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PSR A S SRR G AR E . SCHRL 11 ] 90 45 fig
T IXAN IR K BEL T 240 TRORIAR 285 249 o ) e 4 7l
2 A R FLRI ( quadratic programming, QP) [A] &1, {H
AR TR R, H A3 82— AT
B AR 25 o T Ak e 0 2 L 4 5 bR ( barri-
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Hr v x flx e R 3 BCERMLES AR b &
TR, M (x) = J"(9)M(q)J* (q) € R™,

C.(q.9) = J"(9)(Clq.q) - M()T" (q) J(q))J*
(q) e R ,G,(q) =J"G(q) € R",

B (2) BAT DU RRE

ML B M (x) EXTFRIE SR,

B2 M (x) - 2C, (x,x) SE—DRIXFRIE
BB €T (M, (x) -2C,(x,%))€ =0,YE e R,

SIE 10 EAF AR S 1E R AT IR R V(x) T
RUTEM: k (lx]) < V(x) < w( [lx])(K,
5k, JBT Km0 HEAH RO &M 45 V(x)
<-pV(x) + C, Hp € Flp FIEFE B2 « (1)
BRI,
1.2.2  BHATHA

1145 25 i) v A BEPTAS RL T] ARy

Me + Dé + Ke = f, (3)
Hi e = x —x, ,M D Fl K 53 9IS I A 5E

FEE FNIE AR B, S 1 M Ak, PHAT AL (3) AT LA
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W 'S(Z) =M (x)a+C,(x,2)a+G, —&(Z)
(32)
b, W AREHB M AU, £(Z2) B R
PR b BT 0 2 I 4%
[ s 2 h
mﬂw

2
Z s€ec 2
al

e
z,,s€ec (Zkin)J
(33)
TR g =X (33 ) S AKE B P B AR
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n 2 n .
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I./3 = - lz"(,) kiﬁaitan(;z})—zglgzz
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e” 1./3S—pV3 e’ + Ce” (40)
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E(V3 e") < C, e (41)
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(42)
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1 c

2
P AT AR z, WS 5 548 Q. [RJ 3T DUAS
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k1 T BLF MRS AN B4 Gk
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W R G2 (13) HRIRES €,

KA MPC AL R (16) L (17) , HEEBHAE &, ,d,
MRPERAFIBHAT S HOR (5) TR R I B2 15 5
MG (33) AR A
HRAE(31) TR LRI T R

PR TFAMZMZEFMERE W, = W, + W,T

8. end for
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A5 i i CoppeliaSim (4. 1.0, Windows) Al
Mtalab (R2020a) HK& 7 HHIEA ST 7 5 1A
&b, FIH CoppeliaSim 1/ BV & 43 T K 3 s
1) KT Matlab 1833 CoppeliaSim ‘B 77 #2411 17
AR 105 CoppeliaSim 1A — AT HLIVE HE4T
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B3 ZEFNHE

P 3, m, R 43 AREREFT i A 0T R B
1, ARFKAT i BNERT i BLORBERS, 1, FORERT i (1Y
bk, b i = 1,2, I3 i R B TR
FRHA
Pi +2pycos(qy)  py +pzeos(qz)}

M(q) = [
ps + pycos(q,) D3

_stin(‘b))(‘}l + qz):|

qul 0

. - 2Sin( z).z
C(q.0) =[ Porit

6(q) = [(m1 +m,)lcos(q,) + m,l,cos(q, +q2):|
m,l,cos(q, +q,)

Hb pyo= (my +my) 5+ myly, py = mylily, py =
myly, g =9.8 m - s7* TIEFFH Y IE B 3o FURE
S HCRE R3] A

B - [x]: [llc?sql +lzC.OS(Q1 +(I2):|,

y lising, + lysin(q, +q,)

—l;sing, + Lsin(q, +¢q,) —1lsin(q, +¢,)
lcos(q, +q,) }

1E CoppeliaSim {f ELI GG, — AT LA AR
BHPEEN m, =m, =0.5kg, [, =1, =0.30 m,
l, =1, =0.15m, 1, =1, =1kg - m*, [FEAEEH
P71 PSP ot =R T ) e | b e i) =Y el
F8 38 4 50 i, ) R AR RN ) AN R S0 4R
FH TR A

Y B R BT 4R S 4 A R 52 5L R T
AE, AT ikt 1T 2 AT,

S0 1 S NN R Mg A 2
155 Ul N — SR BB S H 8060, 50

J(q) =[

l,cosq, + Lycos(q, +q,)

x, = 0.42sin(27/15 - 1.3)

y, = 0.42sin(2m/15 +0.26)
Hry e [0,15], 2 AZEHaINS A HLES A i B
SHHGRE, AL AR NI TR R T4, KB 1
K, BHAEALES A K S i 25 S H 90 .

ZH 2 Z2HPIB S EH) 1 —3 HER A K
TnAN Iy LS AR A2 5 B -5 1
PEHRIIR AL BEA 100 Hz, HLAS AR 355 (0900 i5 1 B 15
N (x4, ¥o) = (0.4098,0.109 8) , LRHILHE M 45 =
B K m, =1k, =60,k =120,0 = diag|1.0,
0.1,0. 1} ,R = diag!{107°,107°,107° | , Zyoi il 45
BN K, = diag|5,5) ,k, = [0.05,0.05]", #f
LR P ORI [ - 1,1 ] N AP, 3 A
BB 128, P M I RIIRAUER R O, T, =
10/,,, o, = 0.002,

K4 RZe 1 i EE R, K 4(a) s, Y
t =5s Mt =9 s A I, FERUBE AR S 0 1 it n 1
X J5 RN Y J5 [ 038 B 7, BL B LAV fi 25 2 %
b x,, SEITEREE IR HE ,, B 4(c) | (e) FTmar
BRALER A XY 5 ) FIUE 45 25 o] A9 BR R L3, A
Bl 4(b) FTUVE HALEE A8 AN T4, X
R Y J7 [l W LR S0 7 B IR i, e ¢ =8 s
Kt =11s 2240, X F 1Y J7 w50 F143 5l N3
0, SEETHL s AN EE /N, O B8R & B R S 5
W x, o BREFRZZHIE AN 4 (d) Fras, Horb gk s,
RN B FRIRZE 2R E RT3, AR IR R
2% z) WRAAETE LML JF H s s — A%k
0 ME, 3 W il e e R A A B R M R

L 2 R ARAE R T L AN IR B
HIMMNAKEER, 5IALLUE RB A WIE EF 5N

k(t) =k, + (k. -k, )e /"™

{k(w = k(1) -k
Hrb k(o) k(o) P BMRENIE FRATF R, ki
EMRIE LN R2EMH, BE k, =60, k,,. =120,k
= 20,0 =0.86,0 = diag|0.10,0.01,0.01} ,R =
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Variable impedance control based on barrier Lyapunov function for
constrained human-robot interaction

YU Xinyi, SHI Shuanwu, WEI Yan, OU Linlin
(College of Information Engineering, Zhejiang University of Technology, Hangzhou 310023 )
Abstract

Impedance control is a compliant control method widely used in human-robot interaction (HRI). It regulates
the tracking accuracy of the robot and the contact compliance with the environment. However, fixed impedance pa-
rameters limit the applicability of impedance control in complex HRI tasks. In order to realize the role switching be-
tween leader and follower in HRI, a variable impedance control approach is proposed based on barrier Lyapunov
function ( BLF) for constrained HRI. Firstly, A novel impedance model is established and the impedance parame-
ters are designed as the control input of the new impedance system. The design problem of variable impedance con-
troller with impedance constraints is transformed into a quadratic programming problem. Secondly, BLF-based
adaptive neural network constrained controller is designed to solve the tracking control problem. At the same time,
the controller ensures that the error signal within the constrained domain. The radial basis neural networks ( NNs)
are adopted to handle uncertainty of the robot dynamics and guarantee tracking performance. The stability of the
closed-loop system is proved by the Lyapunov stability theorem. Finally, the effectiveness of the proposed method is
verified by two simulation cases.

Key words: human-robot interaction ( HRI) , variable impedance control, model predictive control, barrier

Lyapunov function( BLF) , neural network ( NN)
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