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Control of Flexible-Joint Robots Based on Adaptive Neural Networks

LI Guang, ZHOU Xinlin, XIAO Fan
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Abstract: The flexible-joint manipulator system is a nonlinear high-order system. It is difficult to obtain the
kinetic equation accurately. A proposal has been made of an adaptive neural network controller based on the input
voltage of the joint drive motor, with its application for the control of the multi-link flexible-joint manipulator system.
By adopting the proposed control method, the equations of the joint angle can be obtained by decoupling the flexible
joint manipulator model, with motor voltage the inputs of the manipulator system. A neural network controller is
designed to approximate the optimal control input, and a robust controller is designed to compensate the approximation
error. The control method does not involve complex dynamic equations, thus greatly simplifying the process of
calculation. As a result, the proposed control strategy, compared with the existing control methods, is simpler, faster
and more efficient. A simulation test has been carried out on the two-link flexible-joint manipulators, thus verifying the
effectiveness of the proposed control method.

Keywords: flexible-joint manipulator; neural network; nonlinearity; joint flexibility

1 HIREB= RGERPEd, XU R GEEA T X ey
AL PID £5107E . R . Hrp, PID
TENUBEF P U, W IR O AR DD Pkl R e, A REAR S RaE ;s Rt

KR EH: 2017-02-16

EEET: 4 o6 (1963-) , 5, WHEZEE, WIR D RFHER, 101, FEMNFE I — U RGBT,
E-mail : liguanguw@126.com

BIEEE: &K (1992-) . 5, WM, BB DR A, RS r o A MU R e il B
E-mail: zhouxinlin806@163.com



553 OO, B SET AIE N 2 A M SCT URE 49

LA RNE I ZER RGERPRAS LA ZTRR M, DRt
Hps A E 22 Vo oI, B RS EAR
T8 T ST MU p s, DR SR S AL
H RGERRE— 2 A S SR RS,
Hah )12 i 2 At k.

FEME DT LB Y F 4R ) s — iR A 4
il ¥, AR S T T TR O T AL
EFURA AL A A, R e 1 3l )28 R ok
HIAFIEEm, faifl 175 7R T H R AR e AL
O EERIAE S, SR [3] R0 T A B A A
il , FCAEHUME B & IR DL T RS 2] R 47y
PRERRCR . SCHR [4] 481 T — g B R ER R Ok,
FE LG A E WSR2, AU S e TIC
B IAILABUES 2l ) 2= s A

AN FEIALE G R o ph 2 2845l %
17 B M BT B GRS A S S 5 SRR VIR L i}
i R R I R HE 27 . AWFSERI A2 I 2%
AT AR M PR BGE T R, X B DL il A e
i . TR AW KRG IR 1 e, (fi15
Pl R R T H, AR P w0 H s i A SR
HR, ML SRR . A DL T8 B2 AR
N A BN R EE, FF HAS A Lyapunov PR IETE
Tl AR AR e -

2 FEMEXTWEN N FEE
TG B FATLIR BN n S FF 20 T WL i 3
TR R P
D(q)§+C(q.9)q+g(q)=K(r,0,-q) (1)
Jém +Ba'm +rK(ro,—q)=r, . (2)
K (1) F(2) He
D(q) 3 n BYISEAERED, H D(g)e R;
C(q, §)GNBEOTHFHLII, HC(q.4)q e R,
g(q) NEJ1I, H g(q) e R';
0, WG MmE, HO, eRY;
q WA, Hq eRY
JORHAHL I, B R HLEE I, r, RSN R
SRR L, YR n BT AR ;
K 5 W B RS, HoR X A sE R
T, AHMLH MR, Hr, eR%
FHX H S R (3) R B
RI+LI +K.0 +¢=vo (3)
Arf: R HAKEHBTI, L AHAXH RS, 4574 n B
X AR 5
v AL KR, HveR';

Lol m s, H I, e R

0, WHHLEE TR, HO, e R

K, e sh# 245, H K, eR’;

o RESMETHI, HoeR'

HLPLERE S AL i i e R X (4) R B

K I-t,. (4)

T K, Ay H B R B X £ R R

A L e, DIl R m i v oy RGN A W]
i, ORI R q RG], JEEC(1) ~(4)
AISHUE RGERRAS A AL, Bt (5) B,

x=f(x)+b(v—-90). (5)
K
_ N
D' (x, )(—g (x)—Kx—C(x;, x,)x, +Krax3)
f(x)= X,

J_I (ral(‘xl _raszJ _Bx4 +Kmx5)
L' (K,x, +Rx;)

1
<>

[ q ]
0,1 q
b=l0,, |; x=|0, |-
0,
| L] I,

i BRI TR AT, SEPEAUME 2R G A7 TE A
A, PIHE S0 (6) Frs iy s .

r,0,—q=0. (6)
K o Jy AT,
¥ (6) FRAS (2) At
JO +BO +rKo=t, - (7)

B (3) (4) (6) (7) Besr, nJB3ANT i
FI )

G+Kqg+u=Ky, (8)
itqj: Ka:J_l(BJ'_I(mR_le)’ ( 9 )
K=rJ'K.R", (10)

u=r0+rKo+J'r’Ks+K, (LI, +9)  (11)

3 ARG gt

P22 I 28 B C 2 U N TR RE I — A EE 2
FEJ7I0), 38 T B ARG M LA B HAT AN i 4 B
PR RS, MM feEinEEIrekiid%, HAA
B =20, R AW R B A5 28

AWFFCR A 3 J2 4 W 4538 T RacyshiliA,
FERB A U CE A TERE AT LAV, PR 2% B 4R A
Bl 1 PR,



50 Wom Tk ok ¥ % W 2017 4¢
P=é+Pe=ij,—ij+Pé=
j,—Kyv+p+K,q+peéo (17)
WIS u=—Ky, HHEEHRE =0,
Lu=g,+pu+K.q+pe, (18)
WA u,, 4 u=u B, ff7=0,
HItH u—u=r . (19)
A s R Y Y S O E AT NG T (2 B i €1
u=Wfis)+e. (20)
K. WHLAs) 53 AR UE ;
1 RBF Mg & NG IR % o
Fig. 1 RBF neural network structure e d R (21) R
E—F WAZ, s (i=1,2, -, m) NHLEK o
B A ‘ a=Wwf(s)-u, - (21)
$TE AR, BRI (12) FoRiREE e )
e Wk WEIARTHE,  f(s) N As) BIFETTHE;
, g B,
(s:-¢) i i
£, (s;)=exp| - = o (12) i=u—u,
y AW =W -W> (22)
G iR f(s)=f(s)=f(s)°
fils) NEEET S, p=1,2, -, [ - -
7 Xt eSS el
¢, Fl b, Ay B R AE BB O RSB, I SO o
hi=1,2, -, m, J=1,2, ", no f(s)=f.(s)c+ f,(s)b+o , (23)
U B e FE 1 4 51 A
C=[C”, Clas s Chps 5 Cit> Cia s ""Cm;"';cml’ oo+ C’"’;I , 14 :C—é, l; Zb—i) , 0 jj%lgl\Iﬁy
of 9 B
b:[b,,,blz, by bbb "‘;bmpb,,,z»"’ab,,,,,]o fo(s)= {£+£++£} A (24)
EZE Wb, y WHEELGEE, B o o ol
y:Wf(S)o (13) fb(s):{6_1)1+6_lf+...+6_l)l}b=i)o (25)
A = yore 0l R (22) fRAS (23) | T
F)=[1, (), £,(s2), 1, (s)] 5 F(5)= F()+ fo(8)E + £ ()b +0 . (26)
WARFIN ML RUE, H We R, B (20) (21) (26) o Aw=u—a, A[f5
R BA U 195G T 56 M g SRR ¢ 7T, i u=Wf(s)+e-Wf(s)+uy =
WP ARG T/ MR 2 e MR 22e. ML) e fE N W +W)(f(5)+ f.(s)C + fi ()b +0)+
HIZE LRI, WU v (ESSLHI Y, TR £ W (s) g =
22 5 T 22 A BIASELORE 6 5% 4 g REASRRB ) ) B + B g 480 (27)
%ﬁ 4o :T:tq:'
AT AR o W ' o
—qoma: (14) 8 =Wf,(s)C +Wf,(s)b +Wo +¢ . (28)
d 4> X YE 6],
AT BT BN T
¢=q4,~4; (15) W=-n,(fsr')
R SCIHR R r 4R é=-m, (,.TWfC(S))T, (29)
r=é+pe (16) - g ()
£ B HERL b= (FHA)
X2 (16) KT, FRE (8) AR uy =K sgn(s); (30)



553 4 Z

o, A BT A IE AR A A ST U £

51

1é=n4 sgn(s) o (31)
X (29) ~ (31) Hyys s s Ml gy AHEL

EIE 1 XT?%@%FE’J% AT L &
gt (8) , RHEHE (21) , BITMEMESEA
TN (29) FIEHFERIE (30) , REBBIRUERSER
W RS E T

MERA 1EHX Lyapunov EREUNT

V—lr r+Ltr(WWT)+Lc c+— L
2 2n, 2n, 2n, 2n,

b O )R — B S U

V= ris L ()L d e+ L Th ke (33)
m . s un

=W, C—éy 325, Iézléo

K= (19) (27) (29) FRA (33) 1%

V= [Wﬂg+wfuy+wn@w+%+5]
L ()i 5+ ek =

m m, uB N,

{ {f(s)r }}+{r Wf(s)+—c } +
111 n,

|:r Wfb(s)+— }b+rT 2 +6]+Lm< =
n

3 4

Hw

er+ﬂﬁ;ﬁ° (34)
WRAE (34) F
V:rT[ud+6]+nl—41€E , (35)
ﬂ{—ksgn0)+6]+gi(x—k)£=
r'[-xsgn(r)+6 o (36)

X (36) FAAEANTT LA
r'[-xsgn(r)+68]< ||rT| |6]|-x "rT "S"rT " (||8|| —K ) o

s ARmT o A5, B8] <x, My<o.
H MR HIPA R R G E /Y

4 fhESZH

DL EFF RS HUE T AT S, AR
FIRIMAF AT BT, RASSEIUENT : K%
FFEIETTHIRE R k=k,=500 N-m/rad, £ ZEAFHIKE R
1=1=1.0 m, FBiEFFHFREHR m=m,=1.0 kg, KB
HLESHAR LB R =R,=1.6 O, IKSHHLAYHE %5
R J,=/,=0.000 2 kg'm®, BRETHLHLAYEETERLSE &
#h B=B,=0.001, HKIHHLIHHECH 0.26, HWH
BUEECA q~[sin(r), cos(]. H m=25, n=5, n:=2,
7,=0.5, WML 2 S ECh 7, =R g

O S EI AR E T
=[-1.5,-1.0,-0.5,0,0.5, 1.0, 1.5;
-1.5,
b=[10, 10, 10, 10, 10, 10, 10, 10, 10, 10;

10, 10, 10, 10, 10, 10, 10, 10, 10, 10].

2R TS OT ELEE R AN A 2 R

-1.0,-0.5,0, 0.5, 1.0, 1.5];

13 5 10 5 20 25
i) /s
a) EFF 1 AE
15
1.0
05
B0
&
-0.5
-1.0
-1.35 5 10 15 20 25
)/
b) &I 2 MR
2.0

FHEEE/(rad - s7)
(=)

30 5 10 5 20
s a)/s

c) AT 1 B9 FEE

25

FEPE/(rad - s7)

0 5 1'0 1‘5 2‘o
I 1a)/s
d) M 2 B

25



52 (7= N DR A N S S 14

2017 4F

HLILA Y
2 &

0 5 10 15 20 25
I Ta)/s

e) REMfEHliA 1

ARV

25

[ Ta)/s
) REMEEHIHIA 2
E2 BiEMNHZEMEENRTEER

Fig. 2 Simulation results of adaptive neural

network controllers
Pl 2a Rl b SR BIAERT 1. 2 MR TR MERER, &
2¢ Fd MR 1, 2 BB BEERER, 5] 2¢ FI £ 4
BIIERT 1, 2 fFEhlEA . XK a, b e, dATAI,
7 2 ) 5% 4 ) i R 060 1 4 o i A LR A
PREFITERENI . PR e R E AT, Bl AT 2Ot
BEE, g/ DFEASRERY], IR kel
SEEN S ) B A ) DR R

5 45iE

AR SCEE X MR T MU B8 1 — b 13 3 1 b 22
WLl g, DX PO HUME SR A AR, 15
P ALH RS S AL M W 3h AL, R Al
BT T AN g il BRI b
1T BE B RE A 1E v/ 7 5% RBF A28 R 48 @ Jr gAY, fefi
H1 Lyapunov BUSUER] T RGEM AR RENE, JFLLZ
EEFF MO A T T R E. 4
F, AR A D n] SR X S B Y
PREERER, X T T AR, b
AJeiity, Aot .

S 3k

(11 3 . RS AU B B 5E [D]. Bk

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

IR Tk K%, 2014

HUANG Hua. A Research on Modeling and Control
of Flexible-Joint Robots Arm[D]. Zhouzhou: Hunan
University of Technology, 2014.

FATEH M M. On the Voltage-Based Control of Robot
Manipulators[J]. International Journal of Control,
Automation and Systems, 2008, 6(5): 702-712.
FATEH M M. Nonlinear Control of Electrical Flexible
Joint Robots[J]. Nonlinear Dynamics, 2012, 67(4):
2549-2559.

FATEH M M. Robust Control of Flexible-Joint Robots
Using Voltage Control Strategy[J]. Nonlinear Dynamics,
2012, 67(2): 1525-1537.

FATEH M M, SOUZANCHIKASHANI M. Decen-
tralized Direct Adaptive Fuzzy Control for Flexible-
Joint Robots[J]. Control Engineering and Applied
Informatics, 2013, 15(4): 97-105.

WAI R J, CHANG C J. Tracking Control Based on
Neural Network Strategy for Robot Manipulator[J].
Neurocomputing, 2003, 51(7/8/9): 425-445.

R, 2 M, ki, 55 JET Lu Gre PRI
ARBTUBRE AR o 22 o s il [0]. il S RS, 2014,
29 (6) : 1097-1102.

XU Zhihao, LI Sheng, ZHANG Ruilei, et al. Fuzzy-
Neural-Network Control for Robot Manipulators with Lu
Gre Friction Model[J]. Control and Decision, 2014,
29(6): 1097-1102.

o, fFu . ERIHLUE BP A2 RS
I Ko P s A [0]. o AL, 2016, 27(7):
859-865.

LI Guang, FU Hao. BP Neural Network State
Observation and Backstepping Tracking Control of
Model-Free Robotic Manipulators[J]. China Mechanical
Engineering, 2016, 27(7): 859-865.

LIMA JJ, ROCHA R T, JANZEN F C. Position
Control of a Manipulator Robotic Arm Considering
Flexible Joints Driven by a DC Motor and a Controlled
Torque by a MR-Brake[J]. International Mechanical
Engineering Congress and Exposition, 2016, 4B: 1-10.
GAO L, CHEN Q, SHI L. Adaptive Neural Output
Feedback Control for Flexible-Joint Robotic Manipu-
lators[C]//Proceedings of 2016 Chinese Intelligent
Systems Conference. Singapore: Springer, 2016: 629-
640.

(WAEHS: BAIE)



