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Deterministic Learning of Manipulators With Closed Architecture

Based on Outer-loop Speed Compensation Control

WANG Min"? LIN Zi-Xin'  WANG Cong® YANG Chen-Guang'

Abstract In this paper, a deterministic learning outer-loop speed compensation control scheme is proposed for a
class of manipulator systems with closed architecture and without open torque control interface. The proposed
scheme focuses on that the manipulator is affected by unknown modelling dynamics and has an unknown inner-loop
proportional-integral (PI) speed controller. Firstly, the broad radial basis function (RBF) neural network is used to
approximate the internal unknown dynamics of the manipulator with closed architecture, and the outer-loop adapt-
ive neural network speed control command is designed by using the Lyapunov function. Based on the stable control of man-
ipulator with closed architecture, the dynamic learning ability of RBF neural network is verified, and then the high-
accuracy speed control command is designed based on the deterministic learning theory. The proposed control sch-
eme guarantees that all signals of the manipulator system with closed architecture are ultimately uniformly boun-
ded, and the tracking error converges to a small neighborhood of zero. By the combination of outer-loop compensa-
tion control and dynamic incremental node of broad neural networks, the proposed scheme reduces the computing lo-
ad, improves the motion performance of the robot under speed control, solves the torque control design difficulty of
the closed manipulator, and realizes high-precision control in different working tasks. Finally, simulation results of
numerical system and experimental results of UR5 robot are used to show the effectiveness of the proposed scheme.
Key words Deterministic learning, speed compensation control, neural network, manipulators with closed architec-
ture
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gE LRrIR, 4Efia ¢ AR R T S, fRE
Wi Zy = [o, 21, qF, &) 23 2 B 2
— DA G 1, o] USR] ENE A5 S (Z2:) 2 R
B PE 4514

2) PR 2 PRI A 22 4 J Ho A e MR IE B,

{FRWE REE S Z, R RBF #0489 25 X}
ARG SHATIEL, FHEH (15). (16) F
(17) HE AT R GH

iy = M~ Na1)Kp(—diag{S[(Z1), ---,

ST (Z) Wi + e1¢(Z1) —
(K;lC(Jcl, &1) + )z — 21)

Wic = y(diag{S1c(Z1), -, Sic(Z1)}z2 — oTWie)
(27)

Wf( = v(diag{SfC(Zl), Tt Sl’c(Zl)}Zz - UWR;)
(28)
Hp, Sic(Zy) RBEERIE S (Z:) BT R, & HE
VABNIE Zy PR 0T TR A 4 TG R BRI W 2 AL
EMTHEm RN TR, L (28) F Fix 1¢ Ronit
B EA 3L Zy BPR 4 Te, XA 4 TT AN S B
&, HABUER 2AEF ML, N | diag{ST(Z1), -,
SE(Z0)YWee | R MBI BB 2, 1
B RBF MM ERITIRZEN e10(Z1) = e1(Z1) —
diag{ST(Z1), -+, SL(Z)MWi, Hlec(2)| 4582
Flle(Z).
FRE R M (1)K p HIAFAE T BE 01500 22 M 2% 1)
T8 T 1R 22 W TBOR, XK S BRNME I R4 (27) Fr
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d\nB/\E’JT'ﬁ%ﬁ%EKiLH@JﬁEH RBF #HZ M2 1)

RE /T B ACIR LB, Xk, A SCHIEE—ANFr iR =
’}E% o = Kp' M (21)2 KRG bR A8, A BT iR
ZAEWR RS (27) FeAeutn s /N s T i) 22
VeI 22 R 4t

.= |+
Wi —oyWi¢
A —HT Zl
H(Z,)P Wi
(29)
H, H(Z,) = diag{S1c(21), ( )} €=
-2+ e, A=—(c2+ Kp C($1, 351) M( 1)) X
M~Yz1)Kp, P=~yM '(x1)Kp.

WRIEERE 1 7A€ A MVIME, B IERE

INKIBEL o MR oy W S MIME, HRSE (29)
~’|‘%ﬁ/b%xﬂlﬁm%%rétﬁﬂ{/%éﬁ b )5 JE ik

WEE NS B o, AIER P+ PA+ATP <0. #—
iz STk [23] 5 EETTIE R4t (29) HARFRH
SrEFRERE e . BhA, BT IE IR A E S T
EAFERENIT €] A —oy Wi AEH /N, BRIEAE B SCHR [30]
HNES E L (513 4.6), T REIRZE eg AWy,
TEA BRI ] Ty N 35 TS SIC3 Z2 1K /N SR 3k P

MRYE_ERUEW, BUE G HHE W, &S RseT
AR W, WnTiE B 3 (26) ATA7 il 6 (EAUE
Fyid H (5 RBF #P& M 4%

f(Z1) = diag{Sifc(Zl), ey SlTC(Zl)}V_Vu + €1 =
diag{S{ (Z1), -+, ST(Z1)}W1 +&  (30)
Horr, e ey 73 IR €0 Ml ey O

2 B FTRE A RBF fH& M4, n] 3%

T E S A R 2 0 R
Ge = —diag{S{(Z1), ---, SHZ)IYW| — c220 — 21
(31)

EIE 3. HIEHEANEAN RS (8). ZH A
(3) FET# E 7 ) ) B 48 4 (31) Frdd i
MR R4, S TAE R4 E M E p > 0 DL A I
JEU(0) < p M RGHIGEIRES, W8k A 1 1) Fr
Wit B 1, o W1 Iﬂff%?}ﬁj T E G5 2k
K—BE IR, FE HIRESR 2 2 Be SR 1/
ARIHA .

ZAERA 5 e 1 AU B I RS, AR .

T 30 BT G R AR ) 4 1) A A )
G AR LR FIE N B N AT RUE, TS
T HUE SR TAR 5t 26T € % 2 1) IE

JEE R ) ARG AN AR B 22 k0 4% 9)11 5
YR . o2 IR B, B B & N1
&, ZWBOE RMES 2 B0 TAEY 5 2% R
B, BRI IZRBY B3R B0 AR H 304 R AL 1E fH 42
WX 4% 24 S i 3, BRTE AR GE R 8 A a AE RN B A
LR, EEEH T 540 B HiE 5 A F
AL TR 5.

4 SEEGIGF

NIUEA ST BT S A Rk, A0 7 AAE
XUERTF 3 AINL G AN BUE R SIS BR URS Hlds A1
£ _LREATSLIG I E. URS Hlds Ay i B Wi
TAvBLE N, HIEEHIE DA T IR, — A
OB BHEH], 75 & A SCE LSS A RIBT U 5.

HEME

AR E B 1 P B IE BRI 7 58 LA ACE
B3 Pt s 2 U AT e seEs, AR E RBF
FREE IR 28 FE R e i B A28 o e e 1) 2 =) AR

M RE Sy, F55 AAE 5 20 40 50 86 RBF &
oA 5% 7 b ) 2% K 1 77 3058 B SR EE SR, LERIE
% JE RBF # & P2 (U, B (1) 1 (2) A
IDEpeE T NGl IR NI Akt i Xt

M(z1)E1 + C(z1, £1)E1 + G(z1) =
— KKp(i1 — go) — KKi(z1 — q.) (32)

H, @y = [21,1, 21,2)7, @11 Moy o 53 5IARERE A
HLas NFIRTS 1 AL BRI 2 ML E, HAAHEN

4.1

as cos(x
ay + azcos(ry,2) as+ %
M(a) = as cos(xy,2)
as 72 as

. [agsin(zy 2)(@1, 181, 2 4+ 0.547 5)
C(xh 1’1)331 - |: 0.5(12 Sin(ILQ)‘iil

_ |aacos(zy,1) + as cos(z1,1 + 21,2)
G(z1) = [ as cos(x1,1 + 1,2)

;H\:EP, ay = mgl§ + (m1 + mg)l%, as = 2l1lama, a3 =
mal3, ay = (m1+ma)lig, as = malag, my, my 737
SEHERT 1 FGER 2 BRE, L, [ 205l 1 AE

2 KB, g /2 I hnis .
SERFTH RS HRE N my = 0.8 kg, ma =
23 kg, 1 =1m, lo=1m, g=9.8 m/s*, KRG
AR A yq = [yar, yao]® = [0.5sin (0.5¢) +
0.3sin(t), 0.3sin(0.5¢) + 0.5sin(¢)]", & 48 A K 4%
A K = diag{10, 10}, l#I R% K, = diag{2, 2},
Iy 2BK; = diag{15, 15}. RGHIBIRAN =1 = [0,
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0], &1 = [0, 0]". $EfE RBF &M% 7 & 5| 8y 5
BOgBEWN: YA T E N0, 0, 0.65, 0.65, 0, 0,
0.65, 0.65], ¢; = 1.7, ¢3 = 0.6, v = 0.4, o = 0.00012,
e =0.16, 8 = 0.95, FZICFE N [0.875, 1.000, 0.625,
0.750, 0.875, 1.000, 0.500, 0.750]. Wy =[W{, W ,]"
(o B AR AE XA 850 x 1, Forf, Wy AW o 4EL
)N 425 x 1.

P RBF #2475 & N I Ja5 R 2 ~
Bl 5 Fw. B2~ B4 @R THBNBRARSER
3N ARSI B A SR, AE 2 ATLUE AL A
(T4 SR A s PR IR b 7 45 e RO BHER B, 3
F7~ RBF #1480 26 (1) BUE 7E — B4 il B 18] i =2 20
TWesk, B 4 I8 RBF #1148 I 4% B D) I8 3T K 1 5)
A, AR T KRR, B 5 BoR T H VLA
NRGAEA [ 7 SN i 8ok, ]z,
EAUKEE NI PTEESIE LT, RAREIRZR
K, IRAAMERE B 5] N KR BESE = T RS IR RS
B b0, S STl B R S AUR S E & N
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Fig.2  Angular-position tracking performances of two
joints for the manipulator with closed architecture
(Adaptive control)
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Fig.5 Angular-position tracking errors of two joints for
the manipulator with closed architecture (Comparison of
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Table 1  Comparison of simulation results
i c MAE (F7 100 s) BN (s)

Z1,1 0.0166

ANC 500 s (5377 ) 6561 403.61
Z1,2 0.0131
. Z1,1 0.0192

ANC 500 s (76 /% RBF M%) 425 147.16
211 2 00196
Z1,1 0.0038

LC 500 s (35941 i) 6561 299.47
Z1,2 0.0033
211 1 00056

LC 500 s (%% RBF M%) 425 82.11
Zl’ 2 00061

FUN A a8 28 /N T3 P 3 S04 B9 5 58, AP
Bgaxtix 2z (Mean absolute error, MAE) A Al, %
JEE PR 2% e FH A SEZBI 17 L s A ST BB B3 F 5 A%
PRIER, (H PR BRI 2 T3 5040 s B2 ) 07 .

4.2 SEYIELE

ik — B U UE B B 7 R AA U, AT TR
URS Hlas N BT S50, BOUME 26 2. 3 1 %
HIXF 5. URS MLas N LA AASIR, 3526156, 7m0
2R AT EALA L. THEHLIE 1T Matlab 27 S28
HIE R R4, il &gk s L imdA L
e NI DL SR EUT AL NARES . 5256 firide B
YL N yg = [0.5sin(0.5¢), 0.5sin(0.5t)]", RLEHI
RSN 21 = [0, 0]T, @1 = [0, 0]T, PHFEAKN 40 ms.
3 A2 R B BN KA 400 s, 2 ST R BON K oA
100 s. #EHIZSEOL B UR: YIRS ICBEE N0, 0,
0,0,0.5,0.5,0.2,0.2], ¢; =18, ¢3 =04, v=0.12,
0 =0.002, e =0.15, § = 0.95, MZICHLN[0.3, 0.3,
0.3, 0.3, 0.3, 0.3, 0.3, 0.3].

K 6 B7n T URD HlLas Nig st 72 i A 5] 1 [A]
THEshRE, sLdgRuE 7~ K9 for. B 7.
Kl 8 R T HLgs NAE H &MY B gl 208, e 7
W AR SCHRAE B 6 AR g T HLAR AN TEXT REET 21 R 1) 9%
TAME. A 6 AE 7 AT, URS ALEs A HIK
AR ER B T 4 MR B, K 8 AT,
P2 X 24 BUAELTE AT BRI 8] P e DU sl B 9 Jgom 1
HUBE 75 2% S 3 BB B s sl ), | o g it S
B 5 0 &5 B — B, 38 A 2 R 24 ot S P R
F, 2 S4B B i BRI R 22 B PR e S, B A
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Fig.6  Positions of UR5 at different times
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Fig.9  Angular-position tracking errors of UR5
(Compared to learning control)
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