KHOA HOC & CONG NGHE

PIEU KHIEN BAM THICH NGHI BEN VO'NG CHO TAY MAY ROBOT
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Tém tat: Do chinh xac quy dao cla tay may robot thwérng bi anh hwéng tiéu cwe bdi nhiéu ngoai,
sai s6 md hinh déng lwc hoc va céac phi tuyén trong co' cdu chap hanh, dac biét 1a ving
chét. Dé giai quyét van dé nay, bai bao trinh bay mét bo diéu khién thich nghi bén virng
két hop gitra diéu khién trot va ba mang noron RBF. Trong c4u tric dé xuat, mang RBF
thtr nhat d&m nhiém viéc xap xi déng lwc hoc chwa biét va nhiu bén ngoai, mang thv hai
wéc lwong dac tinh ving chét, con mang th(r ba dung dé bu trir trwe tiép anh huéng phi
tuyén cla vung chét. Phan tl diéu khién trwot déng vai trd duy tri én dinh hé thdng ngay
ca khi ton tai sai s6 xap xi va nhiéu manh. Cac luat cap nhat tham sb duoc thiét ké duwa
trén ly thuyét Lyapunov, bdo dadm sai sb hoi tu vé 1an can diém gbc. Két qud moé phdng
trén md hinh tay may robot cho thdy phwong phap d& xuét dat sai s bam nhd va git
duwoc tinh &n dinh cta hé ngay ca khi ving chét I&n va diéu kién nhiéu khac nghiét.

Twrkhéa:  Tay may robot, diéu khién bam, diéu khién truot, diéu khién thich nghi bén virng, mang
norron.

Abstract: The tracking performance of robot manipulators is often compromised by dynamic
uncertainties, external disturbances, and actuator nonlinearities such as dead zones. To
overcome these issues, this study introduces a robust adaptive control framework that
combines sliding mode control (SMC) with three radial basis function (RBF) neural
networks. Within this framework, the first RBF network approximates unmodeled dynamics
and disturbances, the second captures the dead-zone characteristics, and the third
compensates for the associated nonlinear effects. The SMC component enhances
robustness against approximation errors and disturbances, while adaptive update laws,
designed via Lyapunov analysis, ensure that the tracking error converges to a bounded
neighborhood of the origin. Simulation results on a robot manipulator validate that the
proposed approach achieves high tracking accuracy and preserves system stability under
severe disturbances and significant dead-zone effects.

Keywords: Robot manipulator, trajectory tracking, sliding mode control, robust adaptive control, neural
networks.

1. GIOI THIEU cao [1]-[3]. Tuy nhién, kha niang bam quy dao
Tay may robot dong vai trd quan trong trong cua hé co thé suy giam boi nhidu, thay doi tai
tu dong hoa cong nghiép va cac ng dung dich  trong, sai s6 mo hinh va cac phi tuyén nhu bao
vu hién dai nho tinh linh hoat va @6 chinh xac  hoda hay viung chét. Vi vay, bd diéu khién can
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duoc thiét ké dé thich nghi voi bét dinh va phi
tuyén, bao dam tinh bén viing va 6n dinh cua
h¢ trong qué trinh van hanh. Trong nhiing nam
gan ddy, nhiéu huéng tiép can da duoc dé xuat
dé giai quyét van dé trén, bao gom: diéu khién
thich nghi dya trén udc luong tham so, diéu
khién trugt (SMC), va cac phuong phéap xap xi
phi tuyén bang mang noron (NN), dic biét 1a
mang co s& xuyén tam (RBF). SMC c6 uu
diém chéng chiu tot trudc nhidu va bat dinh,
nhung dé giy hién tugng chattering va kho
trién khai thuc nghiém. Viéc két hop SMC voi
NN da cho thay hiéu qua trong viéc giam tai
tinh toan va han ché chattering [4]-[5]. Trong
do, mang RBF duoc ua chudng nho kha nang
xap xi manh va cdu trac gon nhe, giup udc
lwong dong luc hoc chua biét va nhidu ngoai.
Khi két hop RBF véi SMC hoidc luat thich
nghi, chit luong bam quy dao cua robot dugc
cai thién ro rét [6]-[7]. Bén canh do, bu phi
tuyén ving chét ciing duoc quan tdm dang ké
trong cac nghién ctru gan day. Mot sd phuong
phap khai thac NN hodc luét thich nghi dé wéc
luong va bu khi bién dang hay kich thudc
vung chét chua biét; cac hudng khac img dung
bd quan sat hodc phwong phap diéu khién
phi tuyén nhu passivity-based va adaptive
backstepping dé han ché tac dong bét loi cua
vung chét [8]-[10]. Tuy nhién, nhiéu giai phap
van gia dinh biét truéc dic trung ving chét
hodc ton tai kha nang nghich ddo, diéu nay it
phtt hop khi viing chét bat dbi ximg hodc bién
thién theo thoi gian. Mot sd cong trinh da dé
xudt str dung NN dé bu ving chét, song chua
ching minh diy du tinh bén viing trén hé
théng robot nhiéu béc tw do [11]-[12].

Tir nhitng han ché trén, trong bai bao dé xuit
mdt cdu tric diéu khién truot két hop ba mang
RBF, trong d6 mo6i mang ddm nhiém mot chirc

ning riéng: (i) xap xi dong luc hoc va nhidu
ngoai, (ii) uéc luong dic tinh ving chét, va
(iii) bu phi tuyén ving chét. Thiét ké nay don
gian héa luat thich nghi, déng thoi bao dam
sai s6 bam nho va tinh 6n dinh viing chic
ngay ca khi hé chiu ving chét 16n va nhiéu
phtc tap.

2. MO TA TOAN HOC HE THONG

Xét mot tay may robot hai bac ty do gdm céc

khép quay, trong d6 dong luc hoc tong quat
cua h¢ dugc mo ta boi phuong trinh sau [3]:

M(a)¢+C(q,4)d+G(a)+Ad =7, (1)

véi .6, R** lan luot biéu dién vector
vi tri, van tbc va gia tdc khop;
M(q),C(q,G) € B> lan luwot 1a ma tran
tinh va Coriolis va ly tam; G(q)e®R*
la vector moémen trong luc;
Ad = AMG+ACG+AG +7, e R**  bidu dién

nhiéu tong hop, bao gém sai s6 mo hinh yé
nhicu ngoai 7, trong d6 AM , AC, AG lan
Iuot 1a cac thanh phén chua biét cua M, C, G.
Thanh phin 7eR*' 1a vector mdmen tac
dong 1én cac khép. Trong diéu kién 1y tudng,
moémen thyc té trung khép véi tin hiéu didu
khién do bd diéu khién tinh toan. Tuy nhién,
trong thuc té, su khac biét gitra tin hi¢u dat va
mémen dau ra thuong xuét hién do dic tinh
dong hoc cuia co cdu chdp hanh va cac phi
tuyén noi tai. Mot trong nhitng phi tuyén dién
hinh 13 hién twong ving chét, khi tin hiéu diéu
khién c6 bién d6 nho bi triét tiéu cho dén khi
vugt qua mot ngudng nhit dinh. Pdi véi tay
may robot, ving chét c6 thé 1am suy giam kha
ning bam quy dao va giy sai s6 néu khong
duoc bu thich hop. Hinh 1 minh hoa déc tinh
phi tuyén ving chét D (u) trong truong hop
va u la cac dai luong vo hudng; vé tong quat,
chung la cac vector.
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h(u)
d,

(= 4

g(u)

Hinh 1. Dac tinh viing chét

Mo ta toan hoc cua dic tinh ving chét trong
Hinh 1 dugc cho bai [13]:
g(u)<0,u<d,
r=D(u)=40,—d, <u<d, (2)
h(u)>0,u>d,

Trong d6 h(u), g(u), d,, va d, déu chua biét
trudce.

Thuoc tinh 1: Cac ma tran M (q),C(q,q),
G(q), Ad 1a bi chdn. M(g)-2C(q,q)1a ma
tran ddi xung léch.

Gid thiét 1: Cac ham phi tuyén h(u) va g(u)
la tron va kha nghich.

3. THIET KE BO DIEU KHIEN

Muc tiéu diéu khién 1a thiét ké tin hi¢u diéu
khién sao cho q(t) bam theo quy dao mong
mubn g, (t) v6i sai s6 nho, bt chip su ton tai
ctia cac bat dinh, anh hudng cia ving chét va
nhidu ngoai, véi sai sd be:lm duqc dinh ngh?a 1:2}
e(t) =q, (t)—q(t) . Bo dicu khien duogc thiet ke
theo cdu triic phan 16p nhu sau: dau tién, bo
diéu khién truot két hop v6i mang RBF udc
luong bat dinh d@ng Iuc h9c va nhiéu ngoai dé
sinh ra tin hi¢u diéu khién @. Tin hi¢u nay
sau d6 dugc dua yéo bQ bu Vl‘mg’ chét nham
tao ra tin hiéu diéu khién u. Cudi cung, tin
hiéu u di qua dic tinh phi tuyén ving chét ctia
bd chap hanh va hinl} thanh mémen diéu khién
7 tac dong lén h¢ thong.

3.1. B6 diéu khién trwot két hop mang RBF
cho wéc lwong bat dinh va nhiéu

Pau tién, bd diéu khién trugt dugc xdy dung

v6i hai phan chinh: diéu khién twong duong

Uy, va di€u khi€n chuyén mach ug,, nghia la

Ug = Uy, +Ug, . Mat trugt dugc lya chon 1a

sw 2

oc=¢é+Te, 3)
trong d6 I' 1a ma trdn xac dinh duong. Mait
truot nady dam bao rang khi =0, ca e va é
déu tién vé 0. Pong luc hoc sai s bam dugc
xac dinh nhu sau:

Mo=M(E+I¢)=M (g, —G+T¢€)

=M(¢, +T€)-Co+C(g, +Ie)+G+Ad -7~

(4)

Pé xdy dung U, ta xét diéu kién 6=0. Tu

eq
(4), tin hiéu diéu khién dé triét tiéu dong luc
hoc cua hé dugc duoc xac dinh la

U, = M (G, +T€)+C(q, +Te)+G %)

Boi hé thong c6 ton tai bat dinh va nhiéu, nén
can bd sung thanh phan diéu khién chuyén
mach dé dam bao tinh bén viing trong giai
doan dau, duoc xac dinh nhu sau:

u, =—K, sgn(o) (6)

véi K, >0, ham tanh(e) thay thé sgn(e)
nhim giam chattering. Dé bu thanh phan bt
dinh va nhidu téng trong toan sudt qua trinh
van hanh, mang noron RBF (RBFI1) duoc
dung dé xap xi chung, c6 dang nhu sau:

Y(X)=WTD(X)+& (7)
trong d6 x=[gy,45,9".4'T, @(x) Ila
vector cac ham co so& Gauss, VoI

cDj:exp(||x—ci||2/bj2), i=12, j=12,.,m,
m 1a sd noron 16p an, ¢la tam, b;la do
rong, ¢ 1a sai sd6 xép xi (||8||Sbg),
W =W, W,,...W.T" 1a vector trong sb ly
tuong thoa man "\/\/”F <W_ (||||F la chuan

Frobenius). Khi d6, thanh phan bu bat dinh va
nhiéu trong luat didu khién dugc viét:
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Y(x) =W D (x) (8)

trong d6 W 1a trong sb x4p xi. Sai s trong sb
duogc dinh nghia W =W —W , (4) trd thanh

Mo =-Co+W'd+e+u,, (9)

Dé bao dam kha ning thich nghi va hoi tu cta
mang RBF1, mot lut cap nhat trong sé dugc
thiét 1ap dua trén tiéu chudn oOn dinh
Lyapunov. Khi xét ham Lyapunov chira sai s6
trugt o va sai sd trong sd6 W viéc lya chon luat
cap nhat sao cho cac hang chira W bi triét ti€u
s& bao dam tinh 6n dinh cta hé. Luat cip nhat
duoc xac dinh nhu sau:

W = K,d(x)o" (10)

v6i K, =Kj >0. T (5), (6), (8), tin hi¢u diéu
khién do bd diéu khién truot va mang RBF tao
rala

(11)

Nhu vay, (5) thé hién phan diéu khién 1y tuong
bao dam bam quy dao trong diéu kién danh
dinh, con (6) duy tri tinh bén viing khi mang
RBF1 chua hoi tu. Déi voi ving chét, mot
mang RBF (RBF2) dugc ding dé udc luong
va mot mang khac (RBF3) dé bu, ndi dung
nay s& duoc trinh bay chi tiét & phan sau. Cau
triic bo diéu khién dé xudt dwoc minh hoa
trong Hinh 2.

@ =Ug +Ug, + Y(x)

Vvang | | Tay may
chét [ robot |T7q

Hinh 2. C4u tric bé diéu khién
3.2. B4 bu vung chét
Mot cach tiép can pho bién dé triét tiéu hiéu
mg bét loi cia ving chét 1a ap dung bo bu
phia trudc. Co ché nay yéu cau xdy dung

nghich dao cuia phi tuyén vung chét. Dya trén
Gia thiét 1, c6 thé khang dinh ton tai D (@)
thoa diéu kién D(D*(®w)) =w. Nghich dao

vung chét duoc biéu dién dang

D (@) = @+ Z g () (12)
trong do

g (®)-w,0<0
Zer (@) =30,0=0 (13)

h™(u)-w,0>0

Tuong tu nhu biéu thirc xap xi (7), ving chét
duoc xap xi boi

7= D(u) =Wy, @y, (U) + &4, (U) (14)
va nghich dao ving chét duoc xap xi boi
Z g (@) =Wy, Dy, (@) + 4, (@) (15)

Ky hiéu W,;, W,, 1a uwéc lugng cua cac trong
sO mang noron ly tuong. Sai sO udc luong
trong so dugc dinh nghia 1a W, =W, -W,,,
W,, =W,, -W,,, &, va g, la sai so xap xi
(sl < bss

ving chét va ham nghich dao ving chét lan
lugt duge biéu dién boi

&4 <b,,). Cac xép xi clia ham

#=D(u) =W,,®,, (u) (16)
ZRBF (@) :Wd NOFN (@) (17)

Hai mang RBF duogc st dung lan luot dé Xép
xi ving chét va nghich dao ving chét. Do do,
luat cip nhat trong s6 can bao dam kha nang
bu chinh x4c trong diéu kién bat dinh, d@)ng
thoi gidm tuong tac gitra hai mang va giéi han
tbc do thich nghi nham tranh dao dong khi co
nhiéu hodc sai s lén. Luat cap nhat trong $6
duoc thiét ké nhu sau:

V\7d1 =—K3d);,1(u)V\7$2d)dz(a))—k1K3 "U Wm (18)

V\?dz =-K,®,, (w)O'TV\A/El(D;n(U) —kK, "O-”W

A ' d2 (19)
-k, K, "O-””\NdZ”FWdZ’
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K,=K] >0, K,=K;>0, k>0,
k, > 0. Khi do, sai s6 cua hé duge bao dam 6n
dinh va bi chin déu tiém can (UUB -
Uniformly Ultimately Bounded). Tu (11) va
(17), tin hi¢u diéu khién u duoc xac dinh Ia

v6i

U=+ Zge () (20)

3.3. Phan tich tinh 6n dinh va hoi tu

Pé phan tich on dinh hé théng, chon ham
Lyapunov bao gém sai s6 trugt va cac sai s6
trong s6 cua ba mang RBF trong bo diéu
khién: RBF1 dung dé xap xi phi tuyén chua

biét véi sai sb trong sb W, RBF2 dung dé udc
lugng ving chét voi sai s6 W,,, va RBF3

ding dé bu anh hudng ving chét véi sai sd
W, . Ham Lyapunov dugc chon nhu sau [13]:

L=10TMa+itr(V\7TK;V\7 )
21 2 . Q1)
St (WdTlK;]\/le)+§tr (WKW, ).

Lay dao ham (21), sau d6 két hop véi (6), (9),

(10), (18), (19), thudc tinh (1), va cha y

W=-W, W, =-W,, W, =-W,,, thu duoc

két qua sau:

L=0"e-|o] K, +k |oftr (W, (W,, ~\¥,,))

+||c7||tl’ (WdTZkl(\NdZ _Wdz) +V\7dT2k2 "Wdz"F (Wdz _Wdz))-

(22)

Ap dung bat dang thirc

(T W) =(Ww) - <[], w -
va ap dung mot ) phép bién doi toan hoc, ta
thu duogc két qua

[<o™eJo]K, —||0'||{ [V‘NMH j (
_%klwdle + g(”VVdZHF)}’

23)

trong do

9(Wec], ) = e W] + (i~ 2KWoa )Wz [

— (KW — kW ) \M/MHF .
Pinh nghia  h(W,,| )=g(W,,| )+C >0,
voi C =inf{g(e),e >0}, (22) tro thanh

2"l lel o M, <3
—[%klwfm +Cj+h(""\7d2||p)}

Tham s6 K, dugc chon thda man K, >b_, dan
dén O'Tg—”a” K,<0. Do d6, L dam bao am

khi va chi khi

(24)

”Wdlu > \/ Wdle +C+ ;WdlM ' (25)

hoiac

‘M/“H >max<h™ lklwdlM +C (26)
F 4

Vi vay, cé thé két luan réng hé théng on dinh
theo nghia UUB.

4. KET QUA MO PHONG
DPé danh gia hiéu qua cia b diéu khién dé
Xuét, cdc mod phong dugc thuc hién trén tay
may robot hai bac tu do c6 cac ma tran dong
luc hoc duoc cho boi [14]:
G, +¢,+25,€08Q, ¢,+¢,C0S(
M (q) :|: 1 2 3 2 2 3 2:|
G, t63C05Q, S
_gng sin 0, —¢ (ql + qz)sm q2:|
gSql Sln qZ 0 ,
G(q) = [§4 COS 0, +¢5COS(Q; +0,) 65 Cos(a, + qz)]T
(27)
trong d6 ¢, =29,5,=076, ,=0.87,
¢, =29.8, ¢, =85, q(0)=[0.1,0.1]" . Cac bét

C(q,Q){

dinh dong luc hoc dugc méd phong bang cach
gia thiét cac tham sd trong M, C, va G sai léch

ngiu nhién +15% so véi gia trj danh dinh.
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DPong thoi, hé thdng chiu nhidu hinh sin c6
bién d6 0.5Nm va tan sb 2 rad/s, va nhiéu
trang ngau nhién c6 bién d6 0,1 Nm tac dong
1én tl‘rr}g khép. Cac tham sb cua
vung chét 1a d, =10, d, =-10, h(u)=u—d,
g(uy=u+d,. Quy dao
g, (t) = [2sin(0.27t,c0s(0.22t)]" . Céc tham sb
bd diéu khién dé (DZ-RATC)
duwgc  thiét 1ap 1a I =diag[5,5],
K, =diag[10,10], K, = diag[100,100],

K, = diag[100,100], K,=0.5,k =0.5,
k,=05, ¢ =[-1.5-1.0,-0.5,0,0.51.0,1.5],
b =100, s6 noron 16p an la 7, twong Ung

mong  mudn

xuat

trong sb cho 2 khop 1a 14.

Két qua mdé phong cua bd didu khién
DZ-RATC dugc so sanh v6i phuong phéap diéu
khién bam thich nghi bén vimg (RATC) trong
[15], v6én chua xét dén anh huéng cua ving
chét, nhim lam ndi bat uvu diém cua
DZ-RATC.

—qd1
----DZ-RATC
RATC

¢ (rad)

10 15 20

0 5 10 15 20
Timels)

g2 (rad)
o

Hinh 3. Bam quy dao cuta cac bd diéu khién

Hinh 3 va Hinh 4 thé hién quy dao bam va sai
s6 bam cua cac bo didu khién. Két qua cho
théy, khi khong c6 co ché bu, quy dao thuc bi
tré va 1éch dang ké so v6i quy dao tham chiéu,
v6i sai sb dao dong trong khoang tir —0,1 dén
0,1 rad. Nguoc lai, khi 4p dung b bu DZ-
RATC, quy dao thuc gin nhu tring khép voéi
quy dao mong mudn, va sai sé nhanh chéng
hoéi ty, duy tri on dinh véi gia tri cyc dai chi

khoang 0,01 rad.

08 — ¢, (DE-RATC) —e,; (DZ-RATC)|+

g (RATC) ey (RATC)
0.6
7
204
e

0.2 i

0 5 10 15 20
Time(s)

Hinh 4. Sai s6 bam cta cac bd diéu khién

=
[=]
o

a
o

Ma-men diéu khién (Nm)

o
T

-50

Times (s)

Hinh 5. Mémen diéu khién ctia RATC

Hinh 5 va Hinh 6 trinh bay tin hiéu diéu khién
va mémen sau vung chét cia cic bo diéu
khién. Khi khong c6 bu (Hinh 5), mémen bi
méo dang va léch dang ké so voi @. Nguoc
lai, khi &p dung DZ-RATC (Hinh 6), 7~ w,
chtng to co ché bu di hiéu chinh chinh xac
ving chét. Pong thoi, két qua uée lugng ving
chét thé hién nhu Hinh 7 cho thdy mang RBF
thich nghi truc tuyén va tai tao chinh xac quan
hé phi tuyén D(u).

150

8
|

E
|

&
3
=

Ma-men diéu khién (Nm)
) 3

-50

0 5 10 15 20
Times (s)

Hinh 6. Mémen diéu khién cua DZ-RATC
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= — Dy (w)||
g 100} D)
3 o,
= i . fi, 4 #
“« 0 iﬁ J L*J_ L \-:-—JT‘&
0 5 10 15 20
= — Da(ua)
5100’ --=-Da(ug)|]
3 0}
= Wy
Q oil-n,._ / A\ J N J J S
0 5 10 15 20
Time(s)

Hinh 7. Dic tinh va wéc lwong viing chét

Céc két qua m6 phong cho thdy bo diéu khién
DZ-RATC khong chi duy tri tinh 6n dinh bén
vitng trudc bat dinh dong luc hoc va nhidu
ngoai ma con bu hiéu qua anh hudng cua vung
chét. So voi cu hinh khéng bu, phuong phéap

dé xuit dat sai s6 bam nho hon, quy dao chinh
xac hon, qua d6 khing dinh tinh kha thi va
hi€u qua vuot trdi ctia cAu truc diéu khién.

5. KET LUAN

Bai bao di trinh bay bo diéu khién bam thich
nghi bén viing két hop SMC va ba mang RBF
dé xtr 1y nhiéu, bat dinh va phi tuyén ving
chét trong tay may robot. Bo diéu khién dam
bao 6n dinh va sai s6 bam nho ngay ca véi
nhiéu manh va ving chét 1én. Két qua mo
phong chimg minh hi€u qua ctia phuong phap
dé xuat. Nghién ctru twong lai sé tp trung vao
trién khai thyc nghiém va t6i wu hoa cau trac
mang nham giam tai tinh toan.
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