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Abstract: This paper proposes an adaptive hybrid position/force control algorithm based on time delay
control. The purpose is to improve the accuracy of position and force in uncertain environments. In position
control subsystem, time delay control which does not depend on the system model is employed to cancel all
the nonlinear terms in the robotic system. An adaptive gain is introduced to reduce the time delay estima-
tion error in uncertain environments. In force control subsystem, the unknown environmental parameters
were identified online by the recursive least squares algorithm, and the contact force between the end-effect-
or and environments was obtained. The stability of the system is analyzed via Lyapunov function, and the
effectiveness of the proposed control algorithm is verified by simulations. The proposed control algorithm is
adaptable to uncertain environments and can ensure the accuracy of simultaneous position and force track-

ing of the end-effector. The position error is about 0.016 m and the force error is about 0.034 N.
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2.1 (EEHTFRERI
2.1.1 #% TDC

&455 1) TDC | F TDE W 4R 48 it 17 SR H1K 11
ARJNB g2 AHAB I, o 28 G e 7 A4 i g A
KBS

123 (2) B F 5T —>1EE X A R0 4
e M

F,=M{+S, (3)

o,
Sn=[M(q)- M1j+C(q.§)§+G(g)+F(§)+{(t) (4
HEFE IS S, AR A2 4% FLMELA TS, PR R
IHEEAG T (TDE) R ARIBCE il THE
Sn~ 8, = Sut-1) = Fpa-1)— M1, (5
Horp, LR GERF ], 24 L2 5/ TDE(S) 7] LA
BT HAG TS, — MG BT LR8N — Bk A
], R ARG — L) M TR Z J5 A {E .



54 FFEAE S T IR R AL &R B G NIR S O 8 S ih] 69

SR, TESLPRIE L2 =40 TDE 1%22
£=8,-8,=8,-Sns1 (6)
B2 (5). & 6) 1A 3) AT LI1H 3 TDC &
/(1N
Fp:Fp(t—L)_MQ(t—L)+M(qd+KDé+KPe) 7
Hre=qi~q.¢=Ga—q. ¢=G§a—G; g+ Ga- Gao
B RS N AR S A7 B L
Kp MK p 2 1E % B9 S e 25 FE R
25 ) —=N (7). MIRsh S22 H

é+Kpe+Ke=M'e (8
TDC MA@ PEA 2 Oy
[I-M"(gM|<1 (9

26 4 ER (9) i), TDE i 2%t (6) H AL
2,12 AiEF¥H TDC &3

L GE %) TDC — R FHE 2 34 25 M, 53X -3 25
R A R AT BE B . SR AE R AR S
BORNTHE RSO0 T, SR FE E 3 25 7T e 23 52 R ER
PERE, HE SR AREARE: A/NYHEE ST
SRR B A2 s T K R 1 15 T BE & S BUR
M N o b T —A @ 3& I3 £5 TDC(adaptive
TDC, ATDC) 4 i 47 il 4 BE o

B LA Y R

sZétae (10

Hra e ROIpRERIESE

WA R3] Sy 27X (8) AT LS M T B

S+as=M'e an
A= (10) ML (11) A5
é+2aé+a’e=M e a2

# (8). 2 (12) XKD = 2a, Kp = @2
FTLL 2t (7) 7T AT B i I
F,=F )~ M)+ MGy +2aé+a’e) (13)
Ja T /NS A FRE 8 i 1) TDE 1522,
SR R Bl FR AR 2 P S
Ajii::Bii(Hi(si)+6si2),Mii>Mﬁ (14)
M;; = M7, HAth
SO Hi(s) = 552, FRRRASATER: Tl
oI B £ 4 B 5 A TE R L B b e M
I TR 25 08— AN 25/ IE BBG M
My R, & — AN ERRL, Mk

S SR A 25

X4 TDE 1% 225K (6) ¥ K AT, =X (10) 13 3
AR K, TR (14) FFHAE K, B0, BT
DA MG R 0, 1005 N80 N B B M M. 2458254
FEES/MERT, s 200N, SECEAGE N, DT
T DRI, SR 3 I E

= (14) TR, X (13) M A&
R (14) 159 80 1 MT LB A T4 3h i
SE R BN (s), FTLLEE (13) 7T LIk 2t F 2t

Fp=F 1)~ M(8)—1) + M(s) (g +2a¢ +ae) (15)

22 HiEHlFRZRIT
TAEZ R IS SRR T
x=k(q) (16D
P x e RORIRAL A AA5AE &5 10 R I PAAT S 7E
TAEZS [ B 0] 6 kR BLas A B OGS 25 ]
T AREZS [ Z (R SR DG AR
TAEZS (Al s B Ron

x=Jq an
AR v FU AR R T2 N
_Ox _ 0k(q)
J= 90" o4 (18)
TAEZS AP B s R n an R
¥=Jj+Jq (19)

B T AR 25 8] 0 A 25 (8] AL A K i
PRAT A5 R B 4 fh 1A 5714072 1] w 24 2 [ M- 3058
FE fn T A DI A DI 18] Cm — vOZE2S 8] PRI, A7 )
x & TARZS ] Al DL

xz[ x’] (20)

Xn
AP x e RTVNAE [ B B VT 1] 7085 x, e RZUA
A AR I i RS A PR R A A
ML ANA S A T -5 PR 42 A 1 P LR R

A, si i
/lz[’lT ]z @4 sign () QD
Ay K, (x,-x.)

s AR AR T RS ok T 1 Ak g 5 Ak T
TP B i A 422 Mok 07 5 KR PRI WIS 5 w0 DR 422
fil TR P19 B8 488 3R 00 e ol R St AUA 7 488 1 U0 1] 3 B o)
L xR PR 0

P T 2358 11 NI 8 K AR ST A5 45 B e, 308 5 S R R
(1, 1 K i 4/ N AR TEL A . 8
e fre /N I AN T BT B I AR, s nT LS B



70 PR AR 2023 4F
EY IOl ¥ S ~ =
SR AT AT, ECSAGR E h v Lo, 1 ( e M_) (o7
% 2B
@ =x,— %, (22) Vs = KX()R(1) (28)
Horr g X PR B xS T XV R G A1
PR RN RSN T V=Vi+V, (29)
UK = [ [~ K| dr (3 IUPHVRkERE
. 12
Horfr, R, R AT Vissist gM 30
h T A (23) H/ M THE, 38 =l (11) Fi=X (14) FOASL (30) AT AR
LI\ — S v S b B S 2 . -1
Tﬁm/l\ji%/iﬁﬁé%éﬁﬁ%ﬁiﬁfrﬂnT Vi—— B+ M e—s§+85 =
K. =nR(0)e(1)y (1) -1 -1
Q4 2, 2, o 2| _

{ R() = (OR©) ~ R 0(1) hrsM 8‘(‘ﬁs HoM et os ]‘
X RO VIR EH R XN RO) > 05 (1) = A~ -85 <0 3D
RoCey— &) J0 T B0 T BT 7 16 1 1000 1 2% YRS

V) = 2K, (0K, ()R(1) + K2(t)R(7) (32)

R IEH LG 0 < py (1) < THI0 < po (1) < 2 WALTE
H=X (15) Fi=k 24) AL ), il e 2]
PDE R IER
T :Fp(t—L) - 1‘:4@([_@ + A:l(s) (qd +2e + aze) +
/ln i 'T
(i) sign (i) } 25
Ke (xn _fe)

3 REMDHM

FH 1 S5RHMAT LM ARG (1) Z A
I8 WV £ TDC(15), 3 1 fie /N 3 7k (24) 4R
() 5L F TDC /W [ & N 1R A O B/ 8 il 48 (25)
MVERL, IR SRR E 1

TEHA 355 A3 R bR AL

e Miro i) ek
V= 2s s+ﬂ(M M_)+Ke(t)R(t)

JT(!I)[

(26)

o, Mg MG TR, FRAM - M >0, BRIEE N

H (22) Pt (24) 1RAS (32), T4
V2 = 2K (OROK(0) + K2(0) [11 (OR() - o (OR(0@* (1) =

=22 (OR®) - i1 (VKX OR®) + 112 () y*(OR(D) )
33

HFAERX 24 PELHO <m® <2, Hu(Hk?
(OR@ >0, I PIFHE] V, <0, IV =V, +V, <
0, EFE 1 F531F .

4 {FE¥E

K HIE 2 Fr 14 2-DOF HL#s A it 47405 2L,
FESHOLER 1, Hah 2R ik,

X FRHERE, IT LAV 2 IERE
/ﬁ\: e
B2 PIEMFPLEEA
Fig. 2 Two-link robot model
mar2 + (my +my) r* + 2rr cos Mar% + marry cos
M:[ 23(1 2) ] +2rirycos(q2) 2§ 27172 (6]2)] (34)
mary +marir2cos(qz) mary
B . 3 4 )si
C:[ mzrlr.zqz'cos(qz) marir2 (41 +¢2)sin(q2) } (35)
myr1raq sin(qn) 0
+ co +
G:[ (my +my)rigcos(qi @)} (36)
myrygcos(qr +qn)
F =0.02sin(g) 37



5 4 3 FFEAE S T IR R AL &R B G NIR S O 8 S ih] 71

_[ —risin(gqi) —r2sin(q1 —q2)  r2sin(q1 —q2) ] (38)
—r1cos(q1) +racos(q1 —q2) —ra2cos(q1—q2)
()= [ 0.2 sin(¢) + 0.5 sin(200mt), cos(2f) + 0.5 sin(200xt) ] (39)

® 1 PHEFFHLES A0 K25

Tab. 1 Simulation parameters of two-link robot
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Tab. 2 Quantitative comparison of position and force tracking
errors
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