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Adaptive active interaction exercise control of upper limb rehabilitation robot
based on the barrier Lyapunov function

Wu Qingcong, Zhang Zuguo

(College of Mechanical and Elecirical Engineering, Nanjing University of Aeronautics and Astronautics ,Nanjing 210016, China)

Abstract: To assist patients with upper limb motor dysfunction for rehabilitation training, an upper limb rehabilitation exoskeleton robot
system is established and an augmented neural network adaptive admittance control strategy based on the barrier Lyapunov function is
proposed. Firstly, the mechanical mechanism and control system of upper limb rehabilitation exoskeleton are introduced. Then, the
design process of the controller is illustrated and Lyapunov stability is demonstrated. Finally, the passive training experiment of trajectory
tracking with different inner control loops and the active interaction training experiment based on human-robot interaction force under
different admittance parameters are carried out. Experimental results of passive training show that the effectiveness of the augmented
neural network is close to human-robot dynamics, and the maximum trajectory tracking error is only 53% of that of fuzzy PID controller.
The active interaction training experiment proves that different intensities of rehabilitation training can be achieved under the same
training task by adjusting the admittance parameters to match patients with different levels of recovery.
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Fig. 1 Upper-limb exoskeleton robot
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Fig. 2 The schematic diagram of the control strategy
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Fig.3 Simulation experiment results of augmented neural network adaptive controller based on the barrier Lyapunov function

3 KRIWWIE ST

R T IR AR S o R s A o, Pk e — 4% fa RS2
W& (H,24 2, 55 1.8 m, KT 60 kg) T4 1 Tl
K RE SR AR R S8 HT MATLAB/RTW B35 52 i 42 1 &
G, VEEUR R ST RN SETTI0HE ¢, B q,, 28 B0EAT Bk
YN Z AN F2 338 HYIZRaC s, A fa il 5w b i A 26
SHIFE 1,

3.1 #WEhlEREE

Bl st R 2 VI 25 3 S T R A BB (o AR R
R R 22 Btz 3, Bk ILPA 22 43R Mk, 7045 58 1 1 2 B
=R e BT G N O N8 e [ T e

*1 AEZWTHEFRESH
Table 1 Parameters of control strategy under

different experiments

FAHY INTE Hh S48 KT
K, diag (30, 25)
K, diag (1.5, 1.5)
T, diag (0.12, 0. 12)
r, diag (0.2, 0.2)
A diag (0.1, 0.1)
A, diag (0.08, 0.08)
M, diag (0.5, 0.5) diag (0.8, 0.8)  diag (1, 1)
c, diag (0.5, 0.5) diag (0.5, 0.5) diag (0.5, 0.5)
K, diag (2, 2.5) diag (5, 6) diag (10, 10)




R 55 ST HRFE Lyapunov pREY L IBCRRA AL &% A 38 N 3 8 58 LI 24 il 221

B2
SEYAGNER AR BRI B E B BRI . T A S B B
= (29) iR,
q, =20(1 - cost)
. (29)
q, = 20sint

N T B BUARHIT S P9 B0 5 1 Bk DL B, 3 BURSE M
PID #8820 047X L, AR 1 15 T+ RIUASOR L0 2
MESCHR[21] 4 ISR B Bsh I ZRa g RS
Ao B 4Ca) F(b) B 1 IERBE A AR B SEbr L

WIHEPE — — AScEEER HEHIPID
~ AN AN N N \
"IN ANANNDNNANNANNN
= [ Y Y L Y I Y A T A
& | L W S WY Y A O
- 20 { L I T A O i [ 1\
£ VIV IRVIRY [
K .'. I} ! / (Vi I‘-' \/ 1 “\
0 ) LV V v N
10 20 30 40 50
B [8)/s
() RI1MAE

(a) Angel of joint 1

AT EREFRZE/()

i [6)/s
(c) R IPREFRZE

(c) Tracking error of joint 1

. —— BEHIE — — MEML
é 10
g
oS
K

0 , , . , ,

10 20 30 40 50
B IR/
OESHE B

(e) Output torque of joint 1

i, P 4Ce) M) A4 I BRIER IR 22 , AR SCHE il 4 45
KGR 220 0. 17° 11 0. 09°, #4) iR 22 M 0. 06°
F10.04°, FORT PID F4 il 45 %5 R 15 25 K /N3l 4 0. 32°
F10.16°.0. 10°F10. 12°, A SCHE & Y R 2229
PID £l gR A 53% . 181 4(e) (L) N1 o, nl
DA B, FEAR 0 9 FR 5 LA 4 268 Do 2 M 1T DL 7R 4%
T ANLR G B0 72450, AT fe 25 o R R
g1, S BT A BE B B B

WEPIE — — ASCEHIR BOWIPID
S22 A NN N N NN
of VvV vV VY
i Vo [\ /
K \/ \/ A/
20—~ AV b k i
0 10 20 30 40 50
B} /s
(b) RI¥N2HE
(b) Angel of joint 2
e
oK
e
by
o
"
K
I A /s
(d) KH2PREHRZE
(d) Tracking error of joint 2
8
£ 6 — BEIIE — — WM E
5 4
;lg 2
0
K -2
-4 . . A A ,
0 10 20 30 40 50
B} JE]/s
(f) SR 2% HH14E

(f) Output torque of joint 2

Kl 4 Bshillgracmas

Fig.4 Experiment results of passive training

FERL BN R v w] Ry P B R A I A AR IR A
153 R GE AR 3 m W JEEARL TR B SO 2 38 B J% sk A B 1Y
TR RS OHRE  h E 2L F ghis sl i & . ILoh,
IR A 28 0 28 M AT L B8 ] 45 T o 2 b B
SHPIE N R RGP RL, 5 5 A K RHSE
TR EhUN Rz g6 45 5% K 5 (a) FI(bh) 209 564 1,56
W2 MIERPLE S A SCPREE . B S5(d) IR
A A E T,
3.2 EHXEIEGEW

TERRE 25 J5 1, 8 /5 2l gk — 2P ) F2 30
FREE NGk, 8 AT LR AMLAE B S A8 7 K 4T 3

BN HIBF) A EE R I 1) 7S 4 00 A% s R R A H AR
SR ANEIZE S IR, 7RSI, — Bk B
BRSNS, T ARG S0 DK 19 D T e RO, T
SV BRI B 11 R AN Bl (A T R LA B A2 9 i
PEATICRCBIE ) o

TEASER T SLh 4 RO M B N AR APLAE
B RS TR R Sty S B AR N 2 8 T T
—KIFREF 10 s, SRJFHAMAE 10 s HLER A BIAZAL, 4
HEATET — HARRAL, SR HITE IR 9 2S5
T BRI 3 A HAREE, B 6 HNTFASHE
HZER, 7 R SFASECT ISR B 6(d) 1 7(d) 2>



222

i %

2y 435

i

BRSPS S RO M RN, X T
FRR B VIZRAE 55, BR 59 S A S 80T w5 28R Y 22 1. )
ARESEMALSS , BIUIZRoR MR . fE 0~10 s SEMAYER —

A ERRL (T 12 20, 56715 2 29-30°) /N RIS KL
FREAE Y ML 8 N B I), e h FNSH

TNFGEL 15 N,

— MBS — — SHHE Lprii

maEgL — — sE9 SEEREE
—~ \ \ N ~ 20
A ANAANNANAN SMAAANANAN
O U AN A WY L U W A U I B ’M-"-.."‘-,:‘a,-".,‘.:’\ﬁ,-'.x
Eaorf VSV VIV VIV ;< A Y O A Y A Y
*P-""-"'"-.-"-"'"'""""':UK A RVIRVIRYIRVEVEVEVIERY
*EVVVVVV VLY %I VVVVVVYVV
10 20 30 40 50 0 10 20 30 40 50
A [H)/s R Ta)/s
(2) RIT1ME (b) RAT2H1 B
(a) Angel of joint 1 (b) Angel of joint 2
0.5
< — 1 e 2 e '
& , : : R LXUAUR AN
o YNGR e Y gl g AT AT 2
= , . . . . -10 , , . .
03¢ 10 20 30 40 30 0 10 20 30 40 i
i a)/s I 8] /s
(o) RIS TI2ERER W22 () ABZE S
(¢) Tracking deviation of joint 1 and joint 2 (d) Human-robot interaction force
K5 RSFNSECT RIS EER
Fig.5 Experiment results of passive training under large admittance parameters
or 407 .
—— SEYPL — — LR —— SHEPE — — LS
6 20 F 5:/ 201
= il
& £ of
10 P
® K 20
ot
) ) ) ) ) -40 \ , \ \ ,
0 10 20 30 40 50 0 10 20 30 40 50
B IE/s R A/
(a) RAME (b) K2
(a) Angel of joint 1 (b) Angel of joint 2
201
Iy — —1Iy Iz
> 0r_
o \
s Z ~——— —— T
A 0 —
§ R
=
K -0t
; : ; ; ; 50 . . . . ;
0 10 20 30 40 50 10 20 30 40 50
i IA)/s i A/
() AR

(c) KW VRSS2 BRER R 2

(¢) Tracking error of joint 1 and Joint 2

K 6

(d) Human-robot interaction force

INFRSECT B H SR AR

Fig. 6 Experiment results of active interaction under small admittance parameters

JA 82 20~30 s Fl140~50 s AUUIZRAT 55 vt REENIEAH
[R5 . TE LRI PR RS W I, BE A T AR 4 JR 3 5

Pri I E R R A S5, IR S R E IR R



B2

RE 5 FET B Lyapunov pRELRY_E R HLE A I N 3 2 52 FI 2 )

223

KA/

|
P
(=}

—— ZFPL — — LR

0 10 20 30 40 50
R A)/s
(b) K724 B
(b) Angel of joint 2
-y Fx — —Fy Fz
L/ \
|
P\ s P -
10 20 30 40 50
RS A/
() AHLZE Sy

(d) Human-robot interaction force

RRR 1 IE S /G e e B R Rl

Fig.7 Experiment results of active interaction under medium admittance parameters

301
—— ZEYE — — LT
2071
i
&
= 10
K
ot
0 10 20 30 40 50
i ) /s
(a) RIS
(a) Angel of joint 1
— L e *H2
_ 05T
®
S
&
i
i
=H<*0.5 r
0 10 20 30 40 50
B [8)/s
(0) R VREHI2IRER IR 2
(c) Tracking error of joint 1 and joint 2
<7
4 &

BEXE IR AN B LR N A SCER T — A AR T
5% Lyapunov PREL I3 ) #2825 38 0 3 3l 58 745
T SREm, T LA Bl R AE LSS B I AR R R AT 83N
RN 50 B 1) £ Bk, RS 15
B IE BT RIS, R Lyapunov 22 PE IR IERA T &R
GERIRRENE, R HEAT TR R A LS 2R3 ke
FIFIAF NS ECT 1 £ 338 BRI, S5 1
FW] A SCHIFFE 3 ) P 22 I 45 3 I P9 B 42 ol 45 R 8
TESAMEARH Bl g 7 A 2 98 10 S8 0 0 B B e, &2
IR B BRSS9 5 S 9 S 00T LA 2 AN [
WA TR BE ) BRI i JEE
S35 3k
[ 1] R, EX, Ry, 5. LRSS #LE
NRR WA S g2 H [ T]. HLER A, 2018, 40(4) .
457-465.

WU Q C, WANG X S, WU H T, et al. Fuzzy sliding
mode admittance control of the upper limb rehabilitation
exoskeleton robot[ J]. Robot, 2018, 40(4) : 457-465.
BPE, N, IMNRE. “BEFRma” ST R i
FRURGEELT]. BHESAE, 2018(2) . 45-47.
HUANG P, LIU Y, SUN ZH G. Current situation and

(2]

[3]

[4]

(5]

[6]

(7]

development of old-age nursing education under the mode

of “medical and nursing integration” [ J]. Science and

Technology & Innovation, 2018(2) ; 45-47.

Mn s, B, BeE. LA LA AT T IR
MTLI]. BLEA, 2013, 35(5) : 630-640.

YANG Q ZH, CAO D F, ZHAO ]J H. Analysis on state
of the art of upper limb rehabilitation robots[ J]. Robot,
2013, 35(5) : 630-640.

PhieE. ARSI R E LA AN BT S0 T].
WEA Bl 5%, 2017, 37(8) : 1-5.

LI R X. Design and research of upper limb active training
rehabilitation robot[ J].
2017, 37(8): 1-5.
CAO J, XIE S Q, DAS R, et al. Control strategies for

effective robot assisted gait rehabilitation: The state of art

Hydraulics Pneumatics & Seals,

and future prospects [ J ]. Medical Engineering &
Physics, 2014, 36(12) ; 1555-1566.
FARINA D, JIANG N, REHBAUM H, et al

extraction of neural information from the surface EMG for

The

the control of upper-limb prostheses: Emerging avenues
and challenges[ J]. TEEE Transactions on Neural Systems
and Rehabilitation Engineering, 2014, 22(4) . 797-809.
TREn, 284, ERGE, & BTN M AP B
il SR SO R S PR (] T DR S A AR A
2020, 34(2): 1-11.



224 (SO IO 543 %
XU R, LI ZH C, WANG W J, et al. Human-computer friction modeling and compensation of robot joint based on
interaction control strategies based on electromyography RBFNN[ J]. Chinese Journal of Scientific Instrument,
and their applications and challenges [ J ]. Journal of 2020, 41(11) . 278-284.

Electronic Measurement and Instrumentation, 2020, [18] SELMIC R R, LEWIS F L. Neural-network
34(2). 1-11. approximation of piecewise continuous functions:
[ 8] VIDAURRE C, KLAUER C, SCHAUER T, et al. EEG- Application to friction compensation [ J ]. IEEE
based BCI for the linear control of an upper-limb Transactions on Neural Networks, 2002, 13 (3):
neuroprosthesis[ J ]. Medical Engineering and Physics, 745-751.
2016, 38(11): 1195-1204. [19] GE S S. Adaptive neural control of uncertain MIMO
[ 9] TEE KP, YAN R, LI H. Adaptive admittance control of nonlinear systems [ J ]. IEEE Transactions on Neural
a robot manipulator under task space constraint [ C ]. Networks, 2004, 15(3) : 674-692.
IEEE International Conference on Robotics and [20] ZREEVH. F PID #=Hl48[J]. Tl ¥ 638,
Automation. IEEE, 2010, 5181-5186. 1996(3) : 19-20.
[10] LIZ, HUANG B, YE Z, et al. Physical human-robot ZHU M X. Fuzzy PID controller[ J]. Industrial Control
interaction of a robotic exoskeleton by admittance Computer, 1996(3) . 19-20.
control[ J]. IEEE Transactions on Industrial Electronics [21] W%, ETHEBEES % PID # 5 AH PID
2018, 65(12) : 9614-9624. FERIINERSE ], IR IIHAR, 2009(6) : 54-56,
(11] XUBRERE, FEES, A ST A T o 63.
Bﬁ%dﬂ”; W LT]. dE RS B K K2R 223, 2015, ZHAO X X. Research on fuzzy PID control method
41(6) : 1019-1025. combined fuzzy theory and conventional PID control[ J].
LIU D F, TANG ZH Y, PEI ZH C. Swing motion control Shandong Electric Power, 2009(6) : 54-56,63.
of lower extremity exoskeleton based on admittance 1EEE AN
method [J]. Journal of Beijing University of Aeronautics SBE(EEEH), 2011 F£TEREE K
and Astronautics, 2015, 41(6) : 1019-1025. 2R 2R, 2016 4FE TR Rl
[12] HOGAN N. Impedance control: An approach to A7, 8RB AL 25 AT R R S# L 2 B @ 2
manipulation; Part I—theory [ J]. Journal of Dynamic B, FE DT ) AN E AL N R E L
Systems Measurement and Control, 1985, 107(1) . 1-7 2N WA A 1 580 AV RS,
[13] CULMER P, JACKSON A, LEVESLEY M C, et al. An F-mail; wuqe@ nuaa. edu. cn
admittance control scheme for a robotic upper-limb stroke Wu Qingcong ( Corresponding author) received his B. Sc.
rehabilitation system[ J]. IEEE Engineering in Medicine degree and Ph. D. degree both from Southeast University in 2011
and Biology 27th Annual Conference, 2005 5081-5084. and 2016, respectively. He is currently an associate professor in
[14] WELH, DAVID A O, ZHAO Y, et al. Neural network the College of Mechanical and Electrical Engineering at Nanjing
control of a robotic manipulator with input deadzone and University of Aeronautics and Astronautics. His main research
output constraint [ J ]. TEEE Transactions on Systems, interests include exoskeleton robot, rehabilitation robot, robot
Man, and Cybernetics: Systems, 2017, 46 (6): dynamics and control, biological and mechatronic systems.
739-770. ABE 2019 F TR AU AR K
[15] JIN X, XU J X. TIterative learning control for output- I e 14’5)%%?%;,:%%%%

[16]

[17]

both
nonparametric usncertainties [ J .
49(8) : 2508-2516.

WU X, LI Z, KAN Z,
reshaping optimization and control of robotic exoskeletons
for human-tobot co-manipulation[ J]. IEEE Transactions
on Cybernetics, 2020, 50(8) . 3740-3751.

BUHT, SRBEEL, 0T, 4F. JET RBFNN AYHLAS A K
TR A S AME ORI [ ] AR IR R 4, 2020,
41(11) . 278-284.

HE M, WU X M, SHAO G F,

with parametric  and

2013,

constrained  systems

Automatica,

et al. Reference trajectory

et al. Research on

‘
-

REFRR-E W FE LR, FEWFFETT 0] Ry A
f. FEHEBLES A SR ) A DL B
' ]
E-mail ; 7z¢839338094@ nuaa. edu. cn
Zhang Zuguo received his B. Sc. degree from
Nanjing University of Aeronautics and Astronautics in
2019. He is currently a master student at Nanjing
University of Aeronautics and Astronautics. His main
research interests include exoskeleton robot, nonlinear

control and physical human-robot interaction control.



