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SCIENCE - TECHNOLOGY

BO DIEU KHIEN BEN VNG THICH NGHI NO RON
TREN €0 SO CUA CONG NGHE CUON CHIEU CHO TAY MAY

ADAPTIVE ROBUST NEURAL NETWORK CONTROLLER
BASIS ON BACKSTEPPING FOR ROBOT MANIPULATORS

TOM TAT

Nghién ciu nay dua ra mot bo diéu khién bén viing thich nghi no ron
(ARNNs) trén co s6 cla cong nghé diéu khién cudn chiéu cho canh tay mdy robot
dé cdi thién vi tri bam. Trong nghién ctu nay, bé diéu khién la su két hgp nhitng
thuan lgi cia mang ne ron hudng tam, diéu khién truot va cong nghé diéu khién
cudn chiéu. Bo diéu khién RBFNNs duoc st dung xdp xi ham chua rd dé giai quyét
su'md rgng cia nhiéu va ham phi tuyén chua r6. Hon thé nifa, nhiéu clia hé
thdng dugc bu béi bd diéu khién trugt. Tat ca cc tham s6 ciia bo diéu khién dugc
xac dinh béng thuyét 6n dinh Lyapunov. Chiing dutgc thay d6i online trén cac luat
hoc thich nghi. Do d6, tinh 6n dinh va bén viing va hiéu sudt bam yéu cau cia bo
diéu khién ARNNSs cho canh tay mdy robot dat dugc kha nang bén viing va hiéu
sudt ctia bd diéu khién ARNNSs duoc chiing minh béng viéc thuc hién mé phéng
trén cdnh tay mdy robot 3 béc tu do.

Tir khéa: Robot nquti mdy; mang no ron; diéu khién bén viing thich nghi;: diéu
khién trugt.

ABSTRACT

This present study proposes an Adaptive Robust Neural Networks
(ARNNs) based on backstepping control method for industrial robot
manipulators (IRMs) in order to improve high correctness of the position
tracking control. In this research, the ARNNs controller is combined the
advantages of Radial Basis Function Neural Networks (RBFNNs), the robust
term and adaptive backstepping control technique. The NNs is used in order to
approximate the unknown function to deal with external disturbances and
uncertain nonlinearities. In addition, the disturbance of system is
compensated by the robust Sliding Mode Control (SMC). All the parameters of
ARNNs are determined by the Lyapunov stability theorem. They are tuned
online by the adaptive training laws. Therefore, the stability, robustness and
desired tracking performance of ARNNs for IRMs are guaranteed. The
robustness and effectiveness of the ARNNs are proved by the simulations
performed on the three-link IRMs.

Keywords: Robot manipulators; neural network; sliding mode control; robust
adaptive control.
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IRMs: Industrial Robot Manipulators

SMC: Sliding Mode Control

RBFNNs: Radial Basis Function Neural Networks
ARNNSs: Adaptive Robust Neural Networks

PID: Proportional Integral Differential

AF: Adaptive Fuzzy

1. GIGI THIEU CHUNG

VGi su ra doi clia cdch mang céng nghiép 4.0, san xuat
thédng minh ngay cang dugc chd trong va phat trién. Do dé
nghién ctiu cac bd diéu khién dé diéu khién cho robot cong
nghiép dugc quan tam. Tuy nhién, robot céng nghiép la
mot doi tugng phi tuyén, trong qua trinh lam viéc, né luén
chiu tdc dong cta nhiéu vi vay van dé dat ra la viéc thiét ké
mot bo diéu khién phu hop gép rat nhiéu khé khan. Da cé
rat nhiéu bd diéu khién cho robot da dugc dua ra nhu diéu
khién PID, diéu khién thich nghi, diéu khién truot,... da
dugc dua ra trong tai liéu [1-6]. Ngay nay cac bo diéu khién
théng minh trén co s& cla diéu khién md va mang na ron
da dugc ing dung rong rai trong diéu khién robot céng
nghiép. B6 diéu khién md 1a mét cong cu hiéu qua trong
viéc xap xi hé théng phi tuyén [7-101. Trong [8] mot bo diéu
khién m& bén viing thich nghi dé diéu khién cho ddi tuong
phi tuyén. G day, tac gid da két hop cac thuan lgi cla bod
diéu khién ma, diéu khién truot va bé diéu khién thich nghi
dé diéu khién cho d6i tugng phi tuyén. B6 diéu khién md
dugc sir dung dé xap xi dong luc hoc chua ré cla hé théng
phi tuyén va bo diéu khién dua ra da dam bao dugc tinh 6n
dinh va hiéu suat bam theo yéu cau. Tuy nhién, bd diéu
khién md& dugc xay dung trén cac luat diéu khién va cac luat
diéu khién & day chu yéu dugc xay dung trén kinh nghiém
cUa ngudi thiét ké. Do dd, véi nhiing kién thic kinh nghiém
dé nhiéu khi chua da va rat khé dé xay dung dugc luat diéu
khién t8i uu. D€ giai quyét van dé nay, bd diéu khién théng
minh trén co s& clla mang nd ron dugc dua ra [11-17].
Trong tai liéu [11], mot bd diéu khién thich nghi no ron
dugc dua ra diéu khién cho canh tay robot. G day bo diéu
khién no ron dugc st dung dé xap xi déng luc hoc chua rd
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clia robot. Ngoai ra cac tham sé ctia bd diéu khién dugc xac
dinh trén co s& cda thuyét 6n dinh Lyapunov. Hon thé n(ia,
cac tham s6 nay dugc diéu chinh online trong qua trinh lam
viéc bang cac luat thich nghi. B diéu khién dua ra da dam
bdo dugc khd ndng 6n dinh va hiéu sudt diéu khién
yéu cau. Bang viéc ké thura cac uu diém clia bo diéu khién
NG ron, bai bao nay dua ra bo diéu khién no ron trén cg s&
clia cdng nghé diéu khién cuén chiéu dé diéu khién cho
canh tay robot céng nghiép.
2. PONG LUC HOC CUA ROBOT

Xét phuang trinh déng luc hoc clia cdnh tay robot dugc
dua ra nhusau [11]:

M@4+Cqda+G@+F@+ta=r1 M

G day (q,9,d) € R™1 13 vi tri, van toc va gia toc cla
robot. M(q) € R"*™ la ma tran khéi luogng suy rdng.
C(q,q) € R**™ |a ma tran luc ly tam va ma tran gia toc
coriolis. G(q) € R™* |a mét véc tad mé ta thanh phan trong
lugng, T € R™* |a mé men diéu khién.

Dé thiét ké bd diéu khién chung ta dua ra mot s6 tinh
chat cho (1) nhu sau [4]:

Tinh chat 1: Ma tran khéi lugng suy rong M (q) la mot ma
tran déi xting va xac dinh duong

M(q) < myl (2)

6daym, > 0vam, € R

Tinh chat 2: M(q) — 2C(q, ) la ma tran d6i xting léch
cho véc to x bat ky:

x"[M(q) - 2C(q, @)]x = 0 3)
Tinh chat 3: C(q, q)q, F(q) dugc gidi han theo:
IC(q, Dall < Cillall® (4)

& day Cy 1a hang sé duong.
3.B0 PIEU KHIEN CUON CHIEU

Bo diéu khién cudn chiéu cho déng luc hoc cta robot
cong nghiép dugc mo ta nhu sau [71:

Budic 1: zq, (1), 241 () 1a vector sai léch bdm va dao ham
cla vector sai léch dugc dinh nghia nhu sau:

Zq1 () =qq —qVvazq () =qqa—q (5)

Bang viéc st dung q nhu la dau ra diéu khién 4o dau
tién. Dinh nghia mét ham nhu:

aql(t) ={qq+ }\qlqu va dql(t) =qq+ )\qlqu (6)

VGidg: >0

Ham theo Lyapunov dau tién L; dugc chon nhu sau:

Lg1 (qu (t)) = %Z&qu )
Vector sai léch bam z, (t) dugc dinh nghia nhu sau:
Zq2(D) = ag1(t) — q = 2q1 + Aq1Zq1 (8)

DBao ham cta Ly, (zq1 (t)) dugc tinh nhu sau:

Lq1 (qu (t)) = Zg1iq1 = ZqT1(Zqz ® - )\qlqu) )
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Budic 2: dao ham zg, (t) theo thai gian, ta c6:

2q2(0) = g () — § (10)

G day, § dugc sit dung gidng nhu dau vao diéu khién 3o
tha 2.

Thay cong thtc (5, 6, 8 va 10) vao (1), ta cé:

Mzg, = Mdg; + Cogy —Czgp +G+F+14— 1 (1)

Ham thu 2 theo Lyapunov L, chon nhu sau:

1
Lqz (qufqu) = Lg1 (qu (t)) + EZgZMZqZ (12)

Pao ham theo thai gian clia L, la:
Lqz(Zq1,242) = 241 (242 () — Aq1241) 13)
1 . .

+EZ€2MZq2 + ZgzMZqz

Thay cong thdc (11) vao (13) va st dung gia thuyét 2,
ta co:

. 1 .
qu = Zgl (Zqz (t) - )ququ) + EzgzMZqz
+29,(Mégy + Cogy —Czgy + G+ F+14 — T)

qu = Zglzqz ) — Z:{l?\qlqu + Zgz +tg— 1 (14)

Véi
Luat diéu khién thich nghi dugc chon nhu sau:
T=y+A22Zq2 +2q1 + Tq
Véidg, > 0
Thay céng thuc (16) vao cong thuic (14), ta cé:
qu = _Zgl}‘qlqu - Zgz)quzqz (17)
Ty coéng thic (17), ta thdy Ly <0, do do
Lgz (Zq1 (0, 262 (9)) < Lz (241(0),242(0)). Vay hé thng
6n dinh khéng phu thuéc vao z.
4, CAU TRUC BO DPIEU KHIEN RBFNNs

C4u trac bo diéu khién RBFNNs dugc dua ra trong hinh
1,né bao gém 3 16p: I6p 1 (dau vao - Input layer), Lép 2 (I6p
an - Hidden layer), L&p 3 (L6p dau ra - Output layer) [12].
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Hinh 1. Cau trdc cia RBFNN
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Gia thiét rang M(q), C(q, ), G(q), F(q) la gia tri dau ra
clia bo diéu khién RBFNNs va chung dugc xac dinh tuong
ung nhu sau:

M(q) = Mr(q) + Iy = Wy * Ey(q) + Iy (18)
C(q, ) =Cr(q,q) +Tc =W, *Ec(q, @) + I¢ (19)
G(q) = Gr(q) + T = Wg *Eg(q) +Tg (20)
F(q) = Fr(@) + Ty = W{ * Ep(q) + Ty (21)

G day, Wy, We, W 1 gid tri trong s6 t6i uu clia bo diéu
khién. hy;, he, hg 1a dau ra cta 16p an. Ey, Ec, Eg 1a sai cda
W, W, W tuong Uing va dugc gidi han. Gia tri danh gia clia
Mg (q), Cr(q, q), Gr(q) dugc xac dinh theo céng thuic sau:

Mg(q) = Wy * Ey (22)
Cr(q, @) = W& * E¢ (23)
Gr(q) = W{ x Z¢ (24)
Fr(@) = W * E¢ (25)

Trong d6: Mg,Cr,Ggr, Fr 1d gid tri danh giad cla
Mg (q), Cr(q, 4), Gr(q) va Wy, W¢, Wg, va W 1a gid tri ddnh
gia cia Wy, W, W va Wg.

5. THIET KE BO DIEU KHIEN VA PHAN TiCH TINH ON DINH
5.1. Thiét ké bé diéu khién

Robot dudi su tadc déng cda luc T va & day bo diéu khién
dugc thiét ké sao cho sai léch bam gilta vi tri mong muén
clia cac khdp qq vdi véc ta vi tri thuc té cla robot q c6 thé
dugc hdi tu vé 0 khi t » oo, Ciu tric clia bo diéu khién duoc
thiét ké€ nhu hinh 2.

e(t), é(t) tuong ung la sai léch vi tri va sai léch téc do.
Luat thich nghi sé dugc xac dinh nhu sau:

T= 3\’ + )\qzzqz + qu + %SMC (26)

G day, tsuc 1a bo diéu khién truot va § 1a gia tri xap xi
clia hamy.

Thay céng thuc (6) va cong thuc (18-21) vao cdng thuc
(15), céng thic (15) c6 thé viét lai nhu sau:

y= (WI\T/I *Em(q) + FM)(qd + 7\q12q1)
+(WCT *Ec(q,q) + FC)(Qd + }\qlqu)
+W¢ * Eg(q) + I + Wy * Ep(Q) + Tp

y = Wi * Em(@) (Ga + Aq12q1) + Tm(da + Aqa2q1)
+WCT * Ec(q,qQ) (Qd + }\qlqu)
+c(da + AqiZq1) + WG * E6(@) + T
+Wy * Ep(q) + Tp

y= WI\E * EM(Q)(EId + )\qlqu)
+WCT * Ec(q,qQ) (Qd + }\qlqu)
+W¢ * Eg(q) + Wy * Ep(q) +T

G day:

T'=Tw(lq + Aq1zq1) + Tc(Qa + Ag1zq1) + T + Tr

Gi4 tri xap xi clia dau ra bo diéu khién y dugc tinh toan
nhu sau:

(27)
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9 =Mag; + Cagy +G+F (28)

St dung cong thuic (6) va cong thiic (22-25), cong thuc
(28) c6 thé dugc viét lai nhu sau:
y= W]\'I/i * EM(q)(Qd + Aqliql)
+Wg * EC(q' q)(qd + )‘qlqu)
+WE * Eg(q) + Wi * Ep(q)
B6 diéu khién trugt dugc thiét ké nhu sau:
Zq2 T]MWI\Z/[ T]ch2 T]GW(% TIFWkg
—= + +
4 4 4 4 (30)

q2

(29)

Tsmc =

+npsgn(zq,) = %B +npsgn(zq2)

2y an w3 w2 W £
Oday:anM4 M+T]C4 c_i_Tlc4 G+T]F4 F;T]P > ||F+Td||

Véi viéc phan tich & trén, luat hoc cta bo diéu khién
dugc chon nhu sau:
Wy = KmEm(@) (Qd + }\q12q1)zgz - nMKMZqZWM
We = KcZc(q, @) (Aa + Ag1Zq1)Zaz — NcKezqa We (
W = KaEa(q)zg, — N6Kazq. W
k WF = KFEF(Q)ZgZ - nFKFZqZWF
6 déy KM' Kc, KG’ KF'T]M'T]C'T]G'T]F la héng 56 dudng va
hang s6 dudng chéo ctia ma tran.

K, Ke, K, K, s o M A

__________ | q | d dtl
e e U
Lujt diéu khién
Tin hiu miu (31)
qa.9a,Ga ~A
qd
P d
a A 5
i A
+ ¥ ® (+) Robot q
g1 (t) = Ga + 2q1Zq1 p—» ‘——» —o—>
Of @ ®f T
ay ”Pl f Tsmc
e 7 Diéu khién truot
—aq Z,
() -4 gy B +npsgn(z,2)
2

Hinh 2. Cau tric hé théng diéu khién robot
5.2. Phan tich tinh én dinh
Xét robot n link cé phuong trinh d6ng hoc nhu phuong
trinh (1) va bo diéu khién RBFNNs c¢6 luat thich nghi nhu
céng thuc (26). Phan tich tinh 6n dinh cda hé théng theo
thuyét Lyapunov.
Xét ham Lyapunov cé phuang trinh nhu sau:
1 1
L) = Ezglqu + Ezgzquz
1 [ tr(WyKyt W) + tr(WEK W)
2\ +tr(WEKG W) + tr(WF Kz W)
Cfdéy: WM = Wy —WM, Wc =W; — WC:
WG ZWG_WGIWF ZWF—WF
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Dao ham theo thai gian clia L(t):
. . 1 . .
L(t = Zglqu + EzgzMZqz + ZgzMZqz

+tr (WK Wy ) + tr (WIKG W) (33)

+tr (WIKG W ) + tr (WK Wy )
Thay cong thic (11) va st dung gia thuyét 2 vao céng
thic (33), ta co:
L = Z;1F1Zq2 ® - Zg1xq12q1 + Zgz y+ta— 1
+tr (W&KKEWM) + tr (WEKEIWC) (34)
+tr (\Tv{{ Kglwc) +tr (\Tv};f K;1\7VF)
Thay céng thuic (26), (27), (29), (31), ta cé:
Ly = _Zg1xq12q1 -
+ Wy * Em() (Gq + quiql)zgz
+Wg * Ec(q,qQ) (Qd + }\qlqu)zgz
+Wg * Eg(@zg, + Wy * Ep(@zg, + (T + 1a)zg,
~tsmczd; — tr (WKt Wy ) — tr (WK We )

T
ZgoAq2Zq2

—tr (WIKG W ) — tr (WF Kz W )
L = —Z;{17\q1zq1 -
+WE * Ec(q, @) (qa + 7\q1Zq1)Z;;Fz
+Wg * Eg(@)zg, + Wi * Ep(@)zg,
+(T +t)zd, ANmZetrWiy (W — Wy)
+Nczq2 trWe (We — We)
N6z tr Wi (W — W)
ANzt Wi (We — Wg)
SU dung dinh luat
W (W =) = (W, w) < "< | -

Va thay thé cong thuic (30) vao cong thtc (35), ta co:
L(t) = =201 Aq12q1 —
+WE * Ec(q, @) (qa + ququ)zgz
+W¢ * E(@)zg, + Wy * Ep(@)zg,

+(T + tg)zg, + anthrW&(WM - Wy)
N cZg trWE (W — We)
N6z tr Wi (W — W)
Npzgotr Wi (We — Wi) — Tsmczaz

L(t) € —2810q12q1 — Za2AgaZqz + (T + T4)Z,

~ ~ 2
[z | (Wil Wi~ ([ W)
#ncllzaa | (IWelllIWell — W)

(
(
(

T
Zqzlqz Zq2

(35)

A T
— TsmcZqz

T
Zqzlqz Zq2

1 lzaz | (IWall | Well — [Well")

ez | (11 | el | — (| )
Z

—Zchz a2 B_ZqznPSgn(Zqz)
12qzl
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; T T
L(Y) < —2q12q1Zq1 — Zq2Aq2Zq2

Wy
il | (52 = sl

W B 2
el | (5 - Well)

2

~nellzaall (52~ | ~c.||)
F ~
el zqe | (7 - ||WF||)
L(t) < —281Aq12q1 — ZazAqaZqz (36)

Ta thay L(t) < 0, do d6 hé théng én dinh khéng phu
thudc vao z.

6. KET QUA MO PHONG HE THONG

I_f
r
Hinh 3. Robot 3 bac tu do
Phuong trinh déng hoc clia robot (hinh 3) nhu sau:
M;; My, Mys fh Ci1 Gz Gy Gy
My My, Mys +(C1 Cy Cyzf|dz2] + ]G
Mz, Ms, Mgs Q3 C31 C3z Cssllas Gs
Ty
T3

M;; = (m; + m, + m3)I2 + (m, + m3)13 + m;l3
+2(m, + m3)l;1, cos(q,)
+2m;l;1;5 cos(q, + q3) + 2m;l,1;5 cos(qs)
M, = (m, +m3)l5 + m;l3 + (m, + my)li1; cos(q,)
+msly15 cos(q, + q3) + 2msl,15 cos(qgs)
M, = mglj + mslyl; cos(q, + q3) + msl,l5 cos(qs)
M, = My,
M,, = (m; + m3)12 + m3l% + 2m;l,15 cos(qs)
M3 = msl3 + msl,l; cos(qs)
M3, = m3l3 + m3li15 cos(q, + q3) + myl,l; cos(qs)
M3, = My3
Ms; = m;lj
Cyy = —2(m; + m3)lyl; sin(qz) g,
—2m3l,l;sin(q3) 43
—2msl13sin(q; + q3) (g2 + 43)
Ci2 = —(m; + m3)l41; sin(qy) 4, — 2m3l,l5 sin(qs) 43
—m3lyl5 sin(q; + q3) (42) — 2m3lyl3 sin(q, + q3)qs
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C13 = —m3lyl3sin(q3) s — mslyl3 sin(q; + q3)qs
Cp1 = —(my + m3)ly1; sin(q,) q, — 2m;lyl;5 sin(qs) g3
—mzlyl5 sin(q, + q3) (42 + q3)
+(m; + m3)lyl; sin(qz) (42 + q4)
+mzlyl; sin(q, + q3)(q2 + 41 + 43)
Cy2 = —2myl,l15 sin(q3) g5
Ca3 = —m3lyl3sin(qs) 43
C31 = —mglyl;sin(q, + q3)(4;2 + q3)
—msl,l; sin(qs) g3
+m;l13 sin(q; +q3)(qz + 41 + q3)
+m3l,l; sin(q; + q3)(29; + G5 + q3)
Cs2 = msl,l3sin(qs) 4,
C33=0;
G; = (my + m; + m3)glssin(q,)
+(m; + m3)gl,sin(q; + q2)
+msgl; sin(q; + qz + q3)
Gz = (m; + m3)gl,sin(q; + qz)
+m;gl; sin(q; + gz + q3)
G; = m3gl; sin(q; + q, +q3)
G day, p1, P, ps la trong luong cla cac link, 1,1,,15 13
chiéu dai cta cac link va g = 10(m/s?).
Cac thong s6 clia cac link robot nhu sau:
p1 =45 (kg),p, = 3,2 (kg), p3 = 1,6 (kg);
1, = 450 (mm), 1, = 340 (mm), 13 = 220 (mm);
Gia tri vi tri mau clia cac link dugc chon nhu sau:
qq = [da1 94z 9a3]T
= [sin(1,5t) 0,5sin(2t) sin(1,50)]7;
M6 phong mét vai trudng hgp nhu sau:
Trudng hop 1: Nhiéu va luc dugc chon c6 dang nhu sau:

2sin(t) 2sign(d,)
T, =| 2sin(t) |;F(£)=| 2sign(4,)
2sin(t) 2sign(4, )

Cac thong s6 clia bo diéu khién:

Aq1 = diag(80,80,80); A4, = diag(40, 40,40);
Ku = K¢ = K¢ = Kg = diag(15, 25,25, 20);
MM =Nc =N¢ =M¢ = 0,5

np = diag(0,5; 0,07; 0,05);

Bang 1. Thong s6 qua do cta hé thong

Link Thei gian xac lap (s) Sai s6 xac lap
1 0,2 3,136.10"
2 03 3,243.10*
3 0,35 5,968.10°

Trudng hgp 2: Hé thong dang lam viéc sau thai gian
1,5s ta dua thém nhiéu c6 dang nhu sau:

d,(t) = [40sin(20t) 40sin(20t) 40sin(20¢) |7
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Hinh 4. Két qua md phdng trudng hop 1: Vi tri, sai léch bam, md men diéu
khién ctia cac link robot tuong tng vdi cac bd diéu khién ARNNs, AF, PID. Tin hiéu
diéu khién cda bo diéu khién trugt va ham xap xi cia ARNNs

Nhan xét: TU két qua mé phdng hinh 4 va 5 thdy rang
cé ba bo diéu khién PID, AF va ARNNs déu dam bao tinh 6n
dinh va bén viing trong qua trinh lam viéc. Tuy nhién, qua
két qua mé phdng hinh 4, 5 cho thdy mé men diéu khién
cla bo diéu khién ARNNs héi tu nhanh hon, sai léch bam va
m6 men diéu khién ciing nhoé hon hai bo diéu khién con lai.
Piéu dé ching minh rang chat lugng diéu khién robot
bang viéc st dung bo diéu khién ARNNs 6n dinh hon, va
kha nang bam dugc cai thién.
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Hinh 5. Két qua mo phong trutng hap 2: Vi tri, sai léch bam, md men diéu
khién clia cac link robot tuong (ng véi cac b diéu khién ARNNs, AF, PID. Tin hiéu
diéu khién ctia bo diéu khién trugt va ham xap xi ctia ARNNs
7. KET LUAN

Bai bdo nay dua ra mét bd diéu khién thich nghi bén
viing no ron trén co sd thuat toan diéu khién cudn chiéu dé
diéu khién cho robot 3 link ddm bao dugc dé chinh xac
trong cac moi trudng lam viéc khac nhau. Trén ¢ sG thuyét
én dinh Lyapunov, nhém tac gid da ching minh dugc hé
théng ludn ludn 8n dinh trén toan ving lam viéc. Hiéu qua
cla bo diéu khién da duoc kiém chiing qua mé phéng va
dugc so sanh vai bo diéu khién PID va bo diéu khién ma
thich nghi AF. Quan sat két qua mé phéng chiing ta thay
rang kha nang bam, sai léch bam cla bd diéu khién dua ra
t6t hon bo diéu khién PID va bo diéu khién AF. Tu két qua
mé phdng chung ta cé thé tiép tuc nghién ctu dé dua vao
thuc nghiém ciing nhu dugc ting dung vao thuc té.
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