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Toém tat - Bai bao phan tich tay may robot song song phéng 3 bac
tw do 3-RRR (Revolute — Revolute — Revolute). Dé tinh toan cho
hé théng diéu khién tay may robot trong khéng gian lam viéc, mé
hinh déng hoc ngwoc va dong hoc thuan clia tay may robot 3-RRR
dwoc xay dwng. B6 1a md hinh thé hién méi quan hé gitra khép
chd dong va vj tri trén hé toa do Descartes, géc xoay cla khau
chap hanh cudi. Cac ma tran suy ra tir ddng hoc chinh Ia cac ma
tran Jacobian, va sau d6 rng dung cac ma tran nay vao tim cac
cu hinh ky di. Hon nira, viéc tim dwoc cac ma tran Jacobian nay
con giup cho viéc tinh toan déng lwc hoc phuc vu cho viéc didu
khi&n bang phwong phap didu khién tinh toan lyc. Cac két qua
dwoc kiém ching trén Matlab/Simulink két hop SolidWorks nhdm
phuc vu cho viéc thiét ké kich thwéc, quy dao chuyén déng, phan
tich khéng gian 1am viéc loai trir cac cau hinh ky di, tinh mé hinh
ddng lwe hoc va didu khién ctia tay may robot song song phéng 3
bac tw do.

T khéa - tay may robot song song phang; cu hinh ky di; dong
hoc thuan; déng hoc ngwoc; khéng gian lam viéc.

1. Pit vin dé

Trong thuc té c6 nhiéu loai kién triic tay mdy khac nhau
da duoc nghién ctru str dung rong rai trong cong nghié€p. Tay
méy robot song song cho hiéu ning cao hon vé do chinh xdc,
do bén va kha nang tai 16n khi so véi tay may n6i t1ep N6
da duoc ing dung trong rat nhidu ing dung tir san xuét hang
héa, gia cong co khi dén mo phong may bay, va trd nén pho
bién hon trong cong nghiép cong cu co khi hoa trén thé gisi
[1]. Dé didu khién tay may robot, ngudi ta thuong ding 1y
thuyét diéu khién robot song song [6] cta céc tac gia Lei Liu,
Quanmin Zhu, Lei Cheng, Yongji Wang, Dongya Zhao.

Mo hinh tay méy tong quat dd duoc Yang, Guilin,
Weihai Chen, I. Chen dua ra [3]. M6 hinh tay mdy robot
song song phing 3-RRR dya theo phuong phiap DH
(Denavit & Hartenberg, 1955) da dugc Serdar Kiiciik dua ra
[4]. Trong sach [6] cac tac gia Lei Liu, Quanmin Zhu, Lei
Cheng, Yongji Wang, Dongya Zhao da néu ra viéc trng dung
c4c k¥ thuat diéu khién nhu diéu khién ddng bo, diéu khién
truot, diéu khién thich nghi mdt cach téng quat cho nhiéu d6i
twong robot khac nhau. Déi v6i viée nghién ctru cdc cdu hinh
ky di thi da duoc néu mot cach tong quat cho cac loai robot
song song [1] cua tac gia Merlet J.P.

Merlet J.P. [1], da trinh bay cac cach tim ra cau hinh ky
di tong quat cho cac loai tay may robot song song. Céu hinh
ky di xdy ra khi cac goc chu dong va vi tri, goc xoay cua
khau chap hanh cu01 theo mot moi quan h¢ vo nghiém, hay
ndi cach khac, xét vé Toan hoc s& khong ton tai gia tri bién
trong phuong trinh gitta goc chu dong va toa do, goc xoay
ctia khau chép hanh cubi. Xét vé phuong dién Vat 1y ciia md
hinh thyc té, thi d6 1a khi cac thanh cta tay may robot bi cing

Abstract - This article analyzes 3 degree-of-freedom planar
parallel robotic manipulator 3-RRR (Revolute — Revolute —
Revolute). For computation of control system of the robot in
workspace, inverse kinematic and forward kinematic model of
robot 3-RRR are firstly created. These models demonstrate the
bond of active joints and positions on Descartes coordinates, the
angle of end-effector. The matrices which are derived from
kinematic models are called Jacobian matrices which then are
applied to find out singularity configurations. Moreover, Jacobian
matrices are helpful to calculate dynamic model which is used for
computed torque control algorithm. The results of this paper are
verified by simulation using Matlab/Simulink combined with
SolidWorks, which are helpful for designing dimension and
trajectory, analysing singularities avoidance, computing dynamic
model and control algorithm of the robot manipulator.

Key words - planar parallel robotic manipulators; singularity;
forward kinematics; inverse kinematics; workspace.

ra hodc gip lai. Néu tay may robot bi roi vao trudng hop d6
thi chic chin mot didu la viéc diéu khién s& khé khan va
khong bam tot quy dao dit ra, hay tham chi khong thé diéu
khién dugc. Chinh vi vy, viéc tim ra mot khong gian 1am
viéc loai trix cac ciu hinh ky di dugc coi 1a viéc tat yéu trong
thiét ké diéu khién tay may robot n6i chung va tay may robot
song song phang noi riéng.

Trong bai bdo nay sé& lan lugt trinh bay cdc md hinh dong
hoc dugec mo ta theo dang hinh hoc, né khac véi phuong
phap DH nhu trong bai bao [4] cua Serdar Kiigiik. Ttr d6 cac
ma tran Jacobian ciing dugc xdy dung nham biéu dién mbi
quan hé giita van téc gbc cua robot trong hé toa do khdp chit
dong va toa dd trong hé toa do Descartes, géc xoay khau
chﬁp hanh cudi. Dua trén cac ma tran Jacobian d6, bai béo
s& di vao phén tich cac loai cau hinh ky di ciia tay mdy robot.
Sau d6, dé kiém tra cac két qua dat dugc, bai bao thuc hién
mo phong trén Matlab/Simulink va SimMechanics trich xuat
tr SolidWorks.

Noi dung bai bao dugc trinh bay véi cac phan nhu sau:
Phan 1 1a d3t vin d& cho viée nghién ctru. Phén 2 12 md hinh
dong hoc thuén va dong hoc ngugc. Phan 3 trinh bay cidc ma
tran Jacobian. Phan 4 gidi thiéu cac cdu hinh ky di va khong
gian 1am viéc. Phan 5 mé phong kiém nghiém két qua dat
duoc, va cudi cung, Phan 6 s& 1a két luan cta bai bao.

2. M6 hinh dgng hoc

Xét md hinh tay may robot song song phing 3 bac tu
do 3-RRR nhu trén Hinh 1, hoat ddng trén mat phang nam
ngang trong h¢ toa dd Descartes. Céc vector nhu sau:

* qq = [9da1,9azs 9a3]" 12 vector géc chu dong.
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o q, =0y 92 qp3]T 1a vector goc bi dong.
o X =[xp,yp,¢p]" lavector toa do va géc xoay cla
khau chap hanh cuéi.

A =0

Hinh 1. Tay mdy robot song song phing 3 bic tw do 3-RRR

Vi mb hinh tay may robot nay, lue tac dong dugc dua
vao cac khép cha dong (qaq 5 9az, qa3) dé didu khlen toa do
va quy dao chuyen dong cia khau chip hanh cubi trong hé
toa do (x, y). Pidu d6 din dén viéc tim mé hinh dong hoc
thuan va ddng hoc ngugce dugc xay dung theo quan hé gilra
hé toa dé khé‘P chu déng (qal »daz, qa3) va hé toa dé (Xa Y)
Va goc X0ay ¢p, hay noi cach khac, do la quan hé giita
vector q, va vector X.
21. Dong hoc thuin

Dé tim dong hoc thuan ciia tay méy robot song song phing
3-RRR, theo mé ta hinh hoc [5] nhu Hinh 1 ¢ duoc:

2
[xP — Xy — L cos qq; — lzcos(dp + V’l)] + [YP -
, , 2
Yai — i sinqq; — Lsin(gp + W] = 13 (D
Véiy, = [z/6 ; 57/6; 3n/2];i = 1,2,3.

Phuong trinh trén thé hién méi quan hé giira vector goc
cha dong q, va vector X. Giai phuong trinh (1) theo phuong
phép s6, thu dugc mo hinh dong hoc thuan, d6 chinh la moi
quan hé gitra vector X va vector q,.

Trong qua trinh tinh todn, dé diéu khién bam quy dao da
dit ra, can thém gi4 tri tham s6 tinh todn, do6 1a vector goc bi
dong q,. De tim goc bi dong qp,, dua vao md ta hinh hoc,
thu duoc:

(212 -xk-yE
q, =T — cos 1 (71+ 22:162 Yc ) (2)

Vi toa d6 ca diém C; duoc tinh tir phuwong trinh:

Xei = Xp + Iy cos(¢p + W) — xu; (3)
yei = xp + Lz sin(¢p + V’i) — Yai (4)
22 Djng hoc ngupe

Tuong ty md hinh dong hoc thuin, mé hinh ddng hoc
nguoc dugc tinh duya trén mé ta hinh hoc, goc chi dong
q, dugc tinh tir:

13 +x24vE;
q, = tan” (ya) + cos™H| A2Zeda (5
xci 2 2
2by (xci+Yei
3 Cacma trin Jacobian

Tir mo ta hinh hoc nhu Hinh 1, ¢6 duoc:

xp] _ [xm- +lcosqq; + 1, cos(qai + qpi)
Yoi + Lisingg; + 1, sin(qq + qpi)
+l3cos(y/i + ¢p)
+izsin(y, + ¢p)
Dao ham phuong trinh (6) theo thoi gian thu dugc:
] [ L qaisinga — L(qa + qpi) sin(gq + qpi)
1144i€05qai + L2 (Qai + Gpi) €05(qai + Api)
_l3¢P5m(V’i + ¢P)
+l3(ISPC05(W + ¢P)

Tu (7) rit gon, thu dugc phuong trinh thé hién quan hé
giita q,va X:

(6)

7)

]le = ]oqa (8)
Trong dé:
o X=[i7p qu]T 14 vector van toc khau chép hanh
cudi.

o G, = [Gu1,Gu2r Guz)” 1avector van tde goc chit dong.
Cac ma trin Jacobian thu dugc nhu sau:

azl, bzl; czl,
]Zl == [azlz bzlz Clel (9)
azly bzl; czl,
dzl, 0 0
Jo = [ 0 dzl, 0 l (10
0 0 dzl,
Voi:i=1,2,3
azl; = cos(qai + qpi)
bzl; = sin(qai + qpi)
czl; = —lzsin(qa + qpi — v, — bp)
dzl; = lisingy;
Phuong trinh (8) c6 thé viét lai la:
« =JoX (11)
Joz 2151121 (12)

Nhu vy, Phin 3 ndy d3 gici thiéu vé cac ma tran Jacobian
mét cach day du, cac ma tran ndy s& dugc ding dé phén tich
cac cAu hinh ky di ctia tay may robot trong phén tiép theo. Hon
nita, cac ma trdn Jacobian nay con dugce ding cho mé hinh
dong tuc hoc phuc vy cho viée diéu khién tay may robot.

4, Céc ciu hinh ky di va khong gian 1am viéc

Theo Merlet ].P. trong [1] d4 trinh bay cac cach tim ra c4u
hinh ky di tong quat cho cac loai tay méay robot song song.
Trong khi cac cach tim c4u hinh ky di khic déu dya vio ma
tran Jacobian va két ciu hinh hoc [12, 13] thi d6i véi tay may
robot dugcs xét trong bai béo nay, khi x4y ra cu hinh ky di
thi phuong trinh (12) tré nén v nghiém Tirc 1aJ, vO nghiém
hoic Jz1 V0 nghlem hodc ca J, vaJ 21 VO nghiém. Nhu viy
dan dén c0 tat ca 1a 3 kha ning xay ra cau hinh ky di.

A.1. Ciu hinh ky di logi 1

Céu hinh ky dj loai 1 xay ra khi det(J,) =0 va
det(J,1) # 0. Dicu ndy xay ra khi thanh [; va I, xép thing
hang hodc bi gap lai nhu Hinh 2 va Hinh 3.
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Trong truong hop nay, luc tac dong vao khép chu dong
6 thé lam léch tay may robot, cac thanh hoic bi cing ra
ho#c bi gip lai [11, 12, 13].

>/

- Ve
A /
Hinh 2. Cdu hinh kp di loai 1 khi céc thanh bj cing

]
/\

e S
,'\*\.\ \.

Hinh 3. Cdu hinh ky dj logi 1 khi cdc thanh bj gép
4.2, Ciu hinh ky di logi 2
Ciu hinh ky di loai 2 xay ra khi det(J,) #0 va
det(J,1) = 0. Diéu niy xay ra khi cic tay méy cit nhau tai 1

diém hoc cac tay may song song nhau nhu Hinh 4 va Hinh
5.

Hinh 5. Cdu hinh ky dj logi 2 khi céc thanh song song nhau
4.3 Céu hinh ky dj logi 3
Céu hinh ky di loai 3 xay ra khi dong thoi ca det(J,) =
0 va det(J,1) = 0. Dicu nay xdy ra khi cac thanh vira bi
cing, vira cat nhau tai 1 diém hodc vira bi cing, vira song
song nhau nhu Hinh 6 va Hinh 7.

| o

A

A
~ ~

Hinh 6. Cdu hinh kp di logi 3 khi céc thanh vira bi cing, vira cdt
nhau tai 1 diém

./
Hinh 7. Cdu hinh kp dj logi 3 khi céc thanh vira bi cing, vira
song song nhau

R4 rang thiy dugc 13 khi xay ra bat ¢t cAu hinh ky di nao
thi phuong trinh (12) s& khong thoa man, hay noi cach khac
lano khong ¢6 nghiém. Tir d6 dan dén tay may robot song
song s& mat di do cung vimg cua no, Von 12 vru diém khi so
sanh véi tay may ndi tiép. Dé loai trir cau hinh ky di, c6 thé
duya vao kich thuge hinh hoc dé tim ra 1 kich thuée hop 1y,
tuy nhién cling khong thé loai trir hét tat ca cac c4u hinh ky
di. Mot céch khéc la di tim viing khong gian 1am viéc khong
¢6 cau hinh ky di, tic 13 ving 1am viée loai trir diém ky di,
sau do thiét ké qu¥ dao 1am viée trong viing khong gian 1am
viée do dé dam bao khong ¢6 cau hinh ky di xay ra, va trong
bai bao ndy s& chon va trinh bay theo cach nay.
4.4. Khong gian lam viéc

Dé tim khong gian 1am viéc loai trir diém ky di, trude
tién tim cAu hinh ky di dua vao cic ma tran Jacobian J, va
J,1 v6i didu kién det(J,) = 0 va det(J,;) = 0 [1, 14].
Trong bai bdo nay, m6 hinh robot 3-RRR lya chon kich
thudc voi chidu dai cac thanh nhu sau: [, = 0,2 m; I, =
0,2 m; I3 = 0,0722 m; khoang cach gitta hai khop chu
dong: 0,5 m. Két qua mo phong khong gian lam viée trén
Matlab dugc trinh bay tir Hinh 8 dén Hinh11 tuong g do
thay d6i goc q§ » ban dau cila khau chap hanh cudi.

045 T 6}\3 T

Toadoy (m)

0 005 01 015 02 025 03 035 04 045 0S5
Toa do x (m)

Hinh 8 Khong gian lam viéc khi ¢pp = 0°

045 = T 6/&3 T

04

035

0.3

0.25

Toadoy (m)

0 005 01 015 02 025 03 035 04 045 05
Toa do x (m)

Hinh 9. Khéng gian lam viéc khi ¢pp = 30°
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0.45

Toa do y (m)
o
o

0 005 041 015 02 025 03 035 04
Toa do x (m)

Hinh 10. Khéng gian lam viéc khi ¢pp = 60°

(- T°%

Toa doy (m)

0 005 01 015 0.2
Toa do x {m)

025 03 035 04 045 05

Hinh 11. Khéng gian lam viéc khi ¢pp = 90°

Tir két qua trén, nhan thay dugc 1a khi ting goc ¢p ban
dau ctia khau chap hanh cudi va giit nguyén gié tri do trong
qué trinh diéu khién, khong gian lam viéc cila tay may
robot cang nhé dan, diéu nay dé dang thiy dugc 1a do kich
thurge hinh hoc cia nd.

5. Mé phéng kiém chirng
Dé diéu khién mo hinh tay may robot song song phing,
bai bao dya vao thuit todn diéu khién tinh toan lyc

(Computed Torque Control) nhu d3 duge néu ra trong [2,
7, 8,9, 10, 11, 14] theo cong thurc:

7, =M, (i, +K,e+K,e)+Coq, +F,
Trong dé:

(13)

e 17, lavector cita mb-men dau vao clia khop chit dong
cua tay may robot.
e {, lavector gia toc clia quy dao mong mudn ciia cac
khép chu dong cua tay may robot.
Qa = [qalf qaZ' é1'113]T (14)

e & lavector sai 1&ch giita van toc goc mong mudn va
goc thuc cta cac khép chu dong ctia tay may robot.

e= qda - "Ia (15)
e e la vector sai léch giita gia tri goc mong mubn va
goc thuc cua cac khép chu dong cua tay may robot.

€ =q4a —4a (16)

e K, va K,la cac ma trin duong chéo xac dinh

duong.

e M, la ma tran quan tinh.

e (, la ma tran Coriolis va lyc hudng tam.

e F, lavector cia lyc ma sat.

Céc ma trin M, C, va F, dugc tinh tir cac thong s6
dong hqc va C4C ma trAn Jacobian cua tay may robot. Cac
thong so thyc clia md hinh tay mdy robot dwge mé phong
tir mo hinh co khi v& bing phan mém SolidW orks xuat sang
Matlab/Simulink, nén c6 thé coi thong s6 md hinh gan
chinh xac voi thyc té.

Kich thuée tay may robot dugc ldy nhu Muc 4.4. Trudc
tién, qu¥ dao dat dugc kiém tra trong khdng gian lam viéc
dé tranh cac cau hinh ky di. V6i quy dao chuyén dong cia
khau chap hanh cudi dugc chon 13 hinh tron ¢ ban kinh
0,03m v6i tim trong hé toa d6 Descartes la (0,25; 0,1443),
va goc xoay ban dau ¢pp = 0°. Toa do dieém dau tién cua tay
may robotla (0,2573; 0,1452). Céc ma tran K, va K,, dugc
chon: K, =[4000;0400;0 0 40] va K, =
[20000;0 200 0; 0 0 200].

M0 hinh tay may dugc v& nhu hinh sau:

Hinh 12 M hinh trén Solid Works xudt sang Matlab/Simulink

) Két qua kiém tra khong gian 1am viéc nhu Hinh 13 va
ket qua md phong trén Hinh 14 va Hinh 15.

045 T 6 n T T

04

0.35

0.3

o
I
&

Quy dao dat

Toa doy (m)
o [=]
5 © L. ©
(=] o - (] N

o
Q
&

0 005 01 015 02 025 03 035 04 045 05
Toa do x (m)

Hinh 13. Khong gian lam viéc logi trir diém kp di

Tir két qua kiém tra khong gian 1am viéc loai trir diém
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ky di, nhin thiy dugc la voi quy dao chuyén dong chon
nhur trén s& loai trir dugc cac cau hinh ky di.

0.18

T T
— Quy dao dat
— Quy dao thuc

017 1 1

y (m)

0.14 b

013 - 1

012 b

0.1 I I I I I I I
0.22 0.23 0.24 0.25 0.26 027 028

x {m)

Hinh 14. Két qud diéu khién bam theo quf dao dwong tron

Sai so x (m)
e o

o 2 R
L

0 1 2 3 4 5 6 7
Thoi gian (s}

E
>
Q
@
®
8-
. . . . . .
0 1 2 3 4 5 6 7
Thoi gian (s)
]
e
z
5 05 N
0
T
»
1 . . . . . .
[} 1 2 3 4 5 6 7
Thoi gian (s}

Hinh 15. Sai 56 gid tri dit va gid tri thuc
Két qua mb phong cho thdy khau chép hanh cubi cia
robot bém tt theo qu§ dao hinh tron mong muébn, c6 nghia
1a két qua tinh toan mo hinh déng hoc, cac ma tran Jacobian
va cac phan tich vé& cau hinh ky di chinh xac va duoc ap
dung thanh cong.

6. Két luan

Bai bdo d trinh bay vé céc tinh toan md hinh doéng hoc
cla cac tay may robot song song phing 3 béc ty do 3-RRR.
Cac ma trdn Jacobian cling da dugc x4y dyng. Dya trén cac
ma trin Jacobian do, bai bao da phan tich 3 loai cau hinh

ky di va tim dugc khong gian lam viéc loai trir diém ky di
va tmg dyng thanh c6ng trong viéc didu khién. Két qua ciia
bai béo gitp cho viéc thiét ké kich thudc, thiét ké quy dao
chuyén dong, phan tich khong gian lam viéc loai trir diém
ky di, nhim phuc vu tinh toan mé hinh dong luc hoc va
diédu khién ciia tay may robot 3-RRR.
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