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Abstract. Robotic manipulator control by traditional methods as PD, PID plus feed forward com-
pensation requires exact dynamic parameters such as masses, centers of mass, and mass inertias of
the system. This paper presents a algorithm of sliding mode controller for redundant manipulators.
This control method does not require to know exactly dynamic parameters the system, while the
control performance is guaranteed. A numerical simulation is presented to demonstrate the validity
of the approach, in which a four degree of freedom planar manipulators is used for the simulation by

mean of MATLAB.

Tém tat. Khi dicu khién rébot bing cdc phuong phép théng thuong nhue PD, PID cling véi bu
truyen thang yéu cau can phai biét chinh xdc cdc tham sé dong luc hoc cia robot nhu khéi lwong, vi
trf khéi tAm, moémen quén tinh khéi. Béo cdo nay trinh bay phuwong phap diéu khién truot 4p dung
cho rébot dur dan déng. Véi phuong phép dicu khién nay chat lwong didu khién duoc ddm bdo ma
khong can biét chinh xdc cdc tham s6 clia hé. Céc két quid mo phdng s6 ddi véi robot phing bon
bac tu do dwoc thuc hién nhé phan mém da ning Matlab.

1. GIOT THIEU CHUNG

Ngay nay robot duoc sit dung trong nhiéu linh vue tir phuc vu sdn xuat trong cdc nha
may, tro gitip cdc cong viéc nghién ciru trén mat dat, dwéi dai dwong, trong khong gian va
tham chi trén ci bé mat sao hda. Roébot cong nghiép 1a mot thi du tiéu biéu vé hé co dién ti,
mot hé bao ham nhiéu linh vuc trong né nhu: co hoc, ky thuat dién-dién tir, ky thuat dieu
khién, k¥ thuat do xir Iy s6 lieu, k¥ thuat lap trinh,...

Bén canh viéc ché tao lap gidp, bai todn nghién cttu dong lic hoc va thiét ké diéu khién
c6 mot vai tro quan trong dé robot thue hién dwoc céc thao tdc mong muén. Hién nay cé
rat nhiéu phuwong phdp khéc nhau trong viéc diéu khién rébot cong nghiép nhw diéu khién
dira trén mé hinh tuyén tinh héa, diéu khién mo, dieu khién thich nghi, dieu khién duwa trén
mang noron,... Moi phwrong phap déu c6 nhimmg wu va nhuoc diem (Hills and Yoerger, 1994).
Phuong phép diéu khién tuyén tinh da dwoc phét trien tir lau va véi do tin cay cao. Ky
thuat nay thudomg duoc 4p dung cho cdc hé tuyén tinh. Tuy nhién, phwong phdp nay dwa trén
céc phurong trinh tuyén tinh héa quanh diém lam viéc va né doi hoéi phai biét dwroc chinh xéc
céc thong s6 cia robot. Phuwong phap diéu khién thich nghi cho phép dieu chinh céc théng s6

*Bai bédo dwoc hoan thanh véi s tai tro clla Quy phét trién khoa hoc va cong nghé qudc gia
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dieu khién, tuy nhién qué trinh dieu chinh nay lai nhay ddi véi nhiéu dong ngoai. Dieu khién
mo 1a mot trong cdc phwong phap hién dai, hién nay dang dwoc dé cap dén nhiéu. Phwong
phép nay dua trén mot bo qui tac dwoc xdc 1ap bdi ngudi thiét ké. U diém cia diéu khién
mo 1a phurong phédp nay chi yéu cau biét mot s6 thong tin toi thieu ve he, né ¢ thé ap dung
dwoc cho cdc hé tuyén tinh va phi tuyén. Tuy nhién, phwong phap nay khong khai thac dwoc
st hi€u biét vé hé dong lic. Pieu khién trwot 13 phwong phip diéu khién dwa trén mo hinh,
né dé cap dén hiéu tmg dong lrc ciing nhwr dap ting lai cic sai s6 phan hoi.

Trong béo cdo nay phuwong phéap dieu khién trirot dwoc khai thac sir dung dé thiét ké dieu
khién cho robot duwr dan déng. Uu diém cia phuwong phép 1a ta khong can biét that chinh xéc
céc thong s6 hé ma van dam bao do chinh xé4c cia chuyén déng mong mudn.

2. MO HINH PONG LUC CUA ROBOT

DPé nghién ctru dong lwe hoc va trén co s& dé thiét ké bo dieu khieén cho mot hé dong
lwe néi chung, mot hé co hoc nhu robot cong nghiép ndéi rieng. Mot mo hinh todn hoc mo ta
lien hé gitta dau vao dau ra cia hé la rat can thiét. M6 hinh toan hoc nay c¢é thé la phuwong
trinh vi phan thwong hodc 1a phuong trinh vi phan dai s6. Phuong trinh Lagrange loai 2 va
phuong trinh Newton-Euler thuomg dwoc sit dung dé thiét 14p moé hinh todn hoc cho mot
robot cong nghiép ¢é cau tric cay véi n khau dong ¢é n bac tu do (Khang, 2007). Mo hinh
toan hoc mé ta dong lirc hoc cila mot robot cong nghiep n bac tw do dwoc viét dang ma tran
nhw sau (Spong, Hutchinson, and Vidyasagar, 2006, L. Sciavicco and B. Siciliano, 2000)

M(q)G+C(q,4)g +g(q) +d =, (1)

trong dé:
M (q): ma tran khoi luong co n X n,
C(q,§)q : vecto co n chita cdc luwe Coriolis va lue ly tam,
g(q): vecto c& n chira céc lue do trong trudmg,
d: vecto chita cdc lwc/momen do kich dong nhiéu,
7: vecto chita cic lrc/moémen cia dong co dan dong.
Hé dong lue (1) ¢é mot s6 tinh chdl quan trong sau (Muray, Li, and Sastry, 1994)
- Ma tran khoi lwong M (g) la ma tran doi ximg, xdc dinh dwong va ton tai hai s6 duwong
w1(q) va us(g) théa man

(gl < M(q) < p2(g)1,

néu tat ca cac khép deu la khép quay thi py, po 1a hang s6.
- Ma tran N(q,§) = M(q) — 2C(q, ¢) 13 ma tran ddi xitng léch, tic 1a

&7 [M(q) - 2C(g, §)|e = 0.
- Ton tai cdc hang s6 p; sao cho:

M)l < p1; 1C(g; DI < p2lldll, [lg(@] < ps.



VE MOT THUAT TOAN BIEU KHIEN TRUOT ROBOT DU DAN DONG 271

3. NHIEM VU THIET KE DIEU KHIEN

Nhiém vu cia bai todn dieu khién la tim qui luat cud lwc/momen do céc dong co dién
tao ra tdc dung lén cdc khau dé dam bdo robot chuyén dong theo qui luat mong muén qy(t)
cho trwéc, nham thure hién mot nhiém vu nao d6. Trén co s& chuyén dong mong mudn qq(t)
dwoc xdc dinh truéc va chuyén dong hién tai ¢(t) cia céc khép robot dwoc do bdi céc cdm
bién dat tai cdc khép, bo dieu khién c¢é nhiém vu tinh todn va dwa ra cic lwc/moémen can
thiét. Céc lwc/moémen nay tac dong lam cho robot thuc hién chuyén dong mong muén mot
cach on dinh va chinh xdc. So d6 khéi clia mot bo diéu khién cho robot ¢é dang nhw Hinh 1.

d

Bo L q()
du® > diéu khién ) Robbt

Hinh 1. So @6 dieu khién cia robot
bé ¢6 duroc luat dieu khien dap ing céc yéu cau vira néu, luat dieu khién duya trén dong
lwc hoc ngwoc thwong dwoc stt dung. Véi luat dieu khién nay lirc/mémen cia bé phan dan
dong dwoc tinh nhu sau:

u= M(q)v+ C(q,4)q + g(q),

trong dé
v=a— Kp(qd—da) — Kpr(q— qa). (3)
Thay (3) va (2) vao phwong trinh (1) ta dwoc
MG — da) + Ka(g — da) + Kp(q — qa)] = d. (4)
Do ma tran khoi lwong M(g) 14 ma tran xdc dinh dwong, nén tir hé thitc (4) ta ¢
(G — da) + Ka(dg — ¢a) + Kp(g — ga)] = M~ d. (5)

Néu dat e(t) = q(t) — qq(t) 1a sai s6 gitta chuyén dong thuc ctia robot va chuyén dong
mong muon, ta cé
é+ Kqé + Kye =M 'd. (6)
Sw 6n dinh cia hé phwong trinh vi phan tuyén tinh (6) phu thudc vao sw én dinh ctia heé
phwong trinh vi phan tuyén tinh thuin nhit twong ting
é+ Kqgé + Kye = 0. (7)
Céc ma tran Kp va Kp can duge chon sao cho nghiém e(t) cia phuong trinh vi phan (7)
tién téi khong khi thoi gian ¢ tang di 1én. Néu chon Kp va Kp la cdc ma tran dudmg chéo
thi phwong trinh (7) twong dwong véi hé céc phuong trinh tdch roi nhau:

€+ kyé; + k:pl-ei =0, (Z =1, ,n) (8)

DPé thuan tién cho viéc chon thong s6 ta dit
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kpi = Wi, kai = 26;, (9)
khi d6 hé phwong trinh vi phan (8) ¢6 dang
€+ 2056 twie; =0, (i=1,...,n). (10)
Nghiém cia phwong trinh trén cé dang
ei(t) = Aje T sin(wit +oy), (1= 1,...,n). (11)

Khi 4p dung luat dieu khién (2) thi ta can phai biét chinh xdc cdc tham s6 hé c6 mat
trong cac dai lwong M (q), C(q, ¢) va g(g) nhu khoi lwgng, vi tri khéi tam, momen quén tinh
khoi,... Viéc xéc dinh céc tham s6 nay khong don gidn dac biét khi robot da dwoc lap dat
san. Dé tranh nhirng khé khan nay & day mot phuong phép dieu khién bén virng dwoc khai
théac st dung.

Gia sir goi s 14 sai 86 suy rong duoc xac dinh bdi phwong trinh

s =é(t) + Te(t), (12)

trong dé
[ = diag{\1, A2, ..., \n}, Ni >0, (13)
e(t) = q(t) — qa(D). (14)

Ro rang 1a khi s; = 0, thi e;(t) = e;(0)e ¢ s& tién vé 0 khi thoi gian ¢ tang du 16n. Bay
gior ta tim luat dieu khién dé dam bao s; = 0 hoic s; tién ve 0.
bat ¢, = ¢q — Te(t) ta ¢

s = q(t) = ¢ (1) = 5 = §(t) = 4:(1). (15)
Pé tim luat dieu khién ta chon ham Lyapunov nhu sau
1
V= ESTM(q)s. (16)

Pao ham V theo thoi gian ¢ ta duoc
v — sTM(q)s + %STM@)S. (17)
Tu (1) va chid ¥ dén (15) ta ¢
M(q)é =7 —C(q,4)q — g(q) — M(q)iir(t) — d. (18)
Cung tir (15) suy ra ¢(t) = s + ¢,(¢), nén ta cé
Cla, 9)q = Clq.4)s + C(q, 4)dr-

Cudi cung ta nhan dwoc

M(q)s =7 —C(g,9)s — M(q)dr — C(q, )4r — 9(q) — d. (19)
Thay hé thic (19) vao (17) nhan dwoc
V= st — M(@)Gr — C(q,4)dr — 9(q) —d] + ST[%M(q) = (g, 9)ls. (20)

Chi ¥ rang sT[3M(g) — C(g,¢)]s = 0. T (20) ta chon luat diéu khién nhu sau
7 = M(@)iir — C(g. )dr +9(q) — Kpas — Kssgn(s). (21)
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O day sgn(s) = [sgn(s1), sgn(s2), ..., sgn(sn)|T, Kpa va K 1a cdc ma tran thyc déi xing
xdc dinh duwong, K,q = Kg;l >0, Ks = KI' > 0.
Pé don gian ta chon hai ma tran nay c¢é dang duwong chéo
Kpd — dzag{kpw pd7 Sy k]?c?}? K, = dzag{k;17 k§27 ey k,;ln .

Véi céch chon (21), hé thite (20) tré thanh

V = —sTKpas — sTK.sgn(s) — sTd — sT[M(q)ii: + C(q, 9)dr + 5(0)

n

LYK —ZK |sl|_zsld+pl < Zws CSEDD i 1 piDlsil

i=1 i=1

O day cdc sai lech gitra mo6 hinh thuc sit dung trong (1) va cdc thong s6 mo hinh sit dung
trong bo dieu khién (21) nhu sau

~

M(q) = M(q) — M(q),

9(q) = 9(q) — 9(q),
va
= [M(9)4r + C(a, e + 3]sy (G=1,.00,m).
Ner the dé dam bao V < 0 thi ta phai chon céc phan tir cia K, sao cho K —|di4pi] >0
hay K&V > |d; + ps| > 0.

4. PONG HOC NGUQC ROBOT DU DAN PONG

4.1 Pit bai toan va cic cong thirc co ban

Xét mot robot ¢6 n bac tu do, goi g € R™ la vecto chita cdc toa do khép. Ban kep cia
robot hoat dong trong khong gian thao téc, goi @ € R™ la vecto chita cdc toa do vi tri cia né
trong khong gian thao tdc R™ (m < 6). Két qua cia bai todn dong hoc thuan cho biét

x=f(q), =, f €R™ g € R". (22)

Khi m < n, r6bot ¢ s6 bac tw do 16n hon s6 toa do xdc dinh vi trf cia ban kep, robot

dwogc goi 1a dw dan dong. Pao ham 2 vé cia (22) theo thoi gian, ta suy ra
of

. of . 5
&= 5t J(9)4, (23)
trong dé

on on  on

O g2 Ogy
J@):?: (24)

0 ok b ok

O g2 Ogy

Ma tran Jacobi J(gq) ¢& m X n. Gid sit hang cia J(g) la m. Theo cdc tai liéu (Spong,
Hutchinson, and Vidyasagar, 2006, Murray, Li, Sastry, 1994) ta chon



274 NGUYEN VAN KHANG, NGUYEN QUANG HOANG, LE DUC DAT, TRAN HOANG NAM

T @) =T @l (@) ] ()] (24)
Ma tran J*(q) dwoc goi la ma tran twa nghich ddo ctia ma tran J(q). Tir (23) ta cé
q=J" (q)z. (25)
Pao ham 2 vé cda (23) theo thoi gian thu dwoc
= J(q)q+J(9)q. (26)
Tir (26) suy ra:
J(9)q =& = J(9)g. (27)

Thé (25) vao (27) thu dugc
J(a)q =i = J(q)J " (q)i.
Va tir d6 ta suy ra
= I (@lE = J(0) " (a)d]. (28)

Céc cong thire (25) va (28) cho phép ta xdc dinh dwoc vector van téc suy rong va vector
gia toc suy rong, néu nhuw biét ¢(t) tai thoi diem khao sat va céc quy luat x(t), @(t), &(t).
Néu ta chia khodng thoi gian robot lam viec [0, 7] thanh n* khodng thoi gian bang nhau

T T
h=At=—=n"=— thl (k=0,1,...,n"—1).

n* h
h

| | | | | | | |

! I I I I I I 1

0=t, t, toa =T
Ap dung khai trién Taylor ta c¢é
. 1.
q(te+1) = q(te + AL) = q(ty) + ¢(t) AL + Eq(tk)AtZ e (29)

Thé biéu thire (25) vao (29) va bd qua cdc vo ciing bé bac 1ém hon 2 ta dwoc
ki) = alte) + T a(B)(OAL, (k= 0,1, "~ 1) (30)

T d6, ta c¢6 so dd cdc buée tinh todn nhur sau:
1) Tim qo (Diing phwong phép lip xem phan 2), sau dé tinh dwoc J(qo), J 1 (qo), J(go). Theo
(25) tim dwoc ¢(0) = go, theo (28) tim dwoc §(0) = Go.
2) Cho k = 0,1,2,....n* — 1, tinh g({x41) theo (30), theo (25) va (28) tim dwoc §(tr+1) =
Grt1, G(tet1) = Gt
Nhan xét: Tinh q(tg41) theo (30) la kha tho. Vi vay dé nang cao do chinh xdc can phai néu
ra mot thuat todn xdc dinh ¢(tg+1) chinh xdc hon.

4.2, Thuét toan xac dinh chinh xéc hon céc vector toa do trang thai q(tx)

a) Thudt todn xdc dinh qo = q(to)



VE MOT THUAT TOAN BIEU KHIEN TRUOT ROBOT DU DAN DONG 275

Gid str tg = 0 13 thoi diém dau. Ta cé thé xdc dinh gid tri gan ding gy cia go bang cich
vé (hoac bang thuc nghiém). Sau dé 4p dung khai trién Taylor tim gan ding t6t hon cia qg
nhw sau.

Gia st 18y q(to) = qo + Aqo. Theo phwong trinh (22) ta cé

2(to) = f(a0) = F(@ + Ago) = £@0) + 2L (@) Ao + ...

dq
Tu dé suy ra
J(G0) Ago ~ x(to) — f(do)- (31)
Gidi phwong trinh (31), ta dwoc Agg = J(go)[x(t) — f(qo)]. Sau dé ldy
do = qo + Aqo. (32)

Néu ||Aqo|| > #1 thi ta lai tiép tuc thé (22) vao phuwong trinh (21) va lai gidi phwong trinh
nay. Qud trinh ldp nay dwoc dirng tai ||Ago| < £1.
qo ‘— 50. (33)

Biét dwoc nghiém go cia phurong trinh (22) tai thoi diém to = 0. Thay vao (25), (28) ta
tim dugce ¢(0) = go va g(0) = go.

Gid tri sai s6 cho phép £ xdc dinh theo yéu cau vé do chinh xéc cia bai toan.
b) Thudt toan xdc dinh qri1 = q(tgs1), (K =0,1,..,n*—1)

Ap dung khai trién Taylor, ta c¢é

Sau dé lay

q(te1) = @) + Aq(les), (34)
trong dé g(tr+1) dwoc xéc dinh gan diing béi cong thire (30)
q(te1) = q(te) + " (q(te))i(te) At. (35)

Thé (34) vao phuong trinh (22) ta duoc

w(ter1) = f(q(ter1)) = flate1) + Aqer1 flg(ter1)] + Z—J;Wtkﬂ)mqm + ...

Tu dé suy ra
J[q(tk+1)]Agrr1 ~ 2(ter1) — fIq(Ek+1)]- (36)

Chi ¥ rang J[g(tk+1)] 1a ma tran ¢& m X n, Agr+1, 1a vector c6 n phan tit. Do dé s6 an
16m hon s6 phwong trinh, nghiém cé chuan nhé nhat cia phwong trinh (36) c6 dang (m < n)

Agerr = I (Grr)[2(tiin) = f(Grr)]- (37)

u do 1a it gt
Sau dé lay q(tkr1) = qtgr1) + Agr1, (38)

Néu ||Aggr1|| > 22 thi thay (38) vao (36) va tiép tuc gidi phuong trinh (36). Néu
[Ager1]l < 2 thi ta lay
q(tks1) = q(tera)- (39)
Biét dugc q(tg+1), ta tinh ¢(tx11) theo cong thic (25) va G(tx1+1) theo cong thitc (28).
Gid tri sai s6 cho phép €5 xdc dinh theo yéu cau ve do chinh xac cia bai todn. So do khai
gidi bai toan dong hoc nguwoc robot dir dan dong duwoc trinh bay trén Hinh 2.
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Cho = = flg), = = =(t),

of
J(Q)=a—q{q}, t. 4, N, T

h=At=T/N

B, =1, é&: =4,

!

— 3| Tinh JNG), =z, ==(t), f = fld)

- .= + - .
4, =9 +J [qﬁu—ljmh—‘l&ﬁ

A

Sai

b

Ag, = TG )=, —£)

!

g&. = é&. + &qh

Ek=k+1 <

In ¢, 4,4,

Hinh 2. So d6 khéi gidi bai todan dong hoc nguwoc
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o

du(t)
Bai toan dong B6 Robit a®
hoc nguot didukhién [~ 7\ / ovo

Xq(t) —

Hinh 3. So do dieu khién cia robot trong khong gian thao téc

Nhw vay, néu cho biét chuyén dong cia ban kep trong khong gian thao téc thi ta can bo
sung bai todn dong hoc ngwoc vao so do dieu khién hinh 1. Trong truwomg hop nay, so do
dieu khién mot robot trong khong gian thao téc cé thé dwoc thuwe hién theo so do nhw trén
Hinh 3.

5. MO PHONG SO

Pé minh hoa luat diéu khién vira trinh bay, mét mé phdng s6 trong phan mem Matlab
dwoc thue hién. Ta khao sat mot tay may phang du dan dong bon bac tu do chuyén dong
trong mat phang thang ding. Céc khau lan lwot cé chieu dai L;, khéi tam C;, khodng céach
tlr khoi tam dén khép quay ndi véi vat truede dé la a;, khoi lwong m;, va ¢ moémen quan
tinh ddi véi truc qua khéi tam J;. Momen cia cdc dong co dit trén cdc khép twong ting 1a
7 (i =1,...,4). So d6 roébot va cic thong s6 cia robot dwoc dwa ra trong Hinh 4.

Khau 1 2 3 4
m [kg] 10 5 2 1
l,[kgm? | 0.11 | 0.10 | 0.03 | 0.02
I[m] | 0.25 | 0.30| 0.45 | 0.40
afm] | 0.15 | 0.16 | 0.19 | 0.20

Hinh 4. Robot 4 khau phang va cdc thong s6 cia né

Phuwong trinh vi phan chuyén dong cia robét dwoc thiét 1ap nhe phan mém xi 1y ky tu
Maple. Dé kiém chitng tinh bén virng cia luat diéu khién thiét ké, ta 14y cac thong s6 robot
st dung trong bo dieu khién khéc véi thong s6 trong mé hinh 1a 10%. Ngoai ra rébot con bi
nhiéu dong ngodi ¢é dang kich dong nhw trinh bay trén Hinh 5.

Chon buéc thdi gian cho bai toan dong hoc nguwroc va chu ky 14y mau ctia bo diéu khién
T, = 0.001 s, sai s6 cho phép trong bai todn dong hoc nguwoc £ = 10~ %rad. Céc thong s6 cia
bo diéu khieén dwoc chon nhu sau
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T = diag(100, 100,50, 50), K, = diag(30, 10,10, 5),

K

pd — dzag(2, 2,2 2)7 §=0,2.

2 ~ ’ ~ ~ ~ N N ~ » oA s> ’ s s ~ R
O day, ta ¢6 thém khau bao hoa vao bo dieu khién véi muc dich giédi han momen diéu

khién cia dong co luén nam trong giéi han —100... + 100 Nm.

Whieu khop 1 (Nm)
Whiew khop 2 (Nm)

Nhieu khop 3 (Nrm)
Nhiew khop 4 (Nm)

Thoi QEIEH(S) Thoi ;an(s)
Hinh 5. Do thi nhiéu d(t) theo thoi gian

Céc két qua mé phong dwoc thé hién dwdi dang do thi theo thoi gian. Trén hinh 6 la toa
do ban kep thuc té va mong muon. Ban kep da di vao qui dao mong muon chi sau khoang
1.5 s. Cac momen dieu khién tai cidc khép dwoc trinh bay trong hinh 7.
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Hinh 6. D6 thi toa d6 trong khong gian thao tac x, y theo thoi gian
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Hinh 7b. Momen dieu khién tai cac khép

6. KET LUAN

Trong bai bdo nay da trinh bay viéc thiét ké dieu khién beén virng cho roboét ¢é cau triic
dang chudi. Véi luat dieu khién nay chdt lwong diéu khién dwoc ddm bao mic du ta khong
biét dwoc chinh xdc cdc tham s6 dong luwe ciia hé. Bai todn dong hoc nguwoc robot du dan
dong duoc gidi quyét nho phuwong phap ma tran twa nghich ddo. Véi viéc gidi bai todn ngwoc
ndy viéc van hanh robot trd nén than thién va dé hiéu hon véi nguoi sit dung. Céc két qua
mo phdng véi robot dir dan dong bon bac tuw do da minh chitng tinh chinh xdc cida phwong
phép thiét ké.
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