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TOM TAT

Sai s6 dinh vi tuyét doi ciia robot cong nghiép chuéi hé phat sinh do sai léch hinh hoc, sai
s6 ldp rdp va sai sé truyén dong tich lily qua nhiéu bic khép. Sai s6 nay phdn bo khéng dong déu
trong khéng gian lam viéc va hinh thanh trieong sai léch phi tuyén tai diém céng tac cudi (Tool
Center Point - TCP). Badi bdo dé xudt phwong phdp mé hinh héa trieong sai sé vi tri TCP ciia robot
ABB IRBI120, giit nguyén cdu triic hé diéu khién ciia robot va cdch sir dung thiét bi, chi thay doi quy
dao khdu cuéi nham bu lai sai sé néi trén. Sir dung hai kénh do vi tri diém cudi déc ldp voi nhau la
kénh do theo encoder ciia robot va kénh do khéng tiép xiic bang camera cong nghiép cé do phan
gidi cao dé xdc dinh sai s6 diém cudi. Két qua thwe nghiém cho thdy sai sé trung binh giam tir 0,45
mm xuong 0,21 mm sau khi bii, twong dicong mirc cdi thién hon 50%. Phirong phdp c6 chi phi thap,
dé ap dung thuec té va khong yéu cau thay doi phan cimg robot.

T khéa: Robot cong nghiép; TCP; Trueong sai so; X Iy anh; Hoc mdy; Bui sai léch.
ABSTRACT

The absolute positioning error of open-chain industrial robots arises from geometric
misalignment, assembly errors, and cumulative drive errors across multiple joint stages. This error
is unevenly distributed in the workspace and forms a nonlinear errvor field at the end tool center
point (TCP). This paper proposes a method for modeling the TCP position error field of the ABB
IRB120 robot, maintaining the robot's control system structure and equipment usage, only changing
the end link trajectory to compensate for the aforementioned error. Two independent end point
position measurement channels are used: the robot's encoder measurement channel and a non-
contact measurement channel using a high-resolution industrial camera to determine the end point
error. Experimental results show that the average error decreased from 0.45 mm to 0.21 mm after
compensation, equivalent to an improvement of over 50%. The method is low-cost, easy to apply in
practice, and does not require changes to the robot's hardware.

Keywords: Industrial robots; TCP; Error field; Image processing, Machine learning; Error
compensation. &
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1. PAT VAN PE

DbJ chinh xac dinh vi tuyét d6i cua
robot céng nghiép 1a yéu t6 quan trong trong
gia cong chinh Xac lap rap tu dong vado klem
Tuy nhién, do cdu trac chudi ho, sai s6 cia
ting khau tich lily doc theo chudi dong hoc va
biéu hién thanh sai 1éch tai TCP. Sai s nay phu
thude vi tri khong gian va thuong co tinh phi
tuyén.

Cac phuong phap hiéu chuan truyén
théng duva trén nhan dang tham ) dong hoc
theo mé hinh D-H hoic do bang laser tracker
[1] cho d chinh x4c cao nhung yéu cau thiét
bi chuyén dung va quy trinh phuc tap. Trong
nhitng nim gan day, xu huéng chuyén sang cac
phuong phap dua trén thi gidc va ndi suy dir
liéu da duoc quan tdm. Cac nghién ctru hi¢u
chudn TCP bang camera va marker ArUco
nham giam chi phi thiét bi do [2] hay xay dung
mo hinh 4nh xa sai s6 c6 xét thanh phan phi
dong hoc trong rng dung gia cong robot [3] va
phat trién khung hi¢u chuin tu dong dua trén
camera cho hé théng robot linh hoat va str dung
hé do 3D dé cai thién d¢ chinh xac trong lap rap
robot [4], [5] cho thiy tiém ning cua thi giac va
hoc méy trong hiéu chuan robot. Pang chii y 1a
nghién ctru tich hop mang no-ron vao hé théng
hiéu chuin nham hiéu chinh sai s do thi giac
thoi gian thuc [6], phan 16n tap trung vao nhan
dang tham s6 hodc hiéu chinh tai cac diém roi
rac.

Trong bai bdo nay, ching t6i gidi thiéu
mot phuong phap dé nghién ctru xdy dung
truong sai s6 TCP dang lién tuc trong toan bo
khong gian cong tic bang hoc may va hiéu
chinh d chinh xac cua robot. Céac sai sb cua
TCP sau khi do duoc s& chuyén doi ngugce dé
tim diém thay thé nham giam sai s6 dong hoc.
K§ thuét nay c6 thé ap dung dé dang vai chi phi
thip & quy mo cong nghiép, rat phi hop vai cac

hoat dong hi¢u chinh theo chu ky bao dudng
robot.

2. NGUYEN LY THIET LAP HE THONG
PO VA CO SO XAY DUNG BU SAI LECH
VI TRi

Ban dau ¢ p, la vi tri danh nghla cua
TCP trong hé quy chiéu robot mong mudn dat
duoc theo cong nghé, P, la vi tri thuc nhan duogc
néu ké dén cac sai so cua co cau chip hanh.
C4 hai vi tri nay dugc xac dinh trong cung mot
h¢ toa do O, gin véi gia cia rol?ot dang khao
sat, phuong trinh (1) dudi day thé hién quan hé
gitra chung:

Tp, =p, (1)

Trong d6, T 1a ma tran chuyén doi tong
quat:
t+dx
tdy
2
+dz @)
1

oo O
oo O
o oo

Dt liéu dugc xac dinh qua 2 camera
2D bang phuong phap Stereo Vision (thi giac
lap thé) dé xac dinh toa d6 3D cua TCP, dit
liéu ma camera thu nhan duoc chuyén vé biéu
dién trong hé quy chiéu O, bang mot ma tran
chuyén truc C giita hé quy chleu Camera va hé
quy <:7h1e117 O, do camera ty x4c dinh. Quan h¢
chuyén doi (1) bi kéo dai thém mot bude nira:

T.Cp,=Cop, 3)

Quan h¢ (4) duoc xac lap khi ma tran T
theo (3) x4c dinh dugc chinh xéc:

p,=T".p, 4)
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aval s

Hinh 1. a Quc}n hé gitia vi t{’l’ mong muon p,va sai
léch diéu khiénp,; b. Chuyen doi Tt p, thanh p
c. Chuyén doi nguwoc T diém p,thanh p, dé khoi

tao quy dao thay thé.

Trong thuc té, sai léch gitra hai diém
thudng nho, do d6 c6 thé xac dinh mot diém
diéu khién thay thé p, chuyén doi tir p, twong tu
nhu chuyén doi ‘[l‘rrp1 tpénh p, xdc dinh boi (5)
thong qua phép bién do6i nghich:

p;=T'p, (5)

Khi robot di chuyen dén diém P TCP
thuc té s& dat vi tri gan v6i diém mong mudn P,
thi quy luat chuyén d6i (3) & trén cho ra diém
dich rat gan voi p:

p, = Tp, (6)

Do d6, thay vi diéu khién robot theo
quy dao ban dau gom tap hop cac diém P hé
thﬂéng s€ str dung tap hop cac di’ém thay thé p,
dé hinh thanh quy dao thay thé. Tap hop cac
diém keypoint ciia quy dao mong mudn duoc
biéu dién boi tap hop cac diém p,(1 + n) tap
hop cac diém thuc ma camera do dugc la p,..
Sai l¢ch vi tri gitta hai diém dugc xac dinh theo:

dx = P2x — Pix
dy = D2y — D1y (7)
dz = P2z — Piz

Tur d6 ¢6 thé xac dinh ma tran bién doi
tai moi diém khao sat:

1 00 P2x — P1x

Ti — 0 1 0 pzy - ply (8)
0 01 D2z — Piz
0 0 0 1

Céac diém cia quy dao thay thé dugc
xac dinh theo:

Psi=T; Pui=1+n )

Tap hop cac diém p,; tao thanh quy dao
diéu khién moi trong khong gian cong tac, giup
giam sai 1é€ch dinh vi cua TCP. Trong nghién
cuu nay, cac sai léch do dugc tai nhiéu diém
trong khong gian lam viéc dugc st dung lam
dit liéu huén luyén dé xay dung mo hinh hoc
may mo ta truong sai s6 ciia TCP. M6 hinh nay
cho phép udc luong sai I€ch vi tri tai cac diém
chua do va hd trg xac dinh qui dao thay thé véi
d0 chinh xac cao hon.

3.MO HINH HQC MAY VA BU SAI LECH
VI TRi

3.1. Thu thap, xir ly dir liéu va mé hinh hoc
may

Hé théng gébm 1 robot ABB IRB120 6
bac tu do c6 cac thong ) dong hoc nhu hinh
2 va 02 camera cong nghiép Basler acA2500-
14gc ¢6 tham s6 nhu hinh 3.

Hinh 2. M6 hinh thye té va thong sé kich thude co
bdn cua robot IRB120.
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Bang 1. Tham sé ciia camera Basler
acA2500-14gc

7= L

Hinh 3. B6 tri thi nghiém.

Qua trinh thue nghiém duogc tién hanh
trén 400 ludi diém trong khong gian lam viéc

ctia robot. Hai dit liéu vé vi tri tai cac diém nay
dugc ghi lai doc 1ap: vi tri danh nghia duogc
hién thi trén bo diéu khién robot, va vi tri thuc

té dugc ghi lai boi camera. B gia tri sai s6 cla
400 diém la tap dir li¢u so cap dé huan luyén

ham hoc may.

So sanh cac gia tri dé nhéan duoc sai sd
tai cac di€ém p.. Trong bang 2 thé hién mot phan
cac gia tri vi tri danh nghia, thuc va sai I¢éch.

THONG SO GIA TRI
Model acA2500-14gc
Hang san xuat Basler
Do phan giai SMP (Megapixel)

L GigE (Gigabit
Giao tiép Ethernet)
Téc d khung hinh 14 fps
Cam bién anh CMOS
. Monochrome/Color
Dinh dang (tay bién)
Kich thuéc cam bién | 2/3"

Trong do, al4, a24, a34 thé hién bd gia tri vé vi
tri px, py, pz tuong Ung cua tay kep.

Bdng 2. Bang gid tri sai s6 rit gon cua 200 diém dwoe sir dung lam dau vao dé xdy dung ham hoc mdy

Vi tri danh nghia Vi tri thye té Sai léch
STT
delta delta delta
X Y Z al4 a24 a34 ald 224 234
1 210,5 -13 113,5 | 210,7423 | -12,8347 | 113,8105 | 0,2423 | 0,1653 | 0,3105
2 177,5 19,5 113,5 | 177,8804 | 19,3228 113,7773 | 0,3804 | -0,1772 | 0,2773
3 144,5 53 113,5 | 144,8440 | 52,8091 113,7448 | 0,3440 | -0,1909 | 0,2448
4 111,5 85,5 113,5 | 111,7097 | 85,4052 113,7117 | 0,2097 | -0,0948 | 0,2117
5 45,5 85,5 113,5 | 45,8250 85,7750 113,6466 | 0,3250 | 0,2750 | 0,1466
6 12,5 85,5 113,5 | 12,8391 85,8069 113,6138 | 0,3391 | 0,3069 | 0,1138
7 -20,5 85,5 113,5 | -20,2041 85,6430 113,5808 | 0,2959 | 0,1430 | 0,0808
8 79,5 -11 99 79,7156 | -11,4164 99,1797 0,2156 | -0,4164 | 0,1797
9 143,5 21 99 143,9194 | 21,1023 99,2443 0,4194 | 0,1023 | 0,2443
10 207,5 53,5 99 207,6939 | 53,8290 99,3087 0,1939 | 0,3290 | 0,3087
11 175,5 85,5 99 176,0500 | 85,6733 99,2761 0,5500 | 0,1733 | 0,2761
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12 15,5 117,5 99 16,0212 | 117,1512 99,1160 0,5212 | -0,3488 | 0,1160
13 111,5 149,5 99 111,7282 | 149,6755 99,2117 0,2282 | 0,1755 | 0,2117
14 -16,5 149,5 99 -16,2068 | 149,0220 99,0838 0,2932 | -0,4780 | 0,0838
15 208,5 -9,5 87 209,0503 | -9,2105 87,3093 0,5503 | 0,2895 | 0,3093
16 177 22 87 177,1990 | 22,3086 87,2772 0,1990 | 0,3086 | 0,2772
17 145,5 54 87 145,6500 | 54,2421 87,2456 0,1500 | 0,2421 | 0,2456
18 82,5 85,5 87 82,8374 85,6646 87,1823 0,3374 | 0,1646 | 0,1823
19 19,5 117 87 19,5917 | 116,5070 87,1195 0,0917 | -0,4930 | 0,1195
20 -12 148,5 87 -11,8641 | 148,6998 87,0876 0,1359 | 0,1998 | 0,0876
21 50,5 -5,5 74,5 50,8803 -5,9653 74,6505 0,3803 | -0,4653 | 0,1505
22 112,5 25 74,5 | 112,7520 | 25,2349 74,7128 0,2520 | 0,2349 | 0,2128
23 81,5 88 74,5 81,6940 87,6670 74,6817 0,1940 | -0,3330 | 0,1817
24 205,5 150 74,5 | 205,1096 | 150,3053 74,8044 | -0,3904 | 0,3053 | 0,3044
25 204,5 24,5 60 205,0107 | 24,8003 60,3050 0,5107 | 0,3003 | 0,3050
26 52 55 60 51,7979 55,3189 60,1518 | -0,2021 | 0,3189 | 0,1518
27 174 116 60 173,7687 | 116,1123 60,2734 | -0,2313 | 0,1123 | 0,2734
28 143,5 146 60 143,2295 | 146,3684 60,2432 | -0,2705 | 0,3684 | 0,2432
29 84,5 -29,5 14,5 84,6226 | -29,1387 14,6845 0,1226 | 0,3613 | 0,1845
30 200,5 -0,5 14,5 | 200,7185 | -1,0591 14,8007 0,2185 | -0,5591 | 0,3007
31 55,5 28,5 14,5 55,7347 28,2700 14,6557 0,2347 | -0,2300 | 0,1557
32 113,5 57,5 14,5 | 113,6951 | 57,1627 14,7137 0,1951 | -0,3373 | 0,2137
33 26,5 85,5 14,5 27,0055 86,0581 14,6274 0,5055 | 0,5581 | 0,1274
34 171,5 114,5 14,5 | 171,2369 | 114,8251 14,7714 | -0,2631 | 0,3251 | 0,2714
35 229.,5 143,5 14,5 | 228,9685 | 143,8345 14,8289 | -0,5315 | 0,3345 | 0,3289
36 -31,5 172,5 14,5 | -31,1870 | 172,2664 14,5698 0,3130 | -0,2336 | 0,0698
37 57 -28,5 0 57,3004 | -28,1508 0,1566 0,3004 | 0,3492 | 0,1566
38 199,5 0 0 199,7710 0,6476 0,2998 0,2710 | 0,6476 | 0,2998
39 85,5 28,5 0 85,9794 29,1663 0,1860 0,4794 | 0,6663 | 0,1860
40 -28,5 57 0 -28,2691 57,3229 0,0712 0,2309 | 0,3229 | 0,0712

Budc tién xur ly dir lidu tiép theo ap
dung cac phuong phéap sau: Pau tién 1a phuong
phap Ourlier (ngoai 1€) am chi nhiing gia tri
dr liéu c6 do khac bi¢t qué lon hon mirc cho
phép vé&i cac gia tri con lai cua tap diém (voi
dir liéu tir thyc nghiém, nhiéu nhiéu ding & =
2.0 nham loai bo cac diém ngoai lai do nhidu
anh, rung dong); Tiép theo nhdm phan anh
tinh khong dong nhit ciia sai 1éch vi tri trong
khong gian, thuat toan K-means voi sé cum K

= 5 duoc str dung dé phan chia khong gian lam
viéc thanh cac ving c6 dic trung sai sd twong
ddng; phuong phap thir ba 14 bd sung cac twong
tac chéo nhu xy, yz, zx, x?, y?, 7> dugc bd sung
nham ting kha ning biéu dién phi tuyén ciia mo
hinh hoc may.

Sau khi ¢6 bo dir liéu so cép, Iva chon
phin mém Anaconda chuyén chay mi Python

tién hanh chay ham hoc may, lua chon phuong &
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phédp Random Forest v&i danh gia R? c6 do
chinh xac ham hoc may rét cao twong mg véi
tung toa do x, y, z 1a: 0.9644, 0.9652, 0.9999.
Trong qua trinh chay ham hoc may, tién hanh
xuét file nhi phan joblib va file chi dan json
chtra cac tham sd dau vao, tén cot, gia tri mean/
std dung chuan hoa... s& giup tai hién day du
quy trinh hudn luyén va dé dang ap dung vao
nhiing bai todn sau nay.

3.2. Khio sit kiém chimng, so sanh sai léch
khau cuoi bang phwong phap do thuc
nghiém va ham hgoc may

Tién hanh khio sat kiém chimg ham
hoc may di xay dung duoc c6 dam bao yéu cau
hay khoéng, so sanh sai s6 do do truc tiép va sai
s6 duge dy doan tir ham hoc may tai 20 diém
ngau nhién trong khong gian khao sat. Gia tri
cla céc sai léch duoc thé hién nhu bang 3:

Bdng 3. Bang gia tri sai so do truc tiép va sai s6 dwoc dy doan tir ham hoc may

Bai léch khiu cudi dotit | Sai Wch khin cudi do tir
STT | %jmidanh thnpr mghiém him hoc mdy
* Y z Muﬂdﬂ;mlﬂ:;uﬂ.uﬂ:ﬁauumm
1 123 458 o 03305] 03184] 078 03213 03233 02094
FiEF] 1] 18] o.3ar2] 03051 02148 0 3663] 0312 02004
3 117 18| 35| 0.4018] 0 18] 0.316] 03181 0314
4] 107] s8] 52| oas28| 0a7as| 01607 0.3731] 0.3955] 0146
5| e8] 86s5| ao0] 04138 02732| 0.1858] 039568 0.2818] O 1894
6| 935 e8] 75| 0283 02418] 02085 0.2724] 0,2504] 02121
7l #8] 1105 3 0.3573| 03807 0096
& 825 1205 0 3853 03515 02274
ol 74| 1335 886| 0,2622| 0,3067] 01715
10[ 57.5] 1435 2666 0,32068] 0 1m\
11| 42.5] 1365 1 0.3323| 0.282] 01804
12| 325] 1225 0.2851| 0.3004] 02182
130 24] 108 0,3338] 03701 01807
14| 17| a7 0.3128| 0,2714] 0,134
16 12 72 0 4048| 0 3248] 02447
ig| 78] sa 0.2308| 02786 0238
17 ol 30| 55| oa2ss| 0.2118| 0.3304] 0.3057] 0,2312] 03232
18 4 14| 32| o027re| 03118] 0.1743] 0.2641] 0.3219] 01628
19 -7 1| 10 0.2633] 01651 0.1481| 0.2512] 0.1777] 0,1463
200 -] 88 o] 037e8] 02re3] 0.2103] 0.3648] 02318 620
it bt e
a. Phuong X b. Phuong Y c. Phuong Z

Hinh 4. Biéu dé thé hién méi twong quan gitta sai léch khdu cuéi do dwoc bc%ng thue nghiém va xac dinh
theo ham dang theo cdac phuong X, Y va Z.
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Tir biéu dd co thé nhan thiy, sai léch
khau cudi duge tinh toan tir ham hoc may
(duong mau xanh) c6 gia tri sai léch so véi
do thuc nghiém (duong mau d6) nim trong
khoang tir 0.002mm dén 0.028mm. Nhu vay,
két qua hoc may hoan toan co thé duoc ding dé
thay thé két qua do truc tiép. Viéc nay giup tiét
kiém dang ké thoi gian va chi phi cho qua trinh
thiét ké, hiéu chinh va xéac dinh sai s6 robot.

3.3. Bu sai léch vi tri

Vi giai phap bu nhu da dé xudt & muc
2, nhom nghién ctru tién hanh khao sat tai 15
diém ngau nhién nam trong khong gian lam
viée. Két qua dugc ghi lai ¢ bang 4.

Bdng 4. Bang gid tri sai s6 trude va sau khi bii sai léch vi tri bang ham hoc mdy

Toa 45 mong muda %ai léch ban diu Sai Iéch sau khi bia

ST % | v | 2 [cka 214 |deta azldesn asafB0Xnb] deka |y 0 | defta |Bén kinh
sai 50 ald aM sal s

1| 122 .3] 0| 0,2083] 0,3687| 0.2287| 04821 0,1083] 0,1597| 0,1187| 02266
2| 120 7l 10| 0.3226] 0.2126] 0.1425] 0.412] 0.1826] 00629 00725 02063
3] 116] 23] 30| 02494] nsauﬁl 0.2006] 04641 0.1394] 0.1205] 0.1196] 021067
4| 110] 45| 40| 0.3414] 0.2175] 01737 0.4404] 0.1734] 0.0575) 0.0847| 02013
5| 100] 79| ss| 02732] 03263] 02054| 04725] 0,1432] 01463 0,1154] 0235
6| 95| a3] 70| 02533 02462 01813 03971 0,1333] 0.1062] 0,0913] 01934
7] 86| 115] 00| 02512 0.3418] 02115] 0.474] 0,1112] 0.1618] 01015 0221
8| 68.5] 140| 105| 0.2678] 0.272| 0.1838| 0.4237| 0.1378] 0,102 0.0838] 01954
g 52| 143] 110] 0,3015] 0,298| 0,1557| 04516 0,1615] 0,118| 0,0757| 02139
10| 38| 130] 125 0.2517] 03094] 0.2078] 0.4497] 01417 01084 01078 0209
11 20| 1155] 115| 0.53462| 0.2751] 0.1663| 0.4724] 0.1662] 0,0851| 0.0863] 02221
12| 20| 97| 100] 0,283 0.3103| 0.2515| 04895 0.153] 0.1303| 01215 02348
13] 145]  a1] 95| 0.2044] 02208] 01515 0.398] 0,1544] 00608 0,0715] 01807
14 9| 635 80| 03008] 02168 02148 04348] 0.1798] 00668 0.1048] 02185
150 8] 50| 65] 0.3183] 0.2088] 0.2114] 04354] 0.1783] 0.0588( 0,0914] 02088

Két qua trude bu va sau bu dugc so sanh nhu trong biéu do hinh 5 dudi day. Trong d6, duong
mau do 1a sai s0 trudce khi bu, dudng mau xanh 1a sai so sau khi bu.

o3 Bilu 34 wo wkak wsl sd imede v w bihl B

| S—r——
| e T Y

it o

Hinh 5. Biéu do so sanh sai so truwdc va sau khi bu.
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Két qua sau bu cho thiy rd rang rang
v6i viée hiéu chinh bién khép, do chinh xac
vi tri khau cubi da duoge cai thién 1o rét (trung
binh sai s6 giam tir 0.446 mm con 0.212 mm).
Diéu nay chimg t6 tinh dung din va hiéu qua
ma phuong phap b sai s6 nghién ctru mang lai.

4. KET LUAN

Trong thuc té& c¢6 nhiéu cach dé hiéu
chinh robot néu c6 thé do dugc sai sb cua no
khi chuyén dong, phuong phap dé xuit & day
1a do sai sb tai cac vi tri mau lam tap dir liéu
so cdp dé huan luyén ham hoc may. Ham hoc
may da giup giam thoi gian déng ké so véi cac
phuong phép thuc nghiém trong khi d§ chinh
xac cao thong qua cac thuc nghiém. Phuong
phap bu sai léch vi tri ma nghién ctru dé cap
ciing cho két qua hop 1y khi co su cai thién
15 rét vé do chinh xac. Nghién ctru ndy c6 thé
duogc 4p dung thyuc té trong nha may vi co uu
diém 1a khong can thiép vao phan cimg robot,
ciing nhu tiét kiém thoi gian khi thay doi quy
dao moi. Phuong phép nay co6 thé ap dung cho
nhiéu loai robot khac nhau va véi s6 luong bac
tur do hay khong gian 1am viéc bét ky.

Loi cam on:

Nhoém nghién clru xin cam on Trudng
DPai hoc Ky thuat Cong nghié¢p, Pai hoc Thai
Nguyén di tao diéu kién va hd trg trong qua
trinh thuc hién nghién ctru nay. <
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