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1. Giéi thiéu

Trong céac hé servo, viéc duy tri lién hé nguwoc mot hay nhiéu vong lap chi dam bao rang céc
toa do suy rong cua robot bam sat theo gié tri tinh toan ma bai toan dong hoc ngugc cung cap.
Nhu vay c6 nghia 1a chién luoc diéu khién nay khdng cai thién duge d6 chinh xac caa cac tham
s6 co khi nhu d9 chinh xac cua kich thuée DH, d6 xé dich ty do theo phuong huéng kinh va huéng
truc cua goi d&. Céc tham s6 nay khdng nam trong vong diéu khlen phan hoi nén chung chi co thé
can thi¢p tur khau thiét ké. Dé co gié tri cua cac tham sé nay, can thiét 1ap mé hinh quan hé vé chit
lugng tong thé cua robot giita dung sai bién suy rong, dung sai kich thu6e DH, d9 chinh xéc diém
cudi yeu cau. Mot co ché nguoc trén mo hinh do dé xuit phat tir &6 chinh xac khau cubi cho trudc
tim ra do chinh xé&c cac khau thanh phan la can thiét dé lap cac ban vé& ché tao.

Luan vé cac phuong phép tuong tu khiac dé giai quyét van dé nay, can biét rang cac nghién
ctu tryc tiép chi ra dung sai khau/ khép bang tinh toan 1a rat hiém, chu yéu 1a kinh nghiém va
truc giac [1]. Mot sé nghién ctu khac chu yéu tap trung vao viéc xac dinh trong s anh huong
dén khéu tac dong cudi, nghia 1a chi ¢6 nghién ctru dinh tinh hon 1a dinh lwong. Céac tac gia R.
Weill va B. Shani [2] d4 phat trién mot mé hinh dé danh gia anh huéng cua sai s6 hinh hoc caa
cac khau, khép thanh phan dén sai s6 vi tri va huéng caa khau tac dong cudi R va xac dinh xem
b6 phan nao co tac dong 16n hon. Twong tu, A. Liou [3] da xac dinh rang dung sai khép ¢ anh
hudng Ién hon dén d6 chinh xac cua vi tri va huéng cua ban kep bang k§ thuat thiét ké thuc
nghiém duya trén phuong phap Taguchi. Qua trinh nay duoc so sanh bang ky thuat mé phong
Monte Carlo. Vukobratovic [4] di danh gia anh huong cua dung sai ché tao dén do chinh xéac caa
khau tac dong cudi va xem xét anh husng cua ting thanh phan dén vi tri va huéng cua ban kep.
Jeong Kim [5] str dung phuong phap mé phong AFOSM dé x4c dinh anh huong cua dung sai cua
cac khau va khép dén sai s khau tac dong cudi cua robot va da duoc chiang minh bang md
phong Monte Carlo. Pao Duy Son va Kazem Abhary [6] da sir dung Thiét k& Thi nghiém (DOE)
cuia Taguchi dé xem xét anh hudng cua cac thdng sé dong hoc dén do chinh xéc cua rd bot va
thong s nao c6 tac dong nhidu hon dén do chinh xac cua khau tac dong cudi cua robot. Vé mit
dinh lwgng, mot s6 nghién ciru da tap trung vao viéc thé hién méi quan hé gitta dung sai cua cac
khau va khép thanh phan va chi phi ché tao. Sun-Ho Kim [7] da trinh bay bai toan phan bd dung
sai nho vai chi phi thap, nghia 1a giai bai toan tim dung sai ti uu ctia cac tham s6 khau va khép
cuia robot dé c6 chi phi thép nhét. Dac biét, md hinh tdi wu héa chi phi st dung chuong trinh gia
lap Boolean da duoc thiét lap. Pham vi dung sai vi tri va huong cua ban kep la glorl han. Rout va
Mittal [1] dd st dung k¥ thuat t6i wu tién hoa dé chon ddng thoi cac tham sb va dung sai toi wu
trén co s ham chi phi nho nhét. Cac dung sai dong hoc va dong luc hoc dugc coi la gié tri ban
dau. Ham chi phi c6 céc rang budc 1a dung sai bat bugc. Cé thé thdy rang, mic di viéc phan bd
dung sai duoc thuc hién véi cac ham chi phi ché tao thap nhat theo nhiéu cach khéac nhau, céc
nghién ctru da duoc thuc hién véi cac gia dinh vé dung sai tham sé khong duogc tinh toan ngay tur
dau. Pay 1a mot han ché rat 16n can duoc loai bo. VA, mot co ché dinh luong c6 thé kiém tra hau
hét cac kha nang to hop thuc té 1a can thiét. Do ciing 1a myc dich ctiia nghién ciru dugc gisi thigu
trong bai béo nay.

2. Quan diém tinh cong nghé trong thiét ké dung sai robot

Tinh cong nghé & day thé hién & chd ching t6i dinh hudng ti s6 dung sai/ kich thudc danh
nghia cua tat ca cac khau trong so dd tinh toan dugc s& nhu nhau. Nhu vy nghia 1a cac khau c6
kich thuc danh nghfa 16n s& cho ra dung sai I6n va nguoc lai. Trong ché tao may, néu do chinh
X4C cao s& can cd nhidu nguyén «cdng tham gia vao quy trinh cong nghg, sai s6 s& giam dan va do
chinh x&c dugc gia ting sau moi nguyén cong. Dleu nay ciing truc tiép lam ting gia thanh san
pham. Ly giai viéc tai sao khi khdng rang budc ti s6 dung sai/ kich thudc danh nghia lai thiéu tinh
cdng nghé, cac khau cé dung sai 16n d& ché tao va c6 gia thanh thip, tuy nhién c6 mot s6 khau bu
lai ¢6 dung sai qué hep dan dén ting gia thanh. Gia thanh gia c6ng bi ting qua manh & cac khau
nay kéo theo tang gia thanh chung.
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Goi
Goi

a,,0a, lan luot 1a kich thude danh nghia cuia khau tha i va dung sai twong ing cua no;
¢, la chi phi gia cong tng voi cap chinh xéac di chon cua khau i;

Khi d6 ti s 93 néi 1én d6 chinh xé4c cua chi tiét gia cong (thuc té do chinh x4c gia cong dugc

a.
tra ciru theo hai tham sé 1a dung sai va kich thudc danh nghia cua chi tiét);

Gia thanh gia cbng str dung quan hé gitra chi phi gia cong véi dung sai dugc tinh theo hinh 1
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Hinh 1. Biéu do quan hé chi phi va dung sai chi tiét gia cong

Theo phuong an nay [8], can xéc dinh gia co s cua chi tiét gia cong (ci), day la phan gia hinh
thanh do khoi luwgng vat tu sir dung, chi phi may dao, d6 ga, chi phi céng...Phan tha hai la phan
gié tri xac dinh boi dung sai (hay cap chinh xac, hé sé ky hiéu 98 ) c6 chirc ning hiéu chinh gia

a.

thanh do yéu ciu cua dung sai dit ra. Gia thanh gia cong cua toan bo md hinh c6 n khau hop
thanh chuoi dong dugc xac dinh theo (1):

Cost = Zn:& C

i=1

Theo Cauchy, (1) c6 dang khai trién nhu sau:

1§a1
n-a

1

oa,
an El

1)

vy )(—

C,) (2)

Trong d6, gia thanh nho nhét c6 thé dat duoc khi ché tao mot co cau dam bao céc rang buoc ky

thuat sé c6 gié tri chinh xac 1a (3): Min(Cost) =n. d(&% C). (—

C,) @)
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Va ciing theo Cauchy diéu nay chi dat duoc khi ma (4) duoc thoa man:
5—a1.cl:@.c2—...:§a”. . 4)
& a, a,
Do cé4c chi tiét may trong chudi c6 cung cip chinh xac nén chi phi gia cong ¢ cua ching
duong nhién 1a gibng nhau. Vay dé (4) xay ra ta can c6 (5):
oa, _o0a,  0aq,
a & a,
Trén co s& két luan ndi trén, ching t6i dinh huéng qua trinh tinh toan dung sai co ciu robot
sa0 cho thoa man dic diém (5). Pay chinh 1a phuong 4n c6 tinh kinh té tot nhat con dam bao rang
bugc ky thuat cho trudc, ciing theo (3), khi két hop véi (5) gia thanh nho nhét dat duoc 1a (6):

Min(Cost) = n.% C, (6)

()

Nhu vay, cac thiét ké khong c6 dac diém (5) s& chi thoa man mot tiéu chi la ky thust ma
khobng t6i vu vé tinh Kinh té.

3. Lya chon xap xi diu va phwong phap tinh dung sai

Nhu dd néu & muc 2, viéc nhan dién phuong an thiét ké c6 tinh kinh té va k§ thuat téi vu dugc
dua ra bai (5). Trong muc nay, chiing t6i s& dé xuat mot phuong phap s6 dé xac dinh chinh xac
mot thiét ké dam bao ddng thoi hai yéu cau 1a c6 tinh ki thuat dic trung bai (5) va co tinh kinh té
dac trung bai (6).

Goi r(mm) la ban kinh sai sé cho phép cua robot tai diém thir nghiém bat ky trong ving lam
viéc, ¢ nghia 1a dé duogc coi 1a dam bao d6 chinh xéc, tat ca cac to hop diém cham tai diém thir
nghiém khong phan b6 ngoai mat cau ban kinh r c6 tim 14 diém danh nghia.

A - by 4 \ n
Goi tam véi cuatoan by cocaula:  R=>"a (mm) (7

Trong d6, a; 1a chiéu dai cua khau thir i; )
Goi k 1a dai lugng khong thr nguyén dinh nghia bai (8) tugng trung cho chat lugng dong hoc

0 r
co cau robot: k = R (8)
Lay k lam xap xi dau dé bat dau xac dinh gié tri dung sai ctia co cdu robot theo quan diém da
. r oJa
noi ¢ (5) nhu sau: k=—= o8 9
R &

Vi cac a, da biét trudc, theo (9) dé dang cé bo gid tri xap xi dau cua tat ca cac dung sai thanh
phan nhu sau:

sa.sa, .. 0a )0 =&l &l &lo 10
( 1 2 n) ( R R R ) ( )

Str dung so do thuat toan hinh 1 dé tim gia tri chinh xé&c cua bo gié tri dung sai co xap xi dau
dé xuét ¢ (10).

Theo nhu so dd nay, cac diém roi tir xip xi dau dwoc diéu chinh gidn t6i da dén bién cua mit
cau mo ta chat lugng dong hoc nham néi rong dung sai cac khau thanh phan dén muc I6n nhat c6
thé dugc. Pay chinh 14 co sé dé mot mit tao didu kién giam gia thanh ché tao do céc khau thanh
phan dugc phép cuc dai hoa dung sai dén muc cé thé, mat khac vi diém roi khong ra ngoai mat
cau chét lugng nén yéu té ky thuat caa bai toan luén dam bao.
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(— k_g=0.9k

k_g=1‘.fk

Hinh 2. So d6 thudt todn xdc dinh gia trj dirng cua dung sai
4. Tinh todn minh hea cho robot 6 bac tu do

Trong muc nay chuing tdi tinh toan cac dung sai kich thudc cho robot sau bac ty do toan khap
quay. Bang DH cua robot cho thdy trén hinh. Céc kich thudc danh nghia cta robot cho trudc nhu
sau: d; = 335 (mm); az = 270 (mm); ds = 295(mm); dg = 80(mm);

Yéu cau tinh toan dung sai dé c6 do chinh xac diém cudi véi béan kinh sai s6 6 = 0.5(mm);

Khépi q di

ai Qi
1 (0u) dx 0 /2
2 (92) 0 az 0
3 (93) 0 0 /2
4 (94) ds 0 -1/2
5 (9s) 0 0 /2
6 (9e) ds 0 0

Hé phuong trinh dong hoc cua robot xac dinh dugc diém cudi ly thuyét 1a:

Px = ds*(sin(gs)*(sin(ga)*sin(qa) + cos(ga)*(cos(qs)*cos(qz)*cos(gs) - cos(qz)*sin(gz)*sin(gs)))
- c0S(0ls)*(Ccos(gz) *cos(gz)*sin(gs) + cos(d1)*cos(ds)*sin(qz))) + ds*(cos(gs)*cos(gz)*sin(qs) +
cos(gy)*cos(gs)*sin(g2)) + a2*cos(g)*cos(q2)

Py = ds*(cos(qgz)*sin(q.)*sin(gs) + cos(gs)*sin(q:)*sin(dz)) - de*(sin(gs)*(cos(g)*sin(qa) +
cos(04)*(sin(ga)*sin(qz)*sin(ds) - cos(dz)*cos(gs)*sin(qs))) + cos(ds)*(cos(dz)*sin(qs)*sin(qs) +
cos(gs)*sin(g)*sin(z))) + az*cos(dz)*sin(qy).
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Pz = d; - ds*(cos(g2)*cos(qs) - sin(gz)*sin(gs)) + ds*(cos(gs)*(cos(qz)*cos(qs) -
sin(gz)*sin(gs)) + cos(da)*sin(ds)*(cos(qz)*sin(gs) + cos(ds)*sin(dz))) + az*sin(qz).
Tong tam véi cta hé 1a R = 980(mm); Tur d6 hé s6 k ¢6 gid tri xap xi dau la:

= o = 05 =0.0005
’ ‘ R 980
B0 gid tri xap xi dau cua tung khau tinh dugc theo k la:
0, =0.1709; 6, =0.1377; o, = 0.1505; 5, = 0.0408
Két qua chay chuong trinh cho thay trén hinh 3:

& Optimal 5 - X
Step 1: Optimal & for length Step 2
Setup Length (mm) Hash Ienglh B init Qi Miax £=0,499999999950968 ~
5 0,50 |+ dr 335 < di 1 0,00105442413380 7 q1 |0,105665000000 7 | new k=0,00105442413380964
a2 270 a1 Bk 1,00000000000001% g2 0,259059000000% | neeict macasszersssosss
Eoven [Fsawe e 295 de 1 Gd1 0,35323208482623 | g 0,008006000000 | CRERE,
de 80 de 1 da2 0,28469451612860 7 qa (0,0019000000007 == 333233332233257
. Oda 0,31105511947385. qs 0,266985000000 % |final k=0,00105442413380366
@ Optimal R 1980 = = v
Ods 0,08435393070477 1 qs 0,103718000000% | . 5
d1 Distance Result "
I T T e e e e
2 334,64676791517377 | 269, 7153054837142 | 204,68804488052615 | 80 377,09530230437042  39,354408121450157 |-284,00006432310350  0,42334878454173008 | OK
3 334,64676791517377 | 269, 7153054838 7142 | 204,68804488052615 | 80,084353930704765 | 377,13800538188207  39,058804680668476 | -284,08167210803465 | 0,35025641749533293 | 0K
4 334,64676791517377 | 269, 7153054637142 | 295 79,915646069295235 | 377,13422934456742 | 39,950579244939557 | -204,23648453953194 0,31813294192210018 | OK
5 334,64676791517377 | 269,71530548387142 | 295 80 377,17693242209907 | 39,963065813157868 | -284,309092414463 | 0,284694516128597 | OK
6 334,64676791517377 |269,71530548387142 | 295 80,084353030704765 | 377,21963540061072 | 38,067552381376167 | -264,38170028030408  0,2740885578450602 | OK
7 334,64676791517377 | 269, 71530548387142 | 295,31 105511947385 | 79,015646069295235 | 377,21585046231608 | 39,067236936647268 | -284,53651263089137  0,38200485883533047 0K
8 334,64676791517377 | 269, 7153054837142 295,31 105511947385 80 377,25856253982766 | 39,971723504865579 | -284,60912050582243 0,41998609066991732 0K
9 334,64676791517377 | 269,71530548387142 | 295,31105511947385 | 80,084353930704765 377,30126561733937  39,9762100730839 |-284,6817283807535 | 0,47019154797725321 OK
10 |334,64676791517377 270 204,68804488052615  79,015646069205235 | 377,32625004530782 | 39,078045018351286 |-283,86352595070872  0,30305098699901064 | OK
1 334,64676791517377 270 204,68804488052615 80 377,36806212200041 |39,0834324865696 | -283,93613382563979  0,31105511047382741 0K
11 3,64676791517377 270 204,68804488052615  80,084353030704765 | 377,41166520042106 | 39,087910054787916 |-284,00874170057085 | 0,23076530500107627 0K
13 364676791517377 270 295 79,915646069295235 | 377,40708916312641 | 39,98760361005899 |-264,16355404206814  0,0843539307047906 | OK
14 334,64676791517377 270 295 80 377,45059224063806 | 39,992090178277309 |-284,23616191699921 | 0 0K
15 |34,64676791517377 270 205 80,084353030704765 | 377,49320531814971 | 39,996576746495627 | -264,30876979193027  0,0843539307047906 | OK
16 |3,64676791517377 270 205,31105511947385 | 70,915646069205235 | 377,48051028085506 | 39,0062613017667 | -284,46358213342756  0,23076530509107627 0K
17 364676791517377 270 205,31105511947385 80 377,53222235636665 | 40,00074786998502 |-284,53619000835863  0,31L05511947381248 | OK
18 334,64676791517377 270 295,31105511947385 | 80,084353930704765 | 377,57492543587836 | 40,005234438203338 | -284,6087978832897 | 0,39305098699902885 0K
19 334,64676791517377 | 270,28460451612658 | 204 6880448B052615 79,015646069295235 | 377,50091886393681  40,007970283470710 -283,790505453245 | 0,47019154797721741 | 0K
20 334,64676791517377 | 270,28469451612858 | 204,68894488052615 80 377,6426210414484 | 40,012456851689031 -283,86320332817604 0,41998609066984049 | OK
2 334,64676791517377 | 270,28469451612058 | 294, 68894488052615 80,084353930704765 | 377,6853250 1896004  40,016943419907356 -263,93591120310705 | 0,38200485863533991 | 0K
22 334,64676791517377 | 270,28469451612858 | 295 79,915646069295235 | 377,6815489816654 | 40,01662797517843 |-284,0906235446044 | 0,27408855784593 0K
23 |334,64676791517377 | 270,28460451612658 | 295 80 377,72425205017705 | 40,021114543306742 -284,16323141953546 | 0,28460451612658165 OK
24 |334,64676791517377 | 270,28469451612858 | 295 80,084353030704765 | 377,76695513668869 | 40,025601111615067 | -264,23583920446647 0,3181329419221009 | OK
35 334,64676791517377 | 270,28469451612058 | 295,31 105511947365 79,915646069295235 | 377,76317909939405  40,025285666886141 -204,39065163596382 0,350256417495358 | 0K
26 334,64676791517377 | 270,28469451612858 | 295,31105511947385 80 377,80588217690564 | 40,029772235104453 |-284,46325951089489 | 0,42334878454172115 OK ©

. 257PM

7/30/2019 %

Hinh 3. Két qua chay chwong trinh xdc dinh hé sé k

Sau khi dugc diéu chinh ty dong boi chuong trinh tinh do ching t6i 1ap trinh theo so' do khdi &
hinh 1, cac gia tri cudi cung nhu thay trén hinh 2 bao gom:
k =0.00105; ¢d, =0.35323; oa, =0.28469; od, =0.31105; od, = 0.08435
Thir nghiém I3p I3n 625 t6 hop nhu hinh 2 khong ¢6 diém roi nao vuot ra ngoai mat cau mo ta
chat lugng.

5. Két luan

Két hop céc yéu td kinh té va ki thuat khi mé hinh hoa bai toan thiét ké co cau robot 1a y
tuong tét dé chi ra cac phuong an c6 lgi nhat. Chiing t6i di chi ra co so toan hoc cia viéc ti s6 k
phai bang nhau gitta cac khau trong céu triic dé c6 gia thanh nho nhat. Ching toi ciing da xay
dung mot phuong phap so dé giai quyét tinh  cOng ngh¢ trong thiét ké va ché tao robot tir goc do
tinh toan dung sai co cau. Cac khau cd ti s6 dung sai/ kich thudc danh nghia gidng nhau dugc
nhan dang nhanh chéng gitp cho qué trinh thiét ké d& dang hon rat nhiéu. Viéc van dung vao
thuc tidn 1a hoan toan kha thi véi su tro gidp caa mot chwong trinh may tinh nhu thdy & day.
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