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Improving the quality of trajectory tracking for robot manipulators is
always an attractive topic in the research community. This is a
challenging problem because robot manipulators are complex nonlinear
systems and are often subject to fluctuations in loads and external
disturbances. This paper proposes an adaptive synchronous sliding
control scheme to improve trajectory tracking performance for robot
manipulators. Firstly, the synchronous tracking errors, cross
synchronization errors, and sliding surfaces are defined, and the
synchronization tracking error dynamics are constructed. Secondly, a
control law is proposed, in which the unknown component of the model
is approximated online by a neural network, and the parameters of the
switching component are determined by fuzzy logic based on the
values of synchronous tracking errors. The proposed controller ensures
synchronous tracking and approximation errors are UUB (Ultimately
Uniformly Bounded). Finally, the performance of the proposed
algorithm is verified by comparative simulation on Matlab-Simulink.
The simulation results show the effectiveness of the proposed controller
with small synchronous tracking errors about10®, fast convergence
about 1s, and significantly reduced chattering phenomenon.
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Vian dé nghién clru nang cao chat lugng bam quy dao cho tay may robot
ludn 1a chu d& hip dan cua cong dong nghién ctru. Pay 1a mot van dé
thach thirc, boi tay may robot 1a d6i tugng phi tuyén phic tap va thuong
chiu sy bién dong cua tai trong, nhiéu bén ngoai tac dong. Bai bao de Xuét
mot so dd diéu khién truot dong bo thich nghi dé nang cao hiéu Suat bam
quy dao cho tay may robot. Dau tién, bai bao xac dinh cac sai s6 bam
ddng bo, sai s6 ddng bd chéo, mat truot, va xdy dung dong luc hoc sai s6
bam ddng bd. Thir hai, bai bao d& xuit bo diéu khién truot thich nghi,
trong d6 mang noron ding dé xap xi truc tuyén cac thanh phan chua biét
cta mo hinh, logic m& ding dé xéc dinh tham s6 ciia thanh phan chuyén
mach dua trén cac gia tri ctia sai 6 bam dong bo. Bo diéu khién dé xuit
dam bao cac sai sb bam dong bo va sai sb xap xi 1a UUB (Ultimately
Uniformly Bounded). Cudi ciing, hiéu suat cua thuat toan dé xuat dugc
xdc minh boi mo phong so sanh trén Matlab-Simulink. Thong qua cac ket
qua md phong cho thay higu qua cua b diéu khién dé xuat véi cac sai s6
bam ddng bo c6 gia tri nho khoang 107°, téc d6 hai tu nhanh khoang 1s,
va hién tuong chattering giam dang ké.
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1. Gioi thigu

Hién nay robot da tr¢ thanh thiét bi quan trong trong day chuyen san xudt, linh vuc y té, van
chuyén. Vi vay, van de nghién ctru diéu khién robot ludn 1a chu dé hap dan ctia cong dong nghién
cuu [1] Pay 1a mot van dé thach thirc, boi robot 1a ddi tugng phi tuyén phtre tap va thudng chiu
su bién dong cua tai trong, nhidu bén ngoai tic dong. Cac phuong phap diéu khién truyen thong
1a PD (Proportional Derivative) bu trong truong, bo diéu khién truot, va b didu khién cudn chiéu
[2], trong do6 bo diéu khién truot da dugc su dung phd bién boi tinh nang linh hoat va hiéu qua.
Bo dleu khién trugt da dugc phat trlen theo nhiéu phién ban khac nhau nhu: bd didu khién truot
dau cudi, bo diéu khién trugt phan s6, bd diéu khién trugt dau cudi tac doéng nhanh [3]. Nhuoc
diém cua phuong phap diéu khién truot truyén théng 13 yéu cau mé hinh dong luc hoc chinh xac.
Van d x4c dinh mé hinh dong luc hoc chinh x4c ctia robot 1a khé khin, béi cc tham sé md hinh
b thay d6i trong qué trinh 1am viéc. Trong [4], bo didu khién truot thich nghi di dugc phat trién
dua trén ky thuat cudn chiéu dé giam sy phu thugc moé hinh toan hoc cua robot. Trong [5], b0
diéu khién thich nghi bén viing dugc gidi thiéu dwa trén su két hop cia diéu khién truot tich
phan, mo thich nghi, va bd quan sat nhidu. Trong [6], bo diéu khién truot thich nghi dua trén
mang noron (Neural Network - NN) da duoc dé xut cho robot khi tham s6 mé hinh khong chéc
chan va nhidu loan. Ngoai ra, bo diéu khién thich nghi bén ving dua trén mo hinh mo-noron da
dugc gidi thiéu trong [7]. Tuy nhién, cac bo diéu khién da dé xuat trén chi xem xét sai s6 cua
tung khop. Sai s6 cia quy dao chuyen dong bi anh huong boi sai s6 vi tri cia cac khép. Do do,
sai sO vi tri cac khdp can dugc diéu khién dong bo dé tang do chinh xac cho quy dao chuyén
dong robot [8]. Boi thanh phan chuyén mach cua bd diéu khién truot, nén bo dleu khién gay ra
hién tugng chattering quanh mat truot, van dé nay gy anh huong 16n dén co cdu chap hanh.
Trong [9], bo diéu khién truot mo ty diéu chinh di duoc thiét ké cho robot vé6i cac tham sb mo
hinh khong chic chin va nhidu loan bén ngoai, trong d6 hién twong chattering dwoc giai quyét
bang cach st dung ham bdo hoa thay vi ham d4u trong thanh phan chuyén mach cua bé diéu
khién truot. Tuy nhién, bo didu khién nay di khong xem xét t6i sai s6 dong bod. Trong [10], bd
diéu khién trugt dong bo thich nghi cho robot song song di dwoc dé xuat, trong d6 cac thanh
phan khong chic chan va thanh phan chuyén mach ciia bo diéu khién duge x4p xi bang logic mo.
B diéu khién truot thich nghi két hop thuét toan loc thong thip duogc st dung trong [11] dé loai
b6 hién tugng chattering, tuy nhién thuat toan chi ap dung cho mét 16p dbi tugng phi tuyén.

Ttr nhimg phan tich trén, tac gia dé xuat bo diéu khién truot ddng bo thich nghi cho robot trén
co s& NN va logic mo. Nhirng dong gop chinh cua bai bao dugc tom tit nhu sau: Khac véi [5] -
[7], bd diéu khién dé xuit xem xét sai s6 dong bd dé tang do chinh xac cho quy dao chuyén dong
robot. Khong giéng [10], tac gia sir dung NN dé xap xi thanh phan phi tuyén chua biét hoan toan.
B diéu khién dé xuat str dung bd logic mo dé giam dang ké hién twong chattering.

Tiép theo cdu truc bai bao duoc t& chirc nhu sau: Phin 2 trinh bay phuong phap thiét ké bo
diéu khién trugt dong bo thich _nghi cho tay may robot. Phan 3 dua ra cac két qua mo phong va
danh gia két qua mo phong. Phan 4 dua ra két luan cua bai bao.

2. B diéu khién trugt dong bd thich nghi cho tay may robot
2.1. M6 hinh dong lirc hoc tay mdy robot
Xét mot tay may robot Scorbot-ER [12] dugc minh hoa nhu Hinh 1, trong d6 |, =0,35m,
I, =0,025m,l, = 0,222m, |, =0,222m . Phuong trinh dong luc hoc cua tay may robot Scorbot-ER
c6 dang nhu sau:
M(q)§+C(a,a)q+F(q)+G(a)=T+1,, Q)
trong d6 qeR®>, qeR>, va §eR> lan luot 1a vi tri, van tdc, va gia tbe goc cla cac bién

khép, ma tran quan tinh M(q)eR**1a dbi xing, C(g,q)eR*>° 1a ma tran Coriolis va ly tim,
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G(q)e®** 1a vector lyc trong trudmg, F(G)eR> 1a thanh phan ma sat, < R>*1a vector mo-

men diéu khién, t, e ®** 1a vector nhiéu ngoai.

Hinh 1. So d6 Scorbot-ER

Ma trin cta cac thanh phan trong phuong trinh dong luc hoc 1a

My 0 0 ad, +bg, ad, bq,
M(q) =0 Os Izo-z cos(q3 - qz) vC(qvq) = _aql 0 _an ’
0 l,o,c08(q, -0,) o —bg, cd, O (2)

O—Sql + 611 sgn(ql)
. N N T
F(q) =| Og(, + 0y, sqn(qz) ,G(q) = [O 0,9C0sq, 0,9C0s qa] )
01005 +013.59n(d;)
trong do, M,, =201, cosq, +20,(l, +1, cosq,)cosq;, +0,50, cos(2q,) + 0,50, cos(24;) + o ,
a=—(ol,sing, +o,l, sing, cosq, +0,50,sin(2q,)) , b =—(o, (I, +1, cosq,)sind, + 0,50, sin(2q,)) ,
c=lo,sin(0;-q,), o, =0,=0,=0,006, o,=0002, o,=0,=0,=0011, o,=0,=0,,=052,
o, =0,019, o, =0y, =0,018.
Tinh chét 1: M(q),C(q,9), F(4),G(q), va t,la bi chén, tic la [M(@)|<M,,,|C(a,4)|<C,,
IF@|<F,, [G@]<G,, véi M,,, C,, F,, G,, 7, lacdc hang s6 dwong.
Tinh chéat 2: H(q)-2C(q,q) ld ma tran doi ximg léch, tirc la X' (H(a)-2C(a,4))x =0,
vx e R,
2.2. Thiét ké bé diéu khién trwot dong bé thich nghi
2.2.1. Bong lyc hoc sai 56 bdm déng bo
Dinh nghia cac sai s6 bam vi tri cta cac khép 13 e(t) =0q,(t)—q(t). Xac dinh sai s6 dong bo 1a
€=[e—e,e —€,...e—e] . Muc tiéu diéu khién khong nhiing dam bao lime(t) >0, ma con
déng thoi dam bao lIim et)—>0. bé diéu tiét cung luc sai s6 bam vi tri va sai s6 bam déng bo, sai

s0 dong bd chéo dugc duara la

z=e+Ae, 3
trong d6 A, la ma tran xac dinh duwong. Mét truot dugc dinh nghia nhu sau:
S=e+A,z, 4

trong d6 A, = A] >0. Pao ham hai vé cua (4) va thyc hién mot ) phép bién déi, ta c6 duoc

két qua nhu sau:
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M$ =M(b,+A,z)-Cs+C(qq+A,2)+G+F+1y—7
=-Cs—t+y+T1,,
trong d6 w=M(4, +A,z)+C(q,+A,z)+G+F.

(®)

2.2.2. Xap xi ham ding mang RBF

Boi y trong (5) 1a chua biét, trong bai bio niy tic gia su dung mang RBF (Radial Basis
Function) véi mét 16p an dé xap xi ham y . Mang RBF dugc mo ta nhu sau:

y(x) = WT¢(X) +&, (6)

trong d6 x=[z",2",q],q;,¢;]"1a cac dau vao, ¢(x) la ham tac dong dugc chon la
0 = exp(||x—ci||2/bjz) ,i=12,3, j=12..,m, mlasdnoron 16p an, ¢ la tim ciia ham téc dong, b,
1a d6 phan tan ctia ham tac dong, € 1a sai s6 xap xi clia mang noron, W = W, W,,...wW, T 1a vector
trong s6 1y tudng thoa man |W|_ <W, (|||, 1a chuén Frobenius). B&i trong s6 W la chua biét, xap
xi ham y dugc dua ra nhu sau:

) =Wew), (7)
trong d6 W 14 trong sé xap xi. Pinh nghia sai s6 xap xi 1a W=W-W . T (6) va (7), ta co
W) - ) = W) +e, ®)

2.2.3. Thiét ké ludt diéu khién
Dbi véi muc tiéu diéu khién cho hé thdng (1), luat diéu khién dwoc dé xuit nhu sau:
T =y +Ks+ Ssign(s), )]
trong 46 K=K" >0, f=¢,+b,, |lg|<&,.|ral <by. Thay (9) vao (5), dong luc hoc sai s6 bam
tré thanh

M$ = (-K+C)s+We+(g+1, — Fsign(s)). (10)
Luét diéu chinh tham sb cta mang RBF dugc thiét ké 1a
W =Fgs" — KF s W, (11)

vOoi F=F" >0, k>0.

Trong luat diéu khién (9), hién tuong chattering bi anh huong nhiéu nhat bai tham sé 4 . Néu
tham sb nay nho thi thoi gian dap ing cham va hién tugng chattering giam, va nguoc lai. Trong
bai béo nay, tac gia sir dung logic mo dé tao ra lut thay doi cho tham sb 8 theo 5] . BO diéu
khién m& ¢ cau tric nhu Hinh 2, trong d6 cac hé s6 K,, K, 1a tién xir Iy va hau xu 1y ding dé
chuén hoa gia tri dau vao va dau ra. Cac tham sb K., K, can duoc lya chon phu hop dé xac dinh
ving gia tri diu vao va dau ra by didu khién mo hop 1y.

S0\

Hinh 2. Cdu tric b diéu khién mo

Ham lién thudc cua ddu vao, diu ra minh hoa nhu Hinh 3, trong d6 cac bién ngdn ngit duoc
ky hiéu nhu sau: ZI (Zero Input) 1a dau vao bang 0, SI (Small Input) 14 ddu vao nho, MI (Medium
Input) 1a dau vao trung binh, BI (Big Input) 1a dau vao 16n, VBI (Very Big Input) 1a dau vao rat
16n, ZO (Zero Output) 1a dau ra bang 0, SO (Small Output) 1a dau ra nho, MO (Medium Output)
1a dAu ra trung binh, BO (Big Output) 1a diu ra 16n, VBO (Very Big Output) la dau ra rit 16n.
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Luat diéu khién minh hoa nhu Bang 1, phuong phap suy dién la max-min, va phuong phéap giai
mo la phuong phép trong tam.

Zl sl Ml Bl VBI de] SO MO BO VBO
1 1

(a) (b)
Hinh 3. Ham lién thuéc: (a) Pau vao, (b) Pau ra

Bang 1. Ludt diéu khién mo

Lujt s p
1 VA Z0
2 Sl SO
3 Ml MO
4 Bl BO
5 VBI VBO

2.2.4. Phan tich tinh én dinh va héi tu

Dé chimg minh tinh 6n dinh cta hé théng, ham Lyapunov duoc chon nhu sau:

L=tsTvs +1tr(\/~VTF'1V~V ). (12)
, 2 2
Pao ham L ta thu dugc két qua la
L =sTMS+%sTMs+tr(\7VTF'1\7V ) (13)
Thay (10), (11) vao (13), ta dugc
L=-s"Ks+k|s|tr (\/~VT (W,, -W,, )) +(g+ T, — Bsign(s)). (14)

Boi vi tr(W'(W-W))=(W,W)_ W[ <|W]_[W]. ~[W[; . ta c6 két qua

C < =K o+ KISV, (e =V, )

(15)
= |8 (i 8]+ k(||\7V||F —W, /2)? —kW?2/4)
trong d6 A, 1a gi4 tri riéng nho nhat cia ma tran K . Do d6, L <0khi va chi khi
2
1> = (19)
hoac
[, >w, =5 (an

Tir (16) va (17), ta ¢6 thé thdy ring néu [s| hodc ||W||F vuot qua ving 6n dinh, dugc trinh bay
duéi dang tap compact &, hodc &,, thi L <0, tic la c4c sai s6 bam déng bd hodc cac sai sd xr?ip
xi dugc kéo vao ving 6n dinh. Nhu vay cac sai s bam dong bo va cac sai sé xap xi 1a UUB.

3. Két qua mé phong va ban luin

Trong phin nay, hiéu suit cua bo didu }(hiép trugt dong bo thich nghi (Adaptive Synchronized
Sliding Mode Controller - ASSMC) da d€ xuat dugc xac minh qua m6 phong va so sanh voi bo
diéu khién truot thich nghi (Adaptive Sliding Mode Controller - ASMC) trong [13]. So d6 khoi
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md phong dugc xay dyng trén Matlab/ Simulink nhu Hinh 4. Céc gié tri ban dau ciia robot duoc
chon Ia q(0)=[0,01 0,01 0,01]T , g0)=[00 0]T . Quy dao vi tri mong mudn cua cac khop duge
xéc dinh tir quy dao cua P, thong qua cic phuong trinh dong hoc nguorc, trong 46 quy dao mong
muén cta P, duoc cho nhu sau:
Xpq 0,36 +0,1sin(0,047)
P, = Yoy 0,1cos(0,04r) (18)
Zpg 0,4

:

i

qd »qd

qd_dot » qd_dot

qd_2dot P qd_2dot tau ’ tau
Trajectory planning ]
Lpq
q_dot
q_dot u
Adaptive Synchronized Sliding

Robot Model

Mode Controller - ASSMC obol Mode

P

Hinh 4. So' d6 mé phéng bé diéu khién trieot dong bé thich nghi

b

0

Céc tham sd bo diéu khién d& xudt dugc chon nhu sau: A, =diag[L11], A, =diag[5,5,5],
K=diag[25,25,25], k=0,01, K =1, K,=05, b =10, c =[-15-10;-0.50,0,51015], sb
noron 16p an 1a 7, trong s cho 3 khop 1a 21, 1, 0 gid tri ngdu nhién trong khoang [-0,5 0,5]"
Nm. Cac tham s ciia ASMC dugc chon giéngv nhu ASSMC. Thyc hién m6 phong trong thoi gian
50s, va&i thoi gian lay mau 1a 0,01s. Tai thoi diém 30s, thuc hién thay doi tai gap doi ban dau.

0.8 0 T
06/ 0s 04— —saisbron]
04 e 05
04/}02 e 0 4 x10 5
; 0 }—/—— -1 7
‘ 0.1
021 o 2 4 28 30 32 - 0
15 ]
0E = — -2 4
0 05 1 5 10 15 20 25
-2 !
0.2 ‘ ‘ ‘ ‘
0 10 20 30 40 50 0 10 20 30 40 50
Time (s) Time (s)
Hinh 5. Sy hoi tu cua trong so Hinh 6. Sai so xap xi ham

Két qua qua trinh cép nhat trong sb cia ASSMC minh hoa nhu Hinh 5 va két qua xap xi ham
nhu Hinh 6. Chiing cho thiy rang, trong s6 hoi tu nhanh va sai s6 x4p xi khoang 107°. Hinh 7, 8,
9 thé hién quy dao bam tdt cua vi tri cac kh6p. Hinh 10 va Hinh 11 thé hién sai s6 bam cua cac bd
diéu khién, ching cho thay rang hiéu suat ciia ASSMC 1a t6t hon ASMC. Tai thoi diém thay doi
tai, cac gia tri trong s6 thay dbi (Hinh 5) @& mo-men diéu khién thay d6i da 16n (Hinh 10) dé dam
béo hiéu suit sai s6 bam.
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0.2
~ -~ - 1 N -
0.1 ™% # A / VRN ,” AN
— \\ i "\ /! — N /'/ AN Vi ]
= i \ = . <
E o \\\ ii ’\'\ / £ e’ N
: \ !
& 3 !:' \'-‘ 7 05 |
o1l \ [ | - = Qg =gy — ASSMC
Y. KN 4 N, VA
e N
‘_ - qat g — A SMC"
0.2 : : : : 0 . ‘ . ‘
0 10 20 30 40 50 0 10 20 30 40 50
Time (s) Time (s)
Hinh 7. Quj dao vi tri ¢, cia ASSMC Hinh 8. Quy dao vi tri q, cia ASSMC
0
‘_ [P — g3 — ASSMC‘
-0.2 ]
E=)
KSS O 4 -, -
PO PR
S i "\, / N
N 7 3
-06 | * N, ./'/. \\ N, /‘!,
-0.8 : ‘ ‘ ‘
0 10 20 30 40 50
Time (s)
Hinh 9. Quy dao vi tri d, cia ASSMC
1
10 210° %1074 4 x10° 5107
10 5 E——
E 051 °(--. 5 ; E 05 ° —h
~© = il \© ! 0
o 0 =3 0 A Eel = 4t
~<8 \ 5 10 15 20 25 30 35 “% I\ 5 10 15 20 25 30 35
(.(/)U 0p 8 0 %107
0.5+ ‘ ‘ ‘ ‘ 1 05" '15 e S04 ‘ q1 (1.2 a3] |
0 10 20 30 40 50 0 10 20 3 40 50
Time (s) Time (s)
Hinh 10. Sai 56 bam vi tri ciia ASSMC Hinh 11. Sai 56 bam vi tri ciia ASMC
—~ 1 " " T —_
§ 1 l‘— —7'1 § _T1
c 05 OJ'&"‘LLM - c 05] T
@ _1 . @ .
< 0 1 R — 3 < — 3
’(8 0 _____________________ r<8 0 =
(S (5] =
° 01 — put 0.1 _ ., _
g -0.5 005 _ _ _ | Gé -0.5 005 Chattering
<(IJ 0 «Q 0
= ‘ 5 30 35 = 10 20 30 40 50 ‘
0 10 20 30 40 50 0 10 20 30 40 50
Time (s) Time (s)
Hinh 12. Mé-men diéu khién cua ASSMC Hinh 13. Mé-men diéu khién cua ASMC

Hinh 11 cho thiy cac sai s6 bam cia ASMC dao dong manh khoang 50Hz trong pham vi tir
~1.10°dén 1.10 . Hinh 13 thé hién ring mé-men diéu khién ASMC dao dong manh trong pham
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vi khoang tir —0,2 dén 0,4 Nm. So sanh Hinh 10 v&i Hinh 11 va so sanh Hinh 12 véi Hinh 13, ta
o thé théy rr:ing hién tuong dao dong cua céc sai s6 bam va mo-men diéu khién dwoc cai thién.
Qua do6, ta co thé két luan dugc rr:ing v&i ASSMC hién tuong chattering dugc giam dang ké so véi
ASMC, véi ASMC c¢6 hién tugng dao dong khoang S0Hz, trong khi véi ASSMC hién tuong dao
dong gﬁn nhu duoc loai bo.

4. Két ludn

Bai bao da trinh bay phuong phap thiét ké thuat toan diéu khién trugt ddng bo thich nghi cho
tay may robot, trong d6 cac thanh phan chua biét cia mé hinh dugc Xap xi tryc tuyén boi NN,
hién tuong chattering duoc giam dang ké boi logic mo. Cac sai s6 bam dong bd va sai s6 xap xi
ctia NN 1a 6n dinh UUB. Théong qua céc két qua mo phong so sanh da cho thay hiéu qua cua thuat
toan dé xudt. Cac cong viée tiép theo cua tac gia 1a kiém chung thuat toan qua thuc nghiém va
phat trién thuat toan trong khong gian thao tac.
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