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Adaptive Command Filtered Output Feedback Control for
Flexible Joint Manipulator
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Xiangtan, Hunan 411100, China)

Abstract: To address such problems as model perturbation, external disturbance and state
undetectability in the trajectory tracking control of a flexible joint manipulator (FJM), a
command filtered output feedback control method based on adaptive neural network observer is
proposed. Firstly, the dynamic equation of the FJM with uncertainties is given, and adaptive
laws are designed by using RBF neural networks to approximate online the uncertainties caused
by model perturbations and unknown disturbances. Then, an adaptive neural observer is designed
to estimate undetectable states in a real time manner, and the estimated values are used for
feedback control to solve the problem of undetectability. Finally, a backstepping tracking controller
isdesigned based on Lyapunov theory, and second-order command filters are introduced to obtain
the derivatives of the intermediate virtual control laws, where the problem of “calculation
explosion” in the backstepping recursive process is avoided. Simulations are conducted for the
FJM in the presences of model perturbations and external disturbances, and the results show that

compared with the traditional backstepping control method and the command-filtered method with
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error compensation, the proposed method does not require some state information like the angular

velocity of the link and the angle and the angular velocity of the motor shaft. Moreover, the

trajectory tracking accuracy is improved by 78 % and 35% respectively.

Keywords: flexible joint manipulator; RBF neural networks; adaptive observer; command filter;

backstepping
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Fig. 1 Space model of single joint flexible manipulator
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Fig. 2 Structure diagram of second order command filter




202 [ . ]

Ko

Eird i 56 %

R

(4 3303 R R 2D T F T A o0 d B3 7 A 1 U o TR
AT e 4 RS B

3138 30 T V[0, too) e R, AEX TR VS
—aV+ [ Y=t =0 WfgN

V() < e V() +J' e FOydh (8)

A ca AR
Big1 SFATIES 4 W d, ZESHARN,
RIFFAE AR R IE W 8 o A d, o AN SR T4 5
Rld | <dn,|d,|<d,, BH—Fr' a8 HA 5.
i 2 HUHE L o, EL H— ] T
AR SCHIF 5 B4 42 ) 1) A 3k O« B X6 52 AN E
S B P G MU 20 (2) L 2 R GE Y Al R S
REFAE o B E RGO B 12 A&
T BT T RBF #2845 1 [ 3 I i 2 08 i I AP
PR o (LA o0 DR b BN R 10 B A
wy » SEBUHLBRE (Y 0 R R 30 B B

2 I A4 SR I S A5 A
AT T RBE 22 19 46 1 4k 25 000 25 o

i 4 DS O R L A TR S W 28

Ffir 4 8 45 ) R S 4 W RE R AL 3

FfES

0

vl o
ed BTSN Tt K
OGN BRGNPt B KRt
A(23) X7) H41) (1)
x| @939
1e.505 1
N RBF
RIERA W | %%.%
i e e
R(12) @7)(39)

3 FET I LI ) i A U I S D 4 A (%]
Fig. 3 Block diagram of command filtering backstepping

control based on adaptive observer
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http: // zkxb. xjtu. edu. cn

5Ca)~5(b) 251y RBE it 8 [0 45 X6 R 1 ok K g (x0)
g Co) WY 3 AR . WP R Al LU 31 08I0 4% e
{0 PR 3 LI 1 2R GRS e 2 O 2% o AT E v A
BB E SSLITEE 4 @S T I 5 SR SRR R I BBl v € SV N
17T 36 T I LI g A 8 X 4 £ A AR

100
50
A
%0
. aceest gl(x)'iﬁﬁ'fl‘[
......... g
100 L : - : I
0 > 4 6 8 10
tls
(a) g, ()18 T 5L
15
10
2 st
)
80
5|
g
ok ()i
.15 - 7 I I l
0 B 4 6 8 10
t/s
(b) g» (x) 18 T BR

5 s I 45 8 1T AR

Fig. 5 Approximations of neural networks

T S PR B i D5 vk A O R R
BeOCCHR 19 TR 27 TRy 42 0 U7 ik #E AT X k. 7 |
o R ARIERXT O A3 R TR R E SRS 1
il e 2 MO R B — 2L

K6 R 7 o 3 R dl O A e s 1 AT HY
DB R b T 6 D S A o R ER i L 1 7
MERERIRZER AL 2. N 6 ] LIFE L3 A
i 7735 ¥ T LA BR R b 2 25 Bl . {H R AR BT SCRR
[27 1073k « AR 3007 1 HA TR BR B L 5 SR
L9 EAR AT . 3o M 7w DL AR SCT7 i Y
BRI DR 22 B AR T B /NAR S ER AR A R
25 B R T H A P Fh 5 3 a3k 2 P O SCRRE19 T
[27 ¥ 56 T AR R BT 1Y . S ALBRURT A9 R BOKS
B 2 HAN 32 T PR ma i SCHR (27 TR0 BR R 1R 22 fiE
% S BT R, SCHR L1910 R B 1 22 AR I L 8L &2
LAY /NGB SR 12408 da 4 i I B T i 8 2R Y
DEURTIE o A SCTT L9 T v MRS B AR 7R T 2R 2
BRI TR IR 51T i DB e« 3 A 22
PO 45 0 0R 25 UL 0 45 o ol R B 108 22 15 i ORI
2% 36 ST A JRE RO g UL I €5 22 34 A S DT 5 BOARE




206 [N T B NI S 556 %
AR T “r A7
osp T 191
L KT O k271
————— SCHR[191)7 3 k=l 4 000811 :
- 05k N SCHR[271)7 5 E 03 Vol
E 3 HHL S 02 ;- 0.002f 1 ez
=) o1 X £ 9 10 )
= 00 [ 2 e S S atan O
K .05 0.1 BRI AN bl 1 1 1
0 2 4 6 8 10
1.0 1 1 1 1 1 t/s
’ R o B0 W 2 A IR 2 i
B6 RETE 126 A e 2k Fig. 9 Curves of tracking error (case 2)
Fig. 6 Position tracking curves of joint angle (case 1) e . o N " i
[27 T/ 77 1 32 AN 1 8 M B9 52 i A8 R, o il 2 STk
0 . 27 BB P T I B S A%, it 9
---------- S'i}:s B
or XAiiopr AL SO 2707 ¥k i B IR 22 WA 2 R 8. 3 X
o4k T \ Jis ) R ‘ N - . .
% 53 0.008 107 rad, SCHRLT9 77 6 1Y BRER 1R 22 IR AE 29 8 2. 8 X
T oafh oo 10° rad. T A% SC T4 07 v 0 BR B iR 22 2y 1.8 X
0.1FY 45 678 10 rad, P AR He T SRR L1 AN SCHk (271, B4 7
0.0 “¥emmmam B . ]
01 ! ! ! ! . 0 BRBEEORG BE 4 B4R R T 35 00 A 78 %6, ARAIE T HLAK
R W O A L B

E7 B 1 f R Rz AR £

Fig. 7 Curves of tracking error (case 1)

T 2 1 ST WL A R R S 4R AR 3 8
HZ KA R TR,
Sy it — A U B AR SO ik B LR M L B R R e
ML A2 40 AN PR S e
Ay = 0.2I +0.2K(g — & + (— 0. 2)MgL sing
JAQ = (—0.2)J0 —0.2K(g— O
ldl = 0. 8sin(2ms)
d, = 0. 8sin(2xt)
(50)
3R T LAY 2 TR0 AR & 8 FE 9
JIi s .

1.0
.......... AT
_____ SCHR[1917 ¥
sk &£ 0N\ k(277 1%

AL

KA farE/rad
o=
(=]

t/s

8 fHIE 2 /Y SCTT o B BRI I 2k

Fig. 8 Position tracking curves of joint angle (case 2)

P 8 R O 735l Shy 32 AT (07 0 R B8 D BRI 1R 2
RORXT LI . DO He 25 2R ] LUA i L SCHERC 19 T

http: // zkxb. xjtu. edu. cn

2 b i WALy LS AT LU L ORI R
ST U S 105 A7 76 AN B0 8 P AR SCHR Y A0 4 ) O
TR T RO R ROR . R B AL %
AN PR R R I AR AT A P R 7 L AR SO A
AP ) R B R MRS Y AR A R 22 L R IR ARAIE T R

B I 25 B AR S S
5 45 i

ARSCRZRNE R AT IR & 1 —Fh 3 T 1 3 0
2 100 245 0L 0 45 B i 4 I i R BRI A A O
T SEBL T AU R BE B B BR R . %5
it RBF 28 [0 45 P 0 A B 34 A 42 ol 4 A 4
5T BB G A Y 50 R R 5 3 e S R 25 UL
BT A PR A% A I AT R AR RS A R
101 (RS o s ] AN i -3 € 3 i R A e
s 2 AL T P )R S ) B R R AR . AR Y
HOIEUE I ORIIE T 3R R GEh B BT AT IR 2515 5 10— 3L
A T X He 0 A R AL SR T B $2 07 95 1R &
e [R) A7 A AN B0 7 1R MUIR 2S5 B A nl i i HoA7
e P R A R R B e ) R PR E

(B A5 10 BT A 2 o AR SCOE 3 51 A B i 2 DB A
e T TR Y )R (R 7R — S R R L
TUEPTRZE . X T IL IR 22 L 18 SCE i 1 R B AR
i ) 7 R TR 22 A AL 8 /D o AT ORAIE T BRBERG JE
AR AR 2 51U 22 M2 BIL ) X6 21 90 5 22
Ao b s DL — 25 /N B I8 ety o 1B e BRI




%5 B A PG MUK A 3 NE i 4 DI i £ S 054 o 207

S % k-

(1]

[2]

(3]

[4]

[5]

L6]

[7]

(8]

CHEN Ti, SHAN Jinjun. Distributed control of mul-
tiple flexible manipulators with unknown disturbances
and dead-zone input [J]. IEEE Transactions on Indus-
trial Electronics, 2020, 67(11): 9937-9947.

MA Hui, ZHOU Qi, LI Hongyi, et al. Adaptive pre-
scribed performance control of a flexible-joint robotic
manipulator with dynamic uncertainties [ J/OL]. IEEE
transactions on cybernetics, 2021 [2021-10-20]. DOI;
10. 1109/ TCYB. 2021.3091531.

ABDUL-ADHEEM W R, IBRAHEEM I K, HU-
MAIDI A ], et al. Model-free active input-output
feedback linearization of a single-link flexible joint ma-
nipulator: an improved active disturbance rejection
control approach [J]. Measurement and Control,
2021, 54(5/6) . 856-871.

KORAYEM M H, NEKOO S R, KAZEMI S. Finite-
time feedback linearization (FTFL) controller consid-
ering optimal gains on mobile mechanical manipulators
[J]. Journal of Intelligent & Robotic Systems, 2019,
94(3) . 727-744.

WME. F—0g, R, & FZHALBUE 09 B R R
BELH AP [T, 2 B 5 B AT . 2019, 36(4): 659-
665.

YANG Chunyu, XU Yiming, DAI Wei, et al. Two-
time-scale composite control of flexible manipulators
[J]. Control Theory & Applications, 2019, 36 (4):
659-665.

PhNE, B, R, T A SN R
i 08 2 MEAUARE XU AR 2 A FE ) (D], WS 54k 5
#l, 2020, 40(5) . 22-26, 45.

SUN Xiaotong, MA Lei, LI Mengxue, et al. Dual
time-scale combined control of flexible manipulators
based on adaptive sliding-mode and optimal control
[J]. Noise and Vibration Control, 2020, 40(5): 22-
26, 45.

SEE . AR XDl S — o 5 A R T
FEARSE G MR MENLRUR ) (J]. P2 388 R4
2011, 45(3) . 75-80.

DANG Jin, NI Fenglei, LIU Yechao, et al. Control
strategy for flexible manipulator based on feedforward
compensation and fuzzy-sliding mode control [J].
Journal of Xi’an Jiaotong University, 2011, 45(3):
75-80.

MAHMOODABADI M J, NEJADKOURKI N. Traj-
ectory tracking of a flexible robot manipulator by a
new optimized fuzzy adaptive sliding mode-based feed-

back linearization controller [J]. Journal of Robotics,

(9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

http: // zkxb. xjtu. edu. cn

2020, 2020, 8813217.
. FEPENLMUR Y 2 a ) RO M R (0.
T#E. 2020, 27(9): 1560-1565.
SHI Chao. Sliding-mode control of flexible manipula-
tors in multiple time scales [J]. Control Engineering
of China, 2020, 27(9). 1560-1565.
Sy ss, BV, kAR, S LT AR PID 45 &%
AR BT -2 PR R EE M AR B E S i [T]. R3h 5 b
i, 2018, 37(23): 197-203, 240.
MA Chicheng, LUO Yajun, ZHANG Xinong, et al.
Vibration active control of a flexible beam with time-
varying mass based on fuzzy PID controller [J]. Jour-
nal of Vibration and Shock, 2018, 37(23). 197-203,
240,
ABD LATIP S F, RASHID HUSAIN A, MOHAM-
ED Z. et al. Adaptive PID actuator fault tolerant con-
trol of single-link flexible manipulator [J]. Transac-
tions of the Institute of Measurement and Control,
2019, 41(4): 1019-1031.
WANG Lijun, SHI Qiuyue, LIU Jinkun, et al. Back-
stepping control of flexible joint manipulator based on
hyperbolic tangent function with control input and rate
constraints [ J]. Asian Journal of Control, 2020, 22
(3): 1268-1279.
SWAROOP D, HEDRICK ] K, YIP P P, et al. Dy-
namic surface control for a class of nonlinear systems
[J]. IEEE Transactions on Automatic Control, 2000,
45(10) ; 1893-1899.
o SC AR R, X, BT RENN Ay 2844 ¢ 347 MLl
BEE M A mES T BHS5 0k, 2011, 26
(12) . 1783-1790.
GU Yikun, NI Fenglei, LIU Hong. Flexible-joint ma-
nipulator adaptive control based on recurrent Elman
neural networks and dynamic surface approach [J].
Control and Decision, 2011, 26(12) . 1783-1790.
LING Song, WANG Huanging, LIU P X. Adaptive
fuzzy dynamic surface control of flexible-joint robot
systems with input saturation [ J]. IEEE/CAA Journal
of Automatica Sinica, 2019, 6(1) . 97-107.
DONG Wenjie, FARRELL J A, POLYCARPOU M
M, et al.
[J]. IEEE Transactions on Control Systems Technolo-
gy, 2012, 20(3): 566-580.
FARRELL J A, POLYCARPOU M, SHARMA M,
IEEE
54(6)

Command filtered adaptive backstepping

Command filtered backstepping [J].
2009,

et al.
Transactions on Automatic Control,
1391-1395.

LING Song, WANG Huanging, LIU P X. Adaptive




208 (L -G /A N S 4 55 56 %
fuzzy tracking control of Flexible-Joint robots based on [25] Mk, BRI, XM, 2% T 4% ) 5 o ARl 48 W 2 5 97 ok

[19]

[20]

[21]

[22]

[23]

[24]

command filtering [J]. TEEE Transactions on Indus-
trial Electronics, 2020, 67(5); 4046-4055.

ZEMEC, SRART, SREF. . BB IR ZEAMEN R
LB i 4 BRI B B R (D], e S5 R
2020, 37(8): 1693-1700.

LI Pengfei, ZHANG Yinhe, ZHANG Lei,

et al.
Command-filtered backstepping control with error
compensation for flexible joint manipulator [J]. Con-
trol Theory &. Applications, 2020, 37(8): 1693-1700.
M, KA, M, L RS 2 R P AR
i A BRI S AR (], PO 2258 R 4k, 2021, 55
(12). 70-78.

LIN Menghao, ZHANG Lei, LI Pengfei, et al. A
backstepping control strategy of command filtering for
Journal of
Xi’an Jiaotong University, 2021, 55(12): 70-78.

LIU Xin, YANG Chenguang, CHEN Zhiguang, et al.

two-link flexible joint manipulator [J].

Neuro-adaptive observer based control of flexible joint
robot [J]. Neurocomputing, 2018, 275; 73-82.

YAN Ze, LAI Xuzhi, MENG Qingxin, et al. A novel
robust control method for motion control of uncertain
single-link flexible-joint manipulator [J]. TEEE Trans-
actions on Systems, Man, and Cybernetics; Systems.,
2021, 51(3): 1671-1678.

TALOLE S E, KOLHE J P, PHADKE S B. Extend-
ed-state-observer-based control of flexible-joint system
with experimental validation [J]. TEEE Transactions
on Industrial Electronics, 2010, 57(4). 1411-1419.
RSETAM K, CAO Zhenwei, MAN Zhihong. Casca-
ded-extended-state-observer-based sliding-mode control
[J]. 1EEE
Transactions on Industrial Electronics, 2020, 67(12) .

10822-10832.

for underactuated flexible joint robot

[26]

[27]

[28]

(29]

[30]

[31]

http: // zkxb. xjtu. edu. cn

PR WL 25 0 T B TP LT]. 426 8e 5 0
2021, 38(9). 1361-1371.

HOU Jie, CHEN Mou, LIU Nan. Unmanned helicop-
ter control based on radial basis function neural net-
work and extended state observer [ J]. Control Theory
&. Applications, 2021, 38(9): 1361-1371.

M, IRIGHT. BN, SR I ER 2 bl 4 I 4% 1 E N PLE
TSR M A ()], V528 3838 K222 4, 2021,
55(12): 146-154.

LI Bin, XU Yihang, LUO Jie. A recognition and mo-
nitoring algorithm for drone remote control signals
using residual neural network [J]. Journal of Xi’an
Jiaotong University, 2021, 55(12) . 146-154.
HUANG A C, CHEN Y C. Adaptive sliding control
for single-link flexible-joint robot with mismatched un-
certainties [ J]. IEEE Transactions on Control Systems
Technology. 2004, 12(5). 770-775.

CHIEN M C, HUANG A C. Adaptive control for
flexible-joint electrically driven robot with time-varying
uncertainties [J]. IEEE Transactions on Industrial
Electronics. 2007, 54(2): 1032-1038.

HARTMAN E J, KEELER ] D, KOWALSKI J] M.
Layered neural networks with Gaussian hidden units as
universal approximations [J]. Neural Computation,
1990, 2(2): 210-215.

PARK J, SANDBERG I W. Universal approximation
using radial-basis-function networks [J]. Neural Com-
putation, 1991, 3(2). 246-257.

NARENDRA K S. ANNASWAMY A M. Robust
adaptive control [M]. Boston, USA: Springer, 1986
3-31.

(g HIRE )




