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Fig. 1 Structure of human-robot physical interaction control

method based on iterative optimal impedance

SMIRTH AT 55, AR A B IR B iR 22 e, . A
LA N ZE T fo B 3% AR P BEL AT 42 ) %
(iterative optimal impedance controller, IOIC) Y % A,
KU L BH T 2 80, AR 4l W B B0k X B 22 B )
SoFBIBABTHD x,, AL A A3z 2l AT DL fR A
DL/ TAERE U B AL A% A B ER 10 B 0500, DA T 55
M HMERE

PA A I ] AL N, T AR AT S 2 i 1 RS L 3
%7 45 il %% (nonsingular terminal sliding mode trajectory
tracking controller, NTSMTC), ffi #lL#5% A ()12 5Jj i i
SRt By — 2,

2 IR RN EMBRIRIEHIEE

L8 N5 AN E M SR H AR . 52 H.
J177 1, #hEE KRR IS LA A A28 S B sh U 5 EL
J1, T BEAR A5 28 56 A E X BILAS L5 1T AT Y



5 6 ]

EHS TR S, FMREBL T IR, Hik, 5
AN B HLER N T 2200 B St S 4 DAk A
[N G B3 RE KT 22 5, 5 N SR [A] 58 W48 1 55 -
AT T 10IC LIARIE 22 2000 R 5 P B 1Y [] Bof
W NFEAT 55 L FE TP IS AR T o
21 AHEXERS
AP IR EIR 2Z M H I Z AR R, &
SEUTR LA A BHPTAR AR
Mgé,+ Byé, + Kye, = —fuy (1)
P My BRI K530 R B B i BHELJE AR BEE 2
B fo WA H TT5 e, TR T PR IER 1R 2%
NHLEMERMTS5 Hh, A8l 2# A m] vy Ry
Krfcxt +Kffcxt = Kcep ( 2 )

A Koo KK R A 45, 28 AT B AT 4
55 BB E

M 2) ] A, AW AL & A i #9  o2 5
TXHAL 55 58 1L B W

oA NHLY S B R SRR 25 10 5 e,
T BRI S H s, R GRS X

X=le, é ful (3)
M AALY AL B R G RPRES TR S oy
(I 0 0
X= 0 0 0 X+ |1 |u=
K'K. 0 -K'K; 0
AX + Bu, (4)

Aorb: DAL A e RPPPIRSFEFE; B e R
AT ue e RN 38 B R G0 (0 12 il A, %
KA
u,=é,=-M;'Byé,— M;'Kse,— M ' for = —KX (5)
Hrp: K=[M;'K; M;'B Mg U 5

B, XFF 205 ik i AWML S B R 48, R
BUR AR S 8 M. B AN K, BIVSR B G 52 1o 48
WK

1) AT A VR & — 4 LQR [, {H R 48 b i
WA AR T R R R RS HK, . K
K., %85| LQR Jy ik LR il & A A M S HUN &
PEASIRY, (1545 Tiang S5 T4 AR IR AL 45 ) Oy 1, T
PLIC T 2R Ge B, AR T80 40 IR 28545 2 F i A5
B BT AR AR AR A eR B, W AR G e il A AR
ML, &1t 10IC,
22 ERRMPERIESIERIT

SRy S B S /N 0T B 030 R B R 25 N 58 HL ST Y
Pl E AR, A EAN R B LN

XGRS, 55 B TR AR AR BH ST AN 328 B Pl 5 ik 1845
€
L= Lw <[ep é, [xlO [ é, +u§Rue)dI =
ﬁ” (X"QX +u' Ru,)dt (6)

s Q=0 > 07 1 B 300 BRI 1R 2 M A8 HL ) Y
H; R=R" > 07 5 1] B0 BR R D% 22 M A . )
S LA OC F B W i A R AR

i i BET fe A0 04 il A aeg, (AR R R LI
/I, BT[] AR 008 R B R 2 A 52 L g A /), S B
RS H R

Jiang 55" T 3k A R A 42 ) O 12 o Wi A —
Bt 1) A RS A A B, ISl R,
AR 22 BRI, S BRI A 12 5 [8] B i
(R, AT ST H I R D0 S 1548 i 0

O, E =X (7) B i 3 A5, HTEAN
B B SE F A0 4 B B [0, a0 18] N, Wil AR 28 XOFI 4%
il A e B 15 L

K= (XX X X"

z,~--,XT®XT‘ }

t
-1

1 153 t
Sy = UO X'ox'dr, [ X'eX'dr, -, XT®XTdt}
hn Ih-1
151 153 t
Oxy = [jo X'Qu.dr, | X'euldr,--, XT@u-erdt]
hn Ih-1
(7)

L kyx Oxx O WEUEAEAF RIS “©7 R
BN TEARRB; A [0, o] T] B R SRAE A2

TE RIS B B, o DRIE S 21 A0 a4 =
HARA 5, WER AN
u, =K, X +v, (8)
o Ko MRS (4) B8 MBI U6 S5 455 v 4 1
FEFFEE A Y R PR

T8 kxx s Oxx Fl Oy, , H il fE rank([xx, 6x]) =
p(p+1D/2+pro

PN ) (Exd| P K, :

[ vec(Py)

vec(Ki.1) ] - (r}rk)*‘ngk (9 )

K 1 : vee(P) Fil vee(K,. ) 3R 7 Ff 3K fif T0L, vee( + )3R
71N FEL 1] A, PR 2 E R Vi R D R B R R IE SE
fi#; Ip=[kxx —26XX(I®KZR)—26Xu(I®R)]y‘:7ﬂ7£
2 B ARG B ) = dxxvec(Q) N i AfE B,
Qi =0 +K/RK,.

iAW E SRR (9), HHIP - Pyl <
&, e AR/ IE SEHL, BRI A5 3 d5 It S 45t 1 4 1Y 3
UME Kot » TS BN ERACFHAT S 4L

R B RS, YRR oA B e R 15 25
Ko J5 . & G800 S5 8 25 25 WD IR 1Y Ko 5% 72 &



1846 b3 M2 it KR %% % ik

2025 4F

Ki o XN IEAR S0 R GE 45 i i A\ ey HE SR, Al
PRI JEE S A 242, W g - Bl A AE 128 Bl ad 72
KA EhE, LSRR R £ R R e
VFAFAERY o

PRIt , Ao fife ke v T 2 B 88 5 SR B TR, 3

N 35 Bl R K
, K.+ K _Kk+1_K0 it
K = 5 5 cos (Ts> (10)

e Ty = Ty = T, 9 550 Bl R B0 JR 9

B B R A A T RN 2 B s . T LLFR
B, ik o SR AL, BT R B B eR EOM T = A
PR KT T A S Y T 2R, () B S I A AR I ]
[Ty, T ] 1B P9 P90 B30 8 P 3030 ) e 0 Bt 494

.
fit Kie1

K2 e £

Fig.2 Soft auxiliary function curves

2, R LR, A SO 101C % i
MR .

M\ VIR I 5 35 Ko, AU QAT R, BI{H &, 5
TR v,

1. AR I 28 (W) 46 S 153 3 4 Ko AR e P v,
BEE ML A BYW] 45 BT 45 , (8] 3 B R0 R i R 58
i AN ueo 2 N5 HLEE AN TF R3S HJF 19 [0, (]I (8]
W R GRS e, 6, fufi B, UK R G A uff
Bo R B0 15 B ST A6 M ko . Oxx Rl s EL
N BN R

2. M (9), Kl PRI K,,

3.8 k—k+1, EEATE 2, HE P -Pll<
eMlk.

4. UKoy A 3R S D042 T SRS

5. FESE] (2,0 + T, B (10), SRKECHT R4
Bl RG0S 25 K, A5 S 0 1 4 1 3 1 AR
e ZE Ak

W LR A B £7 K, SR IBURAR I BT
45 M. BiFIK;,

3 A EFF R iR R RER
RS

TE5 2 749 B 58 mUAN R 52 B ) e i JE kL
I T BEHE— P 52 LN FRHIL AR N Y P 38 R A i

it. e, AT NTSMTC DA E AL &8 A RE IR
A F L BT, DA T AIL 2% A S BRiz 3
FEIH AP IR BHPT 4 i 85 T R BEALA TN
3.1 FHFRLIRBENTRERIESI LT

BLES AR 28 BAT: 55 & AR AE A = L3 ), i
Blds N A 4a i) & A= 8 5G9 25 (] vy, PR, Ml ATE
KB sl 5N
M(q)§+C(q,4)g+G(g)= T+ +T4 (11)
K. g, ¢, GeRFHIRHLE N SEBR T A
IR A BE MO TT A I B 5 M(q) € RN IE5E
PR BB HE B 5 C(q, ¢) € R HF [E L I HE B
G(g) e RN H Jy 1) & 5 Te RN 45 il % A 1 565
Text = J " foxe € RONHEAE N DU G HLES AAE T 25 0]
M AZH. J); 7 € REW AR T4 I 1 &, HARIX
llTall <774

3 3 30558 B2 S IR A BB 0 e, e 4R OGS
25 [] o A BHATC I g, 03T oA s R AR P RS A
BT L q IR ER g, P38 i 1E 8 B2 S LA A
B SEBRV B xR EE x, o

Sy S R A A S SR A R
WZENe=q, —q, BEREFRZETNE L Hé=¢,-¢.
RAEALAS AR 3 1507 7 (1), 7] LAS 3
¢=M;" ()7~ Co(q.9)9 = Go(@) + Tex +Ta) =G (12)

AR AR T R S A7 B R B 1R 2 R R R R R 22,
BTN AE A S 28 i T A T
s=é+ e+ ¢(e) (13)
K A, =diag(A0,-+-, ;). 7 = 1,2, R IEE BT A4
s ple) = [ple(1)), -+, le(n)]" g 55 T BRER TR 22 1Y PR
#, BT LLRAR N

. e(i)’” R; = O5kR; # 0,le(i)| > p
@le(d)) = . . . .

oe(i) + oye(i) sign(e(i)) R; #0,le(d)| < u

(14)

K s R = e() + Ae(i) + e(D) (i = 1, ,n); uhy 22
% /N TF B B af b IE B4R, Ho 1/2<bla<1;
o1 =Q2=bla’’*", oy =(bla—-1Du"*?; sign( )RR
75 HREL.

e A, XA T (13) $E TR S, 0T A
§=é+/llé+/12(i7(e,é) ( 15)

Hal (12) IRARIK (15) 15
§ = M (q)(T—Co(q,4)q — Go(q) + Tex + Ta)—

G+ e+ (e é) (16)

P, Bt



5 6 ]

T = Tog + Tow = M(§, — A€ — (e, €))+

Co(q,9)q +Go(q) — Texe — M(ysign(s) +Bs)  (17)
e o, AR I o, DR D B
P 7
3.2 FREMIERR

EH 1 FEAEL RS (1), BB (13)
Al (17) BVERTR, HLas A 2 Go BT iR i
TR RETEA BRI IS =%

TEBH o SN 2R K R A

1
VzisTs (18)

X (18) sk 545
V(s)=s[é+é+de.é)] =s[M;' (q)(—Coq,§)q-
Gy(Q) +Teu+T) — G+ Aié+ Ld(e,é)]  (19)
BERE a7 1A (19) 5
V = sT(—nsign(s) — Bs + 14) <
sT(—nsign(s) +14) < —p|ls|| < —pV'"? (20)
R p=n-|rdl >0,
VIR B ZR A8 8 V(0), B 6 R WSt ], )
V() =0, %= (20) M 0 B Z1 5] ¢, BF 20 FH > 15

t vt) —dV
fo dr< o oyin (21)
A] AT St A Sy
f < 11/1/2(0) (22)
P

R B 2 V() # 0, ety 35 JE A1 53 28 b Vi A
SUENE BTN 1 + 1, IR, 21.=0,
MR, = 08kR; #0,]e(D)| > ufif, &
s=é+die+e" =0 (23)
Ly =e P K (23) 5 B — B 4 o O R
LR
dy a-b, _ a-b
@t WET

A (24)
i3 SR A — B o O R A
a V(0 4 2,
:/ll(a—b)ln( L )
M le(i)] > ult, X s 4 JE A7 5 2 v Vi 1L 1T A FR
1] A WS 5 Y Je ()| < i, e 78— T A5 T
et B as Bl 38 O B — A 3R A N B e,
le(i)| > p L BE BT, M T LA S 3 e 7E 87 5 28 i 1
BOTH 1A BR A ) S0 2%, B e (A IR B ) A2
REMS 1S 2 LRIIE
=8 (22) A= (25) ATN, 38 0 1 T A0 T AR T A
P il A, ML N RETEA B ERa) P BR B BH UL
W1 A EHR, AT LR A R R R

f (25)

XU, & B TR YR AN A B4 05 v 1847
Hsat( RS s Asign() o TR AT 7R N
1 z>0
sat(z) = {2/0 —9<z<0 (26)
-1 z< -0

4 iR

AT T ZIEFFALEE NS A R R R EH AR
BB 5, Hlas ANTEERE N DLAN T A E R T 58 1
PR R B BLIE (AT 55, AWLAE B Son BERINE 3
FIF7R o R 36k AR SC T 4 5 T 3R A A AR BT 9 A AL
P PAZ A5 T O 1 A R, 43 i o8 A0 B BT 4 1
i FI P PR R B A o AR AT IR . AR ER AR H
T Ry SR B A BEAT 285, A0 BT a0 R 3 0 B 33,
] B e /MR VN B TR & . SR 46 B A5 A L
PN SLBREE BRSBTS . 7E MATLAB/Simulink
rhHEAT 05 B, SR e Ak PERE SR g A, D AP K
9 0.01 s, ff BTl 1580

GIRGIN X, (YN

W]

3 NI H R A

Fig. 3 Human-robot physical interaction scenario
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Fig. 7 Desired trajectory tracking error acceleration
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Human-robot physical interaction control method based on
iterative optimal impedance
LIU Weirong , WEI Zifeng, JIN Zhenbing, MENG Jiahao, WANG Xingkun, ZHANG Haochen
(College of Electrical and Information Engineering, Lanzhou University of Technology, Lanzhou 730050, China)

Abstract: In order to improve the accuracy and compliance of human-robot physical interaction and achieve
optimal interaction performance, a human-robot physical interaction control method based on iterative optimal
impedance was proposed to solve the problem that iterative learning-based impedance control method needs to repeat
the same task many times. The proposed method draws on the mechanism by which iterative optimal control can
optimize cost function to determine optimal control input to the system without information of the system matrix. A
double-loop control structure was used for the proposed control method. An iterative optimal impedance controller
(IOIC) was designed for a task-oriented outer loop. The problem of determining optimal impedance parameters was
described as a linear quadratic regulator problem, which utilized iterative optimal control to find optimal feedback
gain and minimize cost function including tracking error and interaction force. Robot jitter caused by parameter
mutations was avoided by introducing soft auxiliary functions. A nonsingular terminal sliding mode trajectory
tracking controller (NTSMTC) was used in the inner loop of the robot to make the actual trajectory of the robot track
impedance trajectory output by the outer loop, and the chattering of control law was eliminated by saturation function.
Simulation results prove that the proposed method can obtain optimal impedance parameters only by using interactive
information in the initial stage of the task once in a human-robot collaborative task, so as to minimize the trajectory
tracking error and the force consumed by the human during the task.

Keywords: human-robot physical interaction; impedance control; trajectory tracking control; optimal control;

sliding mode control
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