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Bao cao tom tat: DI voi cac tay may chuyén dong chuwong trinh, thi du, trong cong nghiép (cac tay
may bbc xép, son, han..), cac tay may y té (phuc vu phau thuat)... yéu cau chét ché vé céac sai léch
déi véi thao tac. Diéu nay yéu cau kha cao dbi vai khe hé tai cac khép (xay ra co thé do ché tao, do
mai mon,..).

Trong bao cao dwa trén Nguyén ly Phu hop va phwong phap ma tran truyén, thiét 1ap phwong trinh
chuyen doéng cho cac tay may phéng gdm chudi cac khau dwoc n0| v&i nhau béng cac khép quay khi
tén tai khe hé tai cac khdp quay. T d6 c6 thé xac dinh cac sai sb khi van hanh cac tay may.

Twr khéa: Nguyén ly Phu hop, Tiéu chudn vé tinh ly tuéng, Phuong phép ma tran truyén

Abstract: Industrial Manipulators that are subject to program motions in many applications such as
cargo unloading, spray painting, welding or surgery usually request high-accuracy manipulation.
Accordingly, it is required that the clearances of their revolute joints, which often exist due to imperfect
manufacturing process or friction wear, must be accounted for the manipulator control. In the paper,
the principle of Compatibility and the method of transmission matrix are applied to develop the
equations of motion of a manipulator with a revolute clearance joint. Thus, the position error of the
manipulator’s tool tip can be estimated.

Keyword: Principle of Compatibility, Ideal Constraint Conditions, Method of Transmission Matrix

1.M6 hinh khao sat

Viéc tobn tai
cac khe h&
trong cac
khop ndi do
ché tao hay

cach nhau moét khodng A=r, —r1, trong d6 cac
I,r, twvong ng la cac dwong kinh bén trong va
bén ngoai cua cac vong lan khop ndi gitra hai
kh&u (Hinh 2). Gia thiet khdng co va dép va hai
dwong tron nay lan khéng trwot doi véi nhau.

do bi mai mon
trong qua
trinh lam viéc
khdng nhirng
lam sai léch
cac két qua

Hinh 1. M6 hinh tay may céng nghiép

nhan dwgc cla hoat dong clia tay may ma con
xdy ra hién twong va dap. Diéu nay duoc dic
biét lwu y trong cac tay may y té. Trong bao céo
xay dung mé hinh tay may céng nghiép gém cac
khau phang ndi nhau béng cac khép quay gitva
hai khau’0A va AB (Hinh 1). Xét trwong hop
cac tdm truc clta chung khéng trung nhau va

Tay may gém hai khau, khdi lwong va mé men
quan tinh cac khau lan lwot 1a m,m,,J,, J,,
khéi tam clia chung ndm trén dwong tam va cach
truc quay riéng cac khoang c,,c,, co chiéu dai
twong tng bang |,,l, chuyén déng trong mét
phéng ding. Gia thiét khau OA dwoc can bang
tinh (¢, =0). Tai ddu mut khau thir hai mang vat
nang, duwoc xem la chéat diém, co toa dd |,, co
khéi lwong m. Chuyén_d()ng cla tay may dudi
tic dung cac ngau lwc c6 mbmen
M, =M, sin(2zt); M, = M cos(27t)

2. Phwong trinh chuyén dong cua tay may
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Tay may dwgc md hinh trong dang hai khau, vi
tri ctia chung dwoc xac dinh nhd 4 toa do
»,9,9,,U, trong d6 ¢, ¢, la hai géc dinh vi cla

hai khau tay may, u=®2 - khoang cach hai

tam0,,0, tay may, ¢ — géc nghiéng cla @2

déi v&i phwong ngang.

[l

Hinh 2. M6 hinh khao sat

Vi tri co hé duwoc xac dinh nhd 4 toa dod
(@,0,U,,). Chuyén dong cla tay may bi rang
by@c b&i hai diéu kién. D6 1a hai vong tron luén
tiép xuc v&i nhau (khodng céach gitra 2 tam ludn
lubn khong ddi va béng r,—r,) va lan khong
trwot dbi véi nhau. Hé chiu hai phwong trinh lién

két dang:
fi=u-(n-r)=0
f,=rp+np, =0

Khi u=r —r, hai khdu khéng r&i nhau, khéng
xay ra va cham. Xét trwdng hop 2 khau ludn tiép

xuc. Hé co hai bac tw do

Lo

Hinh 3. M6 hinh tinh toan

Dé thiét 1ap phwong trinh chuyén déng cda tay

(1)

may ta st dung phwong trinh chuyén déng dang

A(']' — Q(l) + Q(2) _ Q(3) +R

2

Trong dé A- ma trdn quan tinh, 1a ma tran vuong,
khéng suy bién, c& (4x4); Q" -ma tran (4x1)-ma
tran cla cac lwc suy rong c6 thé va khong co
thé; Q»,Q® duwoec tinh tr ma tran quan tinh; R
-ma tran cla cac lwc suy rong cla cac phan lyc
lién két cla cac lién két (1). Trong d6:
d;, Qa, a3 ayu
a, a a a
A — 12 22 23 24

al3 a23 a33 a34

Ay Ay Ay Ay
Dé tinh cac yéu t6 cia ma tran quan tinh ta st
dung phwong phap ma trén truyen[1-10]. Nham
muc dich nay ta viét cadc ma tran truyén sau;

cosp, —sing, 0 cosg sing |

t,=|sing, cose, O|;t,=|sing cosp O0];

0 0 1 0 0 1
1 0 u cosp, —sing, O
;=0 1 0]|;t,=|sinp, cosp, O
0 0 1 0 0 1
[—sing, —cosg, 0 0 0 1
t,=| cosg, —sing, O0[;t;;=|0 0 O
0 0 1 0 00
[—sing —cosp |, c c,
t,,=| cosp —singp O [;f = ];rz—{O
| 0 0 0 1 1
[—sing, —cosgp, 0 1,
t,, =| cosp, —singp, 0][;r=|0 3)
0 0 0 1

Cac yéu t6 clia ma tran quan tinh A duoc
tinh theo cac céng thirc sau:

a, =mn Gttt Lt +mritftthtt Lt r
+J,+J,;

a, = M G E G LGt + Mg E Gttt

a; =mn Gttt Lt n + mrit ittt Lt

a, =mL ot Lttt +mrit et Lt,r
+J,;

Ay, =Myttt it Gt +mrTtf ]ttty tt,r;

Ay =M,hy Lttt Gt + mrit th ittt tt,r;

a'24 = m2 rZTtIlt;t;tftlt21t3t4 r2 + mthLt;t;tthltZIt3t4r;

ay = M, N GG U bt G + mrit ottt

a3y = M0t U Lt G0 + mrT Lt T Gttt

= M0 GG L LG + M Uttt
+J23
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Sau khi thye hién cac phép tinh ta nhan dwoc:
a,; =mc’ +my(c; + 17 +u? +2¢,l, cos(p + ;)
+2¢,ucos @, +2Lucosp) + m(IF + 15 +u?
+ 2L, cos(p+ ¢, )+ 2u(l, cosp + 1, cos p,)
+J,+ 35
a,, =M, (5 +U? +G,l, cos(@+ @,) + 2C,Ucos @,
+hucosg)+m(l7 +u? +11, cos(p + @,)
+u(l, cosp+2l, cosp,))
a; =m,(l;sinp—c,sing,) + m(l; sinp—1, singp,);
a, =M, (C2 + ¢, cos(p+@,) +Cucos@,) +
ml, (I, + 1, cos(p + @,) +1, cos @, ) + J,;
ay, =M, (Cy +U* +2c,Ucosg,)
+m(l5 +u? +2l,ucosp,)
&3 =—(M,C, + mly)sing,;
Ay, =M, (C3 +Cucose,)+m(ly +ul, cos,);
&3 =M, +M;ay, =—(M,C, +ml,)sing,
a, =mc? +mlf +J,;

Pé tinh cac dai lwong Q?,Q® trong phuong
trinh (2) ta tinh cac ma tran sau [1-3]:

[da, day, da, |
og; o og,
oa, Oay, 0ay,
A= oq oq g | (5)
0a,y  Ody 0ay,
L 69, Oq o i

Trong dé ¢; 1an lwot dwoc lay 1a ¢, p,uU,¢, tic
ta nhan dwgc cac ma tran c& (4x4):

0,A.0,A,0,A,0,,A )
Thém vao ta thiét 1ap cac ma tran sau:
. . . . .17
q—[(ol ¢ u %] 7)

4 =99;9: =q49,;q; =qu;q, =q 9,
Pai lwong Q@ 1a ma tran c& (4x1), trong d6 cac
yéu t6 ctia né dwoc tinh theo cong thurc;

17 =0.540,,Aq"; Q' =0.590,Aq" ;

(8)
Qi =0.540,A4"; Q" =0.540,,Aq"
4
Pailugng Q¥ = 9,Aq; dugc tinh theo cong
i=1
thire
QY =0,Aq; ; QY =0,Aq;;

® AT . QB T ©)
;) =0,Aq; ; Q; =8¢,2Aq4

Vi cac yéu tb a; ctia ma tran quan tinh khéng
chira cac toa d6 ¢, nén dai lwong 0, A =0nén
QY =0: Q" =0
Ham thé nang c6 dang sau:
7 =mg(l, sin(g, + @+ @,)+Usin(gp, + @)+, sing)
+m,gc, sing, + m,g(l; sing, + usin(g, + @)
+C,8in(gy + @ +,))

Lwc suy rong ctia cac lyc co thé va khong thé co
bieu thirc sau

(=M, +M, —mg(l, cos @, +1, cos(p + @+ )
+ucos(¢ +¢))—mgc, cosg —m,g(l, cos g,
+ucos(¢y +¢) +C, cos(g + @+ ¢,));

)’ =M, —mg(l, cos(p; +@+¢,) +Ucos(p; +¢)

—M,g(ucos(¢ + @) +C, cos(pr + @+ ¢,);

() =—(m, + m)gsin(e, +@);

1 =M, —(myc, +ml,)gsin(g + @+ @,) (10)
Trong phuwong trinh (2), R 1a ma trén cla cac
phan Iwc lién két tir cac lién két (1) ihng voi cac
toa do suy rong ((¢,@,U,@,) .Do6 la ma tran co
(4x1):

R=[R, R, R, R, (11

Lién két (2) dwoc gia thiét 1a Iy twong. Nhw da
biét, diéu kién ly twdng cua lién két dwoc viét
trong dang dang sau [4,7]:

DR=0 (12)
Ma trén(2x4) D c6 dang sau [1,2]
1 0 0 O
D= k=< a3
0 -k 01 f

Phwong trinh vi phan chuyén doéng cla tay may
c6 dang sau:
DA§=DQ" +Q® -Q®) (14)
Hé phwong trinh (14) va cac phwong trinh lién
ket (1) m6 ta chuyén dong cua tay may. Noi cach
khac, tir cac phwong trinh nay v&i dieu kién dau
cho:
01() = @10, @1 (t) = Pro;0(t) = 90, 0(t) = o
U(ty) = Uy, U(ty) = Uy, () = 920,95 (1)) = P
T cac phwong trinh nay ta tinh dwoc :
ZIORZORIONZI0)
Chu y: Vi cac lién két (2) la héléndm nén tir do
c6 thé tinh u, @ 1a ham cla ¢,,p, va thay chung
vao phuwong trinh (14), ta nhan dwoc hai phwong
trinh vi phan cap hai déng kin doi v&i hai bién
@, ¢, va do dé co thé tinh tryc tiép hai bién
@, (1), 0, (t) . N6i mdt cach khac chuyén dong cia
tay may co thé nhan duwoc tr viéc gidi hé 4
phwong trinh (14) va (12), nhwng ciing cé thé chi
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nhd hé 2 phwong trinh (14), trong d6 cac bién
U, va cac dao ham cla ching dwoc thay biéu
thirc cua chang khi giai hé phwong trinh (12)
hodac tham chi nh& phuwong trinh (14) va mét s6
cac phuwong trinh lién két véi diéu kién nhe hé
phwong trinh lién két cac phwong trinh (14) tré
thanh hé phwong trinh déng kin. Cha y diéu nay
chi dung ddi véi trwdng hop cac lién két hinh hoc
va cac lién két doéng hoc kha tich.
Trong trwéng hop khi khi vong tron tadm 0,,0,
ludn tiép xuc thi hai tdm luén cach nhau moét
khoang khéng dbi, t'c U=A =1, —1, =const va
khau AB lan khéng trwot dbi véi khau OA. Trong
trwdng hop nay trong cac dai lwong da tinh toan
ta lay:
u=AUu=0,U0=0 (15)
Phwong trinh chuyén déng clia tay may dwoc
mo t& b&i cac phwong trinh (14) va phwong trinh
u—-A=0; (16)

fi=rnp+np, =0 (17)
trong d6 chuyén dong tay may phai thda man
ddng thoi cac phwong trinh (14) tiép nhan cac
phwong trinh (16), (17). N6i mét cach khac cac
phuwong trinh (16), (17) can dwoc xem la céc tich
phan dau cta co hé [5,11].
Nhw vay chuyén déng clia tay may dwoc mo ta
b&i hé 4 phuwong trinh vi phan cip hai nhe 4 toa
do6 suy rong (¢,@,U,@,). Cu thé chuyén dong
tay may dwoc mod ta bédi hai phwong trinh vi
phan cap hai (14) va hai phwong trinh:

u=0;

ng+np, =0
Chu y rdng hé phwong trinh md t& chuyén dong
clia tay may dwoc thiét 1ap tir 4 phwong trinh vi
phan cap hai déng kin dbi véi cac bién pha. Noi
cach khac c6 thé sir dung cac phwong phap xi
ly hé phwong trinh vi phén thwdng cho bai toan
dwoc dé cap, trong khi dé x ly bai toan nay hién
nay hodc phai s dung phwong phap nhan té
Lagrange hoac phwong phap gidi phwong trinh
vi phan dai sb. Trong bdo cdo nay s dung
phuwong phap dwoc dwa ra trong [11]. Cu thé ta
phai gidi hé phwong trinh sau:
Phwong trinh dong lwc cla tay may (phwong
trinh(14);
Phwong trinh 1:

(18)

[mc? +m,(c3 +17 +u? +2¢,l, cos( + @,)
+2¢c,ucos @, +2lucos @) +m(l7 +15 +u?
+2L1, cos(p+ . )+ 2u(l, cosp +1, cos p,)
+J,+3,1¢, +[m,y(C3 + U3+, cos(p + @,)
+2¢,ucos @, + Lucos @) +m(l; +u?
+h1, cos(p+ @,) +u(l, cosp + 21, cosp, |
+[m, (I, sinp —c¢, sin@, ) + m(l, sin @ — I, sin @, ) |U
+[m,C,(C, +1, cos(@+@,)+Ucosp,)+

mly (I, +1; cos(@ + ¢,) + 1, cos @) + 3,10,
+u(l,cosp+2l,cos, )] -M, =M, +
mg(l; cos g, +1, cos(p + @+ ¢,)—ucos(p; +¢))
+m,gc, cos @, + Mg (I, cos g, —u cos(e, + @)
—C, cos(p + @ + ¢,)) + 2[1 (c,m, +1,m)
sin(@ + ¢,) + ul, (M, + M)sin g
=2[(l, cosp-+u)(m,+m)+(m,c,+ml, )cose, Jup
+2[(c,m, + l,m)(l, sin(¢ + @,) + usin g, ) g, =0;

Phwong trinh 2:
L{[M,(C3 + U3 +C,l, cos(¢ + @,) + 2¢,U cos @,
+lucosp)+m(l} +u? + 11, cos(p+ @,)
+u(l, cosp+ 21, cos p2)]¢,
+[m, (3 + U3 +2¢c,ucos g, ) +m(l5 +u?
+2lLucos @,)]@p —[(M,C, + ml,)sin g, U +
[m,(c5 +Cucosg,)+m(l5 +u; +2lLucosp,)d,
—M, —mg(l, cos(¢, + @+ @,) +Ucos(e, + @)
—m,g(ucos(¢ + @) +C,cos(g + @+ ¢,)}
+ 0 {[m,y(C? +C,l, cos(¢+@,) + Cucos ) +
ml, (1, +1, cos(p+ @,) +Ucose,)+ J, |, +
[m,(c; +cCucosg,)+m(l5 +Uu* +2c,ucos@,)] @
+(M,C, +mly)gsin(e, + @+ @,)—
2r,(c,m, +1,m)sin @, @@, —2r,(c,m, +I,m)
usin g, } =0;
Phwong trinh 3
U=0;
Phwong trinh 4:
R+ 1, =0; ,

Nghiém cua hé 4 phuong trinh dwoc thiet lap
cung vo&i dieu kién dau cho sé md ta chuyén
dong tay may.

3. Po sai léch caa chuyén déng chwong trinh
cua tay may
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Tir m6 hinh khéo sat c6 thé khao sat cac sai léch
khi tay may can thwc hién chuyén déng chuong
trinh
a) Trong trwdng hop cac khép khéng cé khe hé,
khi d6 ta c6: A=0,0=0 , diém M (tay ndm) thuc
hién chuyén déng c6 cac toa do

M = Iz cos[¢, (1) + @, (D] + |1 cos @, (V)];

Yu = sin[g (1) + @, ()] +sin g, (1)];
b) Trong trwong hop gitra hai khau co khe hé
va van tiép xtc nhau thi toa do diém M sé |a:

Xy =1, cos(, (1) + (1) + ¢, (1) + Acos(g, (1) + (1))
+1,cosg (1)),
Yu =1, sin(@ () + @(t) + ¢, (1) + Asin(g, (1) + )(1))

+1, sin(g(1));

Nhw vay c6é thé tinh duwoc sai léch chuyén dong
chwong trinh theo A va diéu quan trong c6 thé
tlr sai Iéch dé chan doan do léch tam A

c) Trong truéng hop hai khau néi nhau khéng
con tiép xdc tay may tré thanh hé 4 bac tw do:
khau quay OA va khau song phang AB. Trong
treong hop nhw vay hai khau khong con tiép xuc
va co thé xay ra va cham. D& tranh va cham can
diéu khién hai khau khdng roi nhau. Diéu nay
yéu cau phan lwe ,it nhat phan lwc phap tai diém
tiép xuc ton tai. Trong treong hop nay can xac
dinh phan lyc phap tai diém tiép xdc gitra hai
khau

4. Phan luc
Viéc ton tai khe hé cha khdp nbi cé thé xay ra va
dap khi méat tiép xdc gitva hai khau. Hién twong
nay xay ra khi phan lwc phap tuyén tai diém tiép
xuc béng khong
Lién quan dén hién twong nay ta xac dinh phan
lwc phap tuyén tai diém tiép xuc. Vi rdng dé cé
tiép xac thi duy tri diéu kién :

u=0
Khi ton tai diéu kién nay dong nghia véi diéu kién
R, #0 . Diéu kién nay dam bao hai khau khéng
r&i nhau, tie con tiép xuc.
Dé xac dinh phan Iyc tiép xic R, ta quay lai
phwong trinh (2), trong d6 cac toa d6 van toc va
gia téc da tinh dwoc ham theo thdi gian nhe hé
phuwong trinh (17),(20),(21). Cu thé phan luc R,
dwoc tinh nhw sau:

R, =2, (1) + a,@(t) + a,,¢, (1) — QP (1) — Qi (1)
+QM

V6i cac thong sb clia mé hinh dwoc khao sat, ta
nhan dwoc:

R, =[m,(l,; sinp —c,sing,)
+m(l, singp -1, sing,)]@, + (m,c, + ml,)sin @,
—(m,c, +ml,)sin@,@, + (M, + m)gsin(e, + @)
—{(m, + m)(A+1, cosp) +(c,m, +ml,)cosp, @’
_[(mz + m)(A + I1 COsS (P) + (mzcz + mlz )(01(0
—0.5(m,c, + mlz)COS(/JZ(/51¢2 —[(m, + m)(A
+0.51, cos @) + (m,c, + ml,)cos @, ]1¢,@
_[(mz + m)A + (mzca + mlz)COS ?, ](p22
—0.5(m,c, + ml,)cos @,p@, + (M, +m)cos p@,@
—{(m,c, +ml,)cos p,@,¢, +(M,C, +ml,)cos pp,p,
+(m,c, +ml, )¢y
Vé phai 1a cac ham da tinh dwoc cua thoi gian.
T biéu thirc gia tri ham R, khéo sat diéu kién
khoéng xay ra va dap:

R, #0

T day so sanh véi két qua t chuyén dong tay
may sé tinh dwoc sai s xay ra .Cac két qua
dwoc cho qua viéc tinh v&i cac sb liéu sau :

M, =M,sinat;M, =M, cosat

I, =1.25(m);l, =0.5(m);m =1(kg);m, = 0.5(kg);
J, =J, =0.1(kgm*); 1, =0.0025(m); g =10m /s’;
r, =0.00245(m); A =0.005(m);c, =0.2(m);c, =0;
M, =—-1(Nm);® =2zrad / sec

Piéu kién dau:

?,(0) =0;9(0) = 0,u(0) = 0.005; ¢, (0) = 0;
¢,(0)=—1.5rad / s;0;(0) =0,u(0) = 0;¢,(0) = 0;

|[—— dphil — — phil |

Hinh 4: D6 thj géc quay o1 va van téc goéc ¢,
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[—— phi — dphi

fls)

Hinh 5: D6 thi géc quay ¢ va van téc géc ¢

[—— phi2 dphiz |

-10+ N

tis)

Hinh 6: D6 thi géc quay @2 va van téc géc ¢,

Ru
30
40+
304
201
104
N
0_
-104
_ED_
=304
1 2 3 4 5 6 1 8% 9 10
fHs)
Hinh 7: D6 thi phan lwc Ru
5. Két luan

Van dé khe hé tai cac khép dang dwoc quan
tam khong chi tir quan diém dd bén ma con quan
trong dbi v&i do chinh xac.Trong bai bao da xay
dwng md hinh khao sat mét co hé chiu lién két
ma viéc thwc hién lién két sé dam bao diéu kién
khéng xay ra va dap. V&i mé hinh duwoc dé xuét
rat thuan lgi cho viéc ap dung phwong phap ma
tran truyén

Da xay dwng 16 trinh khado sat theo 2 buwéc:
Buwéc 1: Tim chuyén dong co hé khi khéng cé va
dap, tirc qua trinh chuyén déng dam bao sw tiép
xuc. Trong bwéc nay ap dung nguyén ly phu hop
va thuc hién diéu kién ly twdng cua lién két tiép
xuc.

Buwéc 2. St dung nguyén ly phu hop dé xac dinh
phan lyc lién két, thiét 1ap diéu kién dam bao tiép
xuc, nhe do kiém tra diéu kién khong xay ra va
dap

Phuwong phap da trinh bay khéng chi cho phép
tinh sai léch khi diéu khién chuyén déng chuwong
trinh cac tay may cong nghiép, ma con gitp chan
doan cac tinh huéng dong lwc cé thé xay ra.
Phuwong phap dé xuéat cé thé dé dang mé rong
cho cac hé phuc tap.
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