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TiNH TOAN SO SANH MOT VAI PHUGNG PHAP SO ~G|/3.| BAI TOAN
DONG HOC NGUQC ROBOT SONG SONG DU DAN DONG*

NGUYEN VAN KHANG!, LUONG ANH TUAN?

1 Truong Pai hoc Bach khoa Ha Noi
2 Truong Pai hoc Kij thuat Cong nghiép Thdi Nguyén

T6m tit. Bai béo trinh bay viec tinh toan so sanh ba phuong phap s giai bai toan dong hoc nguge
robot song song du dan dong: phuong phiap Newton-Raphson cai tién, phuong phép chiéu toa do va
chiéu van téc, v phuong phap giai nhé ham ’fsolve’ clia phan mém Matlab. Két qui moé phéng trén
robot song song du dan dong phing 3RRRP cho thiy ring: phuong phap Newton-Raphson cai tién
cho két qua rat tét vé do chinh xéc, con thdi gian tinh toin nhanh hon hin so véi hai phuong phap
kia.

T khéa. Robot song song, phuong phap s6, dong hoc nguge, du dan dong.

Abstract. This paper presents a comparison of three numerical methods for computing the inverse
kinematics of redundant parallel robots: the improved Newton-Raphson method, the coordinate and
velocity projection method and the method using the ‘fsolve’ command in Matlab. The results ob-
tained by these methods for computing the inverse kinematic problem of the planar redundant parallel
robot 3RRRP show that the improved Newton-Raphson method has advantages of high accuracy and
calculating faster time over the others.

Key words. Parallel robot, numerical method, inverse kinematics, redundant.

1. MO DAU

Trong mot vai thap ky gan day, robot song song da duge quan tam nghién cttu nhiéu [1-18].
Nguyén nhan la do nhing wu diém vugt troi clia robot song song so véi robot chudi: kha nang
mang tai trong 16n, do chinh xac, do cing ving cao,... Tuy nhién, robot song song ciing c6
nhitng nhuge diém nhat dinh nhu: do linh hoat thap hon, khong gian lam viéc nhé hon so véi
robot chudi va dic biét 1a syt xuat hién ciia cac k¥ di dan t6i thu hep khong gian lam viéc. D6
la nhitng trd ngai 16n cho viéc tng dung robot song song rong rai vao thuc té. Dé khic phuc
diéu nay, ngudi ta nghi t6i viec sit dung céc robot song song du dan dong (redundant parallel
robots). Robot song song du dan dong 1a cac robot song song c6 s6 toa do khép 16n hon sd
bac tu do ctia khau thao tac. Nho s6 toa do du nay ma robot cé thé duge tinh toan dé t6i wu
héa qui dao lam viéc, tranh giéi han khép, tranh céc diém ki di...

Gidng nhu céc robot chudi, bai toan dong hoc ngude ¢ ¥ nghia quan trong trong lap trinh
quy dao va diéu khién cac robot song song du dan dong. Phuong phép giai bai toan dong hoc

*Nghién cttu duge hoan thanh dudi sy hd trg tit Quf phat tridn Khoa hoc va Cong nghé Quéc gia (NAFOSTED)
ma s6 107.04-2012.10
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ngugc robot song song du dan dong c6 thé chia thanh hai nhém: nhém phuong phap giai tich
va nhém phuong phap s6 [1-2]. Nhom céc phuong phap giai tich c6 thé cho két qua chinh xac
nhung thudng kha phic tap va khong c6 cach giai tong quat déi véi moi robot. Cac phuong
phép s6 1a céc phuong phép gan diing véi sai s6 cho phép, c¢6 thé giai tong quat véi moi robot,
tuy thoi gian 1au hon. Bai toan dong hoc nguge clia robot du dan dong thuong quy vé giai
mot hé phuong trinh dai s6 phi tuyén, trong dé sé phuong trinh it hon s6 an. Cé nhiéu phuong
phap da duge dua ra dé gidi bai toan dong hoc nguge robot dang chudi du dan dong [1-3,
6-18]. Viéc giai bai toan dong hoc nguge robot song song du dan dong con it duge nghién citu
[18]. Mt khac thoi gian thyc hién va do chinh x4c ctia cadc phuong phap tinh ciing 1& mot van
dé con can duge quan tam nghién citu.

Trong bai toan diéu khién robot thoi gian thuc, viec gidm thoi gian tinh toan céc bai toan
dong hoc nguge va dong hyc hoc nguge 1a bai toan quan trong va c6 ¥ nghia thic té. Trong bai
bao nay trinh bay mot phuong phap tinh gidi bai toan dong hoc ngude robot song song du dan
dong. Phuong phap nay dya trén viec xac dinh xap xi ban dau cia phép lip Newton-Raphson
chinh xac hon va kiém tra do chinh xéc tai méi bude tinh. Dé thay ré hieu qua ciia phuong
phap trong bai bdo da tinh toan so sanh phuong phap dé xuat v6i mot vai phuong phap khac
qua mot thi du cu thé.

2. PHUONG PHAP NEWTON-RAPHSON CAI TIEN

Y tudng co ban ciia phuong phap Newton-Raphson cai tién 1a xac dinh céc xap xi ban dau
clia gia tri cac toa do khép tai mdi bude lip mot cach chinh xac hon va yéu cau tinh toan sao
cho tai mdi budc tinh céc toa do suy rong phai théa man cac phuong trinh lién két.

2.1. Cac cong thic xac dinh vecto van téc va vecto gia tdc suy rong

Xét mot robot song song véi n toa do khdp, goi q € I™ 1a vecto chita cac bién khép. Goi
x € ™ (m < 6) 1a vecto chita cac bién xac dinh vi tri va dinh hudéng ctia khau thao tac cta
robot trong khong gian lam viéc. Gia sit robot c6 r cac diéu kién rang buoc:

f(q,x) =0, x €™, f€ ", q € I (1)

Dao ham hai vé ctia phuong trinh (1) theo thoi gian ta dugc:

f=J,q+J.%x=0, (2)
trong doé ta sit dung céc ky hiéu
8f TXm 8f TXn
Jz(qvx)zaixa Jxeg % ) Jq(QaX):%7 qug x . (3)

Goi ng la s6 toa do khdp chit dong, ny, 1a s6 toa do khép bi dong, ta ¢6 n = n, + ny,. Cha
¥ réang do6i v6i robot song song, n, va m la cac hing s6 xéc dinh, con n, va r phu thuoe vao
viéc chon céc toa do suy rong du. Tu do ta c¢6 dinh nghia:

Dinh nghia. Khi n = m + r robot song song dudc goi la robot chuan, khi n > m + r thi
robot song song dugc goi la robot du dan dong.
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Cho J, la ma tran ch@ nhat c¢d r x n, sit dung khai niém ma tran tua nghich dao J;r (19,
20], ta c6 cong thic dinh nghia nhu sau

r=n. (4)

Khi r < n ta co

T phuong trinh (2) ta co:
q=-J/J.x (6)
Tiép tuc dao ham hai vé ctia phuong trinh (2) ta duge:
f=J,4+3,q+ 3%+ J,x=0. (7)
T d6 ta suy ra:

J,q=—-J,q-3.% - J.%x. (8)
Thé phuong trinh (6) vao phuong trinh (8) ta riat ra duge:

d=—J Tk +T.% — J I I.%), (9)
trong do
. od. . d
Jy=—-J, J, = —J,.(10

2.2. Cac cong thic xac dinh vecto toa do suy rong

Céc cong thiic (6) va (9) cho phép ta xac dinh duge cac vecto van toc suy rong va vecto
gia toc suy rong, khi biét duge q(¢) tai thoi diém khao sat va cac quy luat chuyén dong ciia
khau thao tac x(t). Bay gio ta trinh bay thuat toan xac dinh q(t). Gid sit robot song song
lam viéc trong khoang thoi gian tit t = 0 t6i ¢ = T. Chia khoang thaoi gian lam viéc ctia robot
[0, 7] thanh N khoang bang nhau:

At =

2]

Nhu thé ta cé:
thot =ty + At VG k=0,1,.., N — 1.

Ap dung khai trién Taylor ham vecto q(¢) & lan can gia tri t = t;, ta dugc:

alti1) = alte) + A(H)AL+ a0 (A + . (1)
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Thay biéu thtic (6) vao biéu thitc (11) va bo qua cdc vo cling bé bac 1én hon hodc béang 2
ta dugc:
alte+1) = alty) + alts) At = a(ty) — I5 (a(te)) T (te)x(tr) At (12)
Viée sit dung cong thiic (12) dé tinh xap xi ban dau cho q(tg1) dugc stt dung nhiéu trong
cac tai ligu veé dong hoc robot [1, 2, 5, 6, 7]. O day, ta st dung cong thitc (11) dé tinh xap xi
ban dau cho cac phép lap Newton-Raphson. Cong thiic (11) lay xap xi bac hai, con cong thiic
(12) chi 14y t6i xap xi bac nhat.
2.3. Thuat toan hiéu chinh dé chinh xAc vecto toa doé khép tai mbi budc tinh

Dé thuan tien cach trinh bay, ta st dung cac ky hieu sau:

q = q(tx), qx = q(tr), ax = 4(tx),

X = X(tg), Xk = X(tk), X = X(ty).

a) Hiéu chinh gia lugng cac toa do khdp tai thoi diém to

Trude tien ta xac dinh vecto gan ding ban dau qq clia vecto qq bing phuong phéap vé
(hodc bang thiic nghiem). Sau d6 ap dung khai trién Taylor tim gia tri gan ding t6t hon clia
q, nhu sau:

dp = do + Adqp. (13)
Theo phuong trinh (1) ta co:

f(ag, x0) = f(ao + Aqq, Xg) = f(ao,x()) + Jq(aoaxo)AQO + (14)

Bo6 qua cac vo ciing bé bac 16n hon hodc bang 2, tit phuong trinh (14) ta c6:

f(ao,x()) + Jq(aOaXO)AQO ~ 0. (15)

Tu do
AqO = _J(—]"_(aOaXO)f(aOaXO)' (16)

Sau d6 lay
qdo = (Nlo + Aqy. (17)

Néu ||Aqg| > € (véi e 1a tham s6 duong bé cho trude) thi ta lai thé (17) vao (16) va lap
lai qué trinh nay. Qua trinh nay ding lai khi [|Aqy|| < e. Két qua ta dugc:

qo = ao' (18)

Biét dugc nghiem qq, thé vio cac biéu thiic (6) va (9) ta tim duge ¢(0) = ¢y, §(0) = dq-
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b) Hiéu chinh gia lugng vecto toa do suy rong tai thoi diém tkt1
Gia st da biét q, = q(tx), Qi = a(tx),q; = a(tx), ta can phai xac dinh gid tri q(¢) tai

tht1 =t + At. Trude hét ta lay gan dang q;., bang xap xi:

~ . 1.
Qi1 = qi + QA + 5%(&5)2' (19)

Sau d6 xéac dinh vecto chinh xac hon ctia q;, 1 theo cong thitc hiéu chinh

g1 = ak+1 + Aqj - (20)

Ap dung khai trién Taylor ham f(q, x) tai Api1 = ak+1 + Adqyyq, Xpt1, ta duge

f(qu, Xp41) = f(%+1 + Ay, Xpt1) = f(Qk+1> Xjt1) + Jq(qk:—Hv Xk+1)AQk+1 +...(21)

Bo6 qua cac xap xi bac cao, tit (21) ta suy ra

Aqyyr = =I5 (Qpy1s X ) F( Qg 1, Xes1)- (22)
Sau d6 ta lay
i1 == Qg1 + Adpg- (23)

Néu ||Aqy,q| > € thi ta thay (23) vao (22) va tinh Aqy; méi. Qué trinh lap tinh chinh
két thac khi [|Aqy, || < . Két qua ta duge:

i1 = ak+1- (24)

Biét duge nghiem qj, 1, thé vao cac biéu thiic (6) va (9) ta tim dude q(tg41) = dpyr, Altps1) =
Apoy1-

2.4. Danh gia sai sb

Do chinh xéc cia phuong phap Newton-Raphson da duge trinh bay kha chi tiét trong cac
gigo trinh vé phuong phap sd. Ngoai ra, do ¥ nghia co hoc cac toa do suy rong xac dinh vi tri
clia robot song song phai thoa man cac phuong trinh lién két (1). Vi vay trong bai bao nay
dua thém mot tieu chuan dé kiém tra do chinh xac clia cac toa do suy rong tinh duge bang
phuong phap gan ding. D6 1a cac toa do suy rong phai théa man phuong trinh lien két (1)
tai timg budce tinh:

ei(tr) = fila(tr), x(tx)), i =1,...,r. (25)

Yéu cau ctia do chinh xAc bai toan la

’6,;(15]0’ = ]fi(q(tk),x(tk))] S g, 1= 1, ey T (26)

Néu do chinh x4c ctia ting bude tinh khong théa man yeu cau vé do chinh xac (26) qua
trinh tinh lai phai tré lai dau buée lap va phai hieu chinh do 16n ciia At.
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3. GIAI BAI TOAN DONG HOC NGUGQC SU DUNG PHUONG PHAP
CHIEU TOA DO VA CHIEU VAN TOC

Trong tai ligu [17] da trinh bay phuong phéap chiéu toa do va chiéu van toc gidi bai todn
dong hoc ngudce robot du dan dong. Trong d6 chii yéu trinh bay bai toan dong hoc ngugc
robot dang chudi. Duéi day trinh bay y tudng chinh ctia phuong phap nay doi bai toan dong
hoc ngudce robot song song du dan dong. Theo ¥ tudng ctia phuong phap trinh bay trong [17],
tich phan phuong trinh (6) ta duge vecto toa do suy rong, sau d6 hiéu chinh vecto toa do suy
rong bang phuong phap chiéu toa do. Tich phan phuong trinh (9) ta duge vecto van toc suy
rong, sau dé hiéu chinh vecto van téc suy rong bang phuong phap chiéu van toc.

3.1. Hiéu chinh vecto toa do suy rong

Xét phuong trinh (6)

q=—J7 (q,x)J:(q, x)%.

Tich phan phuong trinh (6) ta thu dugc vecto toa do suy rong q*, gia tri nay c6 thé khong
con théa man phuong trinh lien két (1). Do d6 ta phai hi¢u chinh dé q théa man phuong trinh
lien két. Theo phuong phéap chiéu ta sé tim diém q nam trén da tap f(q,x) = 0 va cach diém
q* mot khodng ngan nhat. Khi d6 bai toan trd thanh tim q théa man (1) sao cho ham V sau
day dat cuc tiéu [17]

V= %(q—q*)TP(q—q*) (27)

v6i P 1a ma tran doi xing, xdc dinh duong. Stt dung phuong phédp ham phat (hay phuong
phép nhan tit Lagrange ting cudng) ta xét ham can t6i uu sau

L=V+ %fT(q, X)Af(q, x) (28)

v6i A 1a ma tran duong chéo, xéc dinh duong (néu céc phan tii trén duong chéo biang nhau
thi c6 thé thay bing mot hiing s6). Dao ham (28) theo q ta dugc:

oL

h(q,t) = 5o =Pla-q) + I (@Af(q,x) =0, (29)
f . f
trong do JqT(q) = 6(6(](;1)() Khai trien ham h(q,t) ¢ lan can qq ta dugc
h(qq + Aq,t) =h(qy) + H(qp)Aq + ... (30)

voi

H(qy) = ;q[P(qq*HJqT(q)Af(q, X)]go = P+§1[JqT(q)Af(q, X)]go = P+[J7 () AT 4 (q)]g,-
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Chu y rang khi tinh ma tran H(q) ta dd b qua mot s6 hang trong phép tinh [JZ(q)AJq(q)]qO
do viéc tinh s6 hang d6 kha phiic tap (c6 thé sit dung cong cu Maple) [17]. Phuong phép tim
nghiém q chinh xéc hon nhu sau:

Budc 1: k = 0, cho biét s6 bude lap N. Lay q'¥) = g*.

Bude 2: Tinh h(q®)) theo cong thiic (29)

Budc 3: Kiém tra diéu kien dimg: néu ||h(q®)| < € hoac k > N thi dimng, véi e la mot
s6 duong vo ciing bé cho trude. Nguge lai tiép tuc budc 4.

Budc 4: Tinh H(q™®)) theo cong thitc (31). Giai he phuong trinh dai s6 tuyén tinh h(q®))+
H(q®)Aq =0 dé tim Aq.

Buée 5: Lay g = q®) 4+ Aq.

Buée 6: k = k 4+ 1. Quay lai bude 2.

3.2. Hiéu chinh vectd van tbc suy rong

Sau khi hiéu chinh céc toa do suy rong ta tién hanh hiéu chinh cic van téc suy rong. Xét
phuong trinh (9)

q= —J;r(q, x)(Jz(q,x)X + .L;(q, X)X — jq(q7 X)J;((L x)Jz(q, x)X).

Tich phan phuong trinh (9) ta thu duge vecto van toc suy rong q*. Do céc sai s6 tich phan
gan ding, sai s6 lam tron, gia tri nay cé thé khong théa man phuong trinh

Jy(a,x)q+ J.(q,x)%x = 0. (32)
Vi vay ta phai hi¢u chinh vecto van tdc suy rong sao cho théa man phuong trinh (32).
Theo phuong phéap chiéu ta sé tim diém ¢ nim trén da tap (32) va cach diém ¢* mot khoang
ngan nhat. Nhu thé bai toan tréd thanh tim ¢ sao cho ham V sau dat cyc tiéu
1. a7 L s
V=5@-4q) Wa-4q) (33)
v6i ma tran trong s6 W 1a ma tran doéi xiing, xac dinh duong va duge chon mot cach thich
hgp. Xét ham muc tiéu méi ¢6 dang nhu sau:

V(@A) = 5@ -4 W@ - )+ N (T 4 3,4) (34)

trong d6 A dugc goi 14 nhan tit Lagrange. Dé V*(¢, \) dat cuc ticu, diéu kién can Ia

ov*

T . . x
(aq> =W(@-q)+Jia=0, (35)
ov*.\r . )
T (35) ta suy ra
q=-WIIx+q" (37)

Thé (37) vao (36) ta duge
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J (WA +g) +Tx=0= ) =. (38)
Thay (38) vao (37) ta c6

q= —w—quT ((JqT W‘quT)_l(Jxk +Joaq%) = I Tox + T — I Jg)a", (38)

trong d6 Jfy, = WL ((ITW1J1H =1,
Néu chon W 1a ma tran don vi W = 1 thi

I =35I~ =31 (40)

Qua thuat toan trinh bay & trén ta thay nhugc diém co ban clia phuong phap nay 1 khi
tinh tinh phan cdc phuong trinh vi phan (6) va (9) ta phai biét cac dieu kien dau. Céac diéu
kien dau nay thuong duge xac dinh mot cich gan ding. Do d6 qua trinh tinh toan hiéu chinh
mat nhiéu thoi gian.

4. GIAI BAI TOAN PONG HOC NGUGQC SU DUNG HAM FSOLVE
TRONG MATLAB

Ham fsolve 1a mot ham dudge tich hgp sin trong Matlab dé giai cac hé phuong trinh dai
s6 phi tuyén. Ham nay gom c6 3 gidi thuat: ‘trust-region-dogleg’ (miac dinh), ‘trust-region-
reflective’, va ‘levenberg-marquardt’. Trong d6 thuat giai trust-region-reflective chi dugce s
dung khi s6 phuong trinh nhiéu hon hodic bing s an, trust-region-dogleg dugc dung khi sd
phuong trinh bang s6 an va cé thé dung levenberg-marquardt khi ca hai giai thuat trén khong
thé sit dung.

Mot s6 ngudi thuong sit dung ham fsolve dé giai hé phuong trinh dai s6 phi tuyén (1). Tit
dé c6 thé tim duge vectd toa do suy rong q. Sau d6 sit dung cac phuong trinh (6) va (9) dé

tim q, q.

5. MO PHONG SO

Dé minh hoa cho cac thuat toan trinh bay & trén, xét bai toan dong hoc ngugce robot song
song du dan dong nhu trén Hinh 1. Cac tham s6 dong hoc ctia robot duge cho trong Bang 1.

Cho biét tam P clia ban méy dong chuyén dong trén mot duong tron véi van toc co tri
s6 khong doi 1a 0,8m/s, goc dinh huéng clia ban may dong khong doi va bang ¢ = 0, 2rad.
Toa do vi tri tam duong tron 1a (z, y.) = (0,6000m, 0, 3464m). Ban kinh dudng tron 1a R =
0,2m.

Trong vi du nay ta c6 (n = 10,7 = 6,m = 3). Cu thé nhu sau

q = [91,92,937‘1117\I’Qa‘l’SadZLaCUPny,SD]T, X = []IP,yP,QO]T

Tt Hinh 1 ta c6 thé viét duge sau phuong trinh rang buoc

3
cos(E +¢) =0,

xp —lycosfy —lacos() + Vq) — 3 5
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Hinh 1. M6 hinh robot song song du dan dong 3RRRP

Bdng 1. Cac tham s6 dong hoc ciia robot Hinh 1

i=1 i=2 i=3

X, [m] 0 1.2 0.6000

Yo, [m] 0 0.0000 | 1.0392

I, [m] 0.582 0.582 0.582

1, [m] 0.623 0.623 0.623
h [m] 0.185

yp — l1sinfy — Iy sin(01 + \1’1) — h;/g Sin(% + (p) =0,

h
xp — lycos(Oy + Wy) — Iy cos s + ;/3 cos(p — %) =,

h
yp — lasin(fy + ¥o) — [y sinfy +

h
Tp — g —dy —lycos(03 + V3) — I cos O3 +

h
yp — C\f — lpsin(fs + U3) — Iy sin O3 + ;/g cos(p) = 0.

Stt dung phuong phap vé, ta tim duge mot diéu dien dau gan ding clia cac toa do suy

rong nhu sau
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Qo= [-0,52 1,74 1,03 2,39 4,55 1,74 — 0,35 0,6000 0,3464 0,2]7.

Stt dung phan mém MATLAB tinh toan dong hoc nguge ciia robot theo ba phuong phap:
Phuong phap Newton-Raphson cai tién, phuong phap chiéu toa do va chiéu van toc va phuong
phap sit dung ham fsolve trong Matlab v6i thuat gidi ‘levenberg-marquardt’ véi ciing diéu kién
dau da cho & trén. Mot phan cac két qua mo phéng s6 duge trinh bay trén cac Hinh 2-4. Sai
s clia cAc phuong phap cho trén cac Hinh 5-7. Qua cac Hinh 5-7 ta nhan thay ring, phuong
an 1 va 2 cho két qua sai s6 phuong trinh lién két rat bé (cd 10~1°), trong khi ctia phuong an
3 ¢6 sai s6 ¢ 10719 & 107!2. Thai gian tinh theo ba phuong phéap thuc hién trén may tinh
Core i5, 2.27 GHz cho trén Bang 2.

Bdng 2. Thoi gian thuc hién cac phuong an

Phuong phép | Thoi gian thuc hién (s)
Phuong an 1 0.5474
Phuong an 2 6.0627
Phuong an 3 8.4028

Phuong phap Newton-Raphson céi tién c6 thoi gian tinh rat nhanh so véi hai phuong phap
kia.

|
-

W, lrad] 0, [rad]
M
[\ ]

yglrad @, [rad] yy [rad] 6, [rad]

ug lradl o, fradl yy [rad] 6, [racl]
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6. KET LUAN

Trong bai toan diéu khién robot thoi gian thuc viec gidm thoi gian tinh toan cac bai toan
dong hoc nguge va dong Iyc hoc ngude 1a bai toan quan trong va c6 ¥ nghia thuyc té. Mot s6
két qua mdi trong bai bao la:

1. Cai tién phuong phap Newton-Raphson tinh dong hoc nguge robot song song du dan dong.
Nhiing cai tién do la:

- Tang cuong do chinh xac ctia xap xi ban dau trong qua trinh lip Newton-Raphson bang
cach st dung cong thitc (11) (khai trién Taylor dimng lai & xap xi bac 2) thay cho cong thiic
(12) (khai trién Taylor dimg lai & xap xi bac 1) nhu cc tai liéu khéc.

- Sit dung phuong trinh lien két (1) kiém tra do chinh xac ctia két qua tai titng budc tinh.

2. Tinh toan so sanh do chinh xac va thoi gian tinh ctia phuong phap dé xuat va hai phuong
phép khéc (phuong phap chiéu toa do va chiéu van toc va phuong phép st dung ham fsolve
trong Matlab) trén robot song song phéng du dan dong 3RRRP. Céc két qui mo phéng sb
cho thay uwu viet vugt troi clia phuong phap dé xuét.

Nhoém nghién cttu ciing da tinh toan dong hoc nguge, dong luc hoc hoc nguge va dieu
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khién cho nhiéu robot cu thé va thu duge két qua tuong tu. Cac két qua nay sé duge cong bd
trong nhitng cong trinh tiép theo.
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