Két qué ¢ hé dix liéu do thir hai

Thanh phan diéu hoa bac 3 chiém uu

thé 5 rét, v6i bién d6 nam trong khoang tir 14,7 &
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um dén 16,2 pm, trong khi bién do thanh phan
diéu hoa bac 2 chi vao khoang 1,1 um dén 2,7
um, nho hon dang ké so v6i thanh phan diéu
hoa bac 3. Diéu nay cho thiy sai s6 du sau xir
1y ¢6 dang ba thuy rd rét trong mat phiang XY.

Hi do 2; 46 thi cuc coa -oR (pm)
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Hinh 5. So sanh doé thi toa dé cuc ciia sai s6 huéng
kinh d, trudc xu Iy va sai $6 sau khi dp dung
phuwong phap dwong tron khop tot nhat trén hé do
thir hai

Nam trong sau bo dir liéu cho dang
phan bd ciia sai s du gan nhu tring nhau khi
so sanh truc tiép theo cing goc tiép can, véi he
$6 tuong quan dat tr 0,967 dén 0,992. Sai khac
RMS giita cac sai s6 du trong nhom nay chi
vao khoang 1,6 pm dén 3,1 um. Diéu nay cho
thay tai ciing goc dinh hudng cua dau do, dang
sai s6 theo goc 1a rat on dinh. Mot bo dit liéu c6
goc dinh hudng khac cho hé s6 twong quan am
khi so sanh truc tiép theo cung goc véi nhoém
nim bo con lai, vao khoang —0,68 dén —0,73.
Tuy nhién, khi dich tin hiéu sai s6 du cia bo
dir liéu nay di 16 diém do, twong tmg 180° trén
truc goc ldy mau, hé sb tuong quan ting manh
1én khoang 0,97 dén 0,98. Tir goc nhin cia dd
thi toa do cuc, diéu do6 co nghia la bién dang ba
thuy khong bién mat ma chi quay sang mot goc
dinh hudng khac.

™

HEé do 2: cac phép do cling orientation
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Hé do 2: phép do khdc orientation
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Hinh 6. Anh huéng ciia géc dinh hirémg dau do
dén sai s6 dw huwdng kinh sau khi dp dung phirong
phdp dwong tron khép tot nhdt trén hé do thir hai
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Néu xét theo ban chét cta thanh phan
diéu hoa bac 3, su dich pha 180° trén sai s6 du
tuong (mg v4i mot goe quay co hoc cua dau do
xap xi 60° theo modulo 120°. Vi sai sé du bi
chi phdi boi dang ba thuy, chi can quay dau do
mot goc khoang 60° 14 da 1am dang phan b tai
cung hé goc do thay d6i manh.

4.3. Théo luin

Két qua trén hai hé do cho thay hai tinh
huéng khéc nhau. Trén hé do thir nhat, sai sb
du sau xir Iy chi1 yéu bi chi phdi boi thanh phan
diéu hoa bac 2, cho thiy anh huéng ctia may
CNC va dong hoc qua trinh do van con chiém
vu thé. Trén hé do thir hai, sai s6 du sau xir ly
xuét hién rd thanh phﬁn diéu hoa bac 3 dang 3
thity va dang phan b nay thay déi khi quay dau
do, cho thiy phan sai s d6 gan véi dic tinh noi
tai cua dau do cham.

Viée két hop giita d6 thi toa do cuc,
phu:ong phap duong tron khop tt nhat va phan
tich diéu hoa cho phép phan biét rd hon hai loai
anh huorng phan sai s6 gin voi may CNC va
phan sai s6 gan véi dau do Trong nghién ctru
nay, h¢ do thtr hai cung cap bang ching thuc
nghiém rd rang hon vé sy ton tai cta dic tinh
kich hoat phu thudc hudng.

5. KET LUAN

Sai s6 do bang lénh G31 trong mait
phang XY khong chi phu thudc vao sai s6 may

CNC ma con chiu anh huong 1o rét cuia déc tinh
kich hoat theo hudng ctia dau do cham. Phuong
phap két hop giita do qua cau chuén, xir 13’/ bang
phuong phap duong tron khdp tét nhat, phan
tich sai s6 du theo goc va phén tich diéu hoa la
co s¢ thich hO’p dé xay dung mo6 hinh bu sai sb
theo goc tiép can cho do kiém trén may CNC
bang dau do cham.
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