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Abstract

To address the degradation of tracking accuracy and the increase in contact force peaks of a six-
degree-of-freedom (6-DOF) Stewart platform during arbitrary fixed normal unilateral contact tasks,
an admittance-extended state observer (ESO)-based fixed-time sliding mode composite control method
is proposed. The outer-loop admittance controller converts the normal force error into pose correc-
tions, while the inner-loop fixed-time sliding mode controller tracks the modified reference trajec-
tory. The extended state observer (ESO) estimates the lumped disturbances in the acceleration do-
main and provides feedforward compensation. Considering the reconstruction of small errors and
observation residuals, the convergence property is established as practical convergence within a
neighborhood of the equilibrium point. Within a unified MATLAB simulation framework, the pro-
posed method is compared with proportional-derivative (PD) control, conventional sliding mode
control (SMC), and fixed-time sliding mode control without ESO (FT-SMC) under free-space motion,
external disturbances, contact conditions, and parameter uncertainties. The results demonstrate that
the proposed method achieves the lowest RMSE in the z-direction among the four methods under
external disturbances and parameter mismatch conditions, where the moving platform mass, ro-
tational inertia, and limb masses are simultaneously increased by 10%. For the nominal contact
condition, the peak contact force is reduced from 101.85 N obtained by the PD plus admittance
controller to 71.76 N, and the mean absolute force error over the final 0.5 s approaches zero. The
FT-SMC-based methods mainly contribute to reducing contact force peaks, whereas the ESO pri-
marily improves tracking accuracy under external disturbances and platform parameter mis-
matches.
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Figure 1. Coordinate-system definition of the 6-DOF Stewart platform
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Figure 2. Block diagram of the admittance coupled ESO-FTSMC control framework
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Table 1. Nominal platform parameters
= 1. BIREESH

24 A
T B ¥R 0.275 m
RS S 0.250 m
HhA s 0.586 m
276 mp 100 kg
R diag (50, 50, 100) kg-m?
ST E (R AK) 30kg
i 9.81 m/s?
Table 2. Controller parameters
%= 2. EHISEEH
ZH g
PD, Kp diag (420, 420, 2500, 3800, 68000, 18200)
PD, Ky diag (330, 280, 620, 260, 2600, 360)

SMC, i
SMC, i I
FT-SMC, 7Bt
FT-SMC, #airfi

ESO, 7 it

A=161,
K=3l,, ¢=0.01
k=4, k,=32, m=12, m,=0.75, 7=107
¢, =20, c,=16, y=16, n, =06, k=10
w, =30, (B, P, B;)=(90,2700,27000)

Table 3. Contact and admittance parameters

=3 EMESSMEH

24
FRFREEAm 25, ker Ce
RECHEAD 252, Kear Cea
H#5 77 Fa
FYIFE Md
FYH)E Bd
SYINIE Ka
LRI fAB IE FIR
LIfHE B IE EIR
FRFREEA 2s,ke,Co

HE
0.590 m, 2.0 x 10*N/m, 120 N-s/m
0.5905 m, 2.8 x 10* N/m, 80 N-s/m
50N
diag (4.5, 4.5, 5.0, 0.28, 0.28, 0.24)
diag (320, 320, 360, 26, 26, 18)
diag (900, 1100, 1400, 18, 18, 8)
[4, 32, 10] mm; [3.5, 3.5, 28]°
[0.010, 0.012, 0.012] m/s; [3, 3, 10] */s
0.590 m, 2.0 x 10*N/m, 120 N-s/m
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(a) Rejection of the -200 N disturbance (5--7 s)
T T

(b) +10% mass, inertia, and leg-mass parameters
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Figure 3. Zs-direction tracking errors under external disturbance and platform parameter uncertainties: (a) —200 N disturbance;
(b) 10% increases in platform mass, moment of inertia and limb mass
3. NI S FASHAHEM TR Zs EIREFIRE: (2) —200 N SMNERILED; (b) FER=E. HNRENTiERE

10 10%

Table 4. Tracking and actuation metrics for disturbance rejection and plant-parameter uncertainty

F 4. HplH 5 F S B HE L PRIRES IR NIER

ZsH

LR G

WG

T Atk RMSE/m RMSE/m RMSE/rad wARFBIREM  max|q)/N
E2 4hk PD 2.586e—04 2.613e—04 2.535e—09 9.098e—04 465.33
E2 4h4k SMC 8.921e-05 9.131e-05 8.470e—09 2.866e—04 467.36
E2 4h4k FT-SMC 1.792e-04 1.806e—04 2.718e-07 5.731e—04 469.00
E2 4Mh ESO-FTSMC  3.389¢-05 4.014e-05 2.718e—07 3.897¢—04 470.26
E4 Z% +10% PD 9.053e—04 9.053e—04 3.973e-08 9.202e-04 407.40
E4 250 +10% sMC 2.867e-04 2.867e-04 5.087e—08 2.875e-04 407.35
E4 B4 +10% FT-SMC 5.736e—04 5.736e—04 1.436e—08 5.796e—04 407.37
E4 % +10%  ESO-FTSMC  2.472e05 2.472e-05 1.007e-08 3.964e—04 407.57

5.3. FRFRIERESIIETS

P50 3 sl yma R WL 4, $8ARILEE 5. A% PD+ §45, SMC. FT-SMC Al ESO-FTSMC 4
E P64 1 101.85 N 4% 79.85. 71.16 Al 71.76 N, J& Wi (408 %1°A 30%. ESO-FTSMC 1% 0.5 s
SPILENT J1iRZE N 3.888 x 108N, TEARFRIEAL FIABIEEASRE . 7 BRI 5 N IR 5 B i A A O
ESO it — PR N I Fa S ik 7% .
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(a) Nominal contact model: full 15 s response (b) Contact transient (0--2 s)
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Figure 4. Task-frame Zs-direction contact force under nominal contact: (a) full time history; (b) contact transient

B 4. FRARIEM T ESLIRR Zs @M (2) 2EHE; (b) EMERTS

Table 5. Contact-force regulation metrics under nominal and mismatched conditions

5. FRFR S KECHEM T IR

T.0 P &% W IIN K055 7 MAEN =1 N iR A/ max|zl/N
Pl PD+ F:44 101.85 0.298 1.11 592.35
B SMC + 4 79.85 0.094 0.58 424.29
PR i FT-SMC + S 71.16 0.076 0.38 486.28
PR ESO-FTSMC + ‘344 71.76 3.888e—08 0.40 486.28
Feflh e PD+ 544 133.86 0.020 1.48 592.35
Fefilh e SMC + 544 98.27 0.190 0.78 424.29
Fefil e FT-SMC + 44 85.90 0.207 0.52 486.28
Fefih ST ESO-FTSMC + 544 86.81 0.286 0.61 486.28

5.4, ¥EfMS K

T L 3b 1, FT-SMC # ESO-FTSMC HJUE{E /343524 85.90 N #1 86.81 N, ¥{ikT- PD 1] 133.86 N
FTSMC 1] 98.27 N (14 5 14 5), REHHAEARA KIS E T U Re b | e bt S 0 . {2 ESO-FTSMC
1A 0.5s 71 MAE /3 0.286 N, T PD [#) 0.020 N, ASGEHE M FRE R AL RS J1kE B B Al .

ZAa SR AT B SANINA E SR AR BN IR R A AR SME IEE N3 F..=50.286 N,
5 ESO-FTSMC 1] 0.286 N KBt 2 —3; %W 2 HH Kq, = 1400 N/m. Kea = 2.8 x 10* N/m /% z;, = 0.5905
m FFERE, FFAE ESO %20, PD &K 0.5 £1-2.29 x 107 m K Zs [7] N PR EREEAE 25 30 0300 1 _Hik S auEs
A7, BN AR B R 2 FEA B B4 R B R M S HUR LS.
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(a) Contact-model mismatch: full 15 s response
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(b) Contact transient (0--2 s)
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Figure 5. Task-frame Zs-direction contact force under contact-parameter mismatch: (a) full time history; (b) contact transient

5 EMSHAR TESYLIRR ZsEIEMA: () £FE; (b) EMERTS

5.5. ESO E#EV M

P 6 f14% 6 ELik ESO 25 =R 23 5 HUEM R M iE L B8l . z IBIE WGk 5 B R 4t 2 i
5.6998 m/s? [& 2 3.8470 m/s?, {HILAEIE RMSE K —& FF%, HUILZE RAGCRHRUNS S5 EE8S%
B — BV, AR sh BRI
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Figure 6. Direct six-channel ESO comparison over the full and post-initialization windows
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Table 6. Dual-window ESO error metrics for six channels
Fz 6. ESO 7NBIEWE OiREER

i W4y A B A B ENINIZE TN t>05s t>05s t>05s %
RMSE MAE AN iR RMSE MAE Refaxiz 2

X m/s? 1.3051 1.1388 2.0309 1.3238 1.1651 2.0309

y m/s2 1.3051 1.1388 2.0309 1.3238 1.1651 2.0309

z m/s? 2.2069 1.9357 5.6998 2.1692 1.9103 3.8470

o rad/s? 1.3054 1.1387 2.0221 1.3242 1.1651 2.0221

B rad/s? 1.0868 0.9376 1.6210 1.1013 0.9571 1.6210

y rad/s? 1.3082 1.1406 2.0220 1.3278 1.1683 2.0220

6. L&RIF

ARSCERXS N B BB Stewart & (94T &1 52 v ) B0 B2 Ak R, MR VRAL T S ARG ESO-
FTSMC E A HIMESE . BUHIGUEBUT SR R ZS i SRR R Z FiE A AR T SR TR
TEAROTZAEIE, 7 BUR IR FT-SMC WA EREAME IE S, ESO {11 JF Atz hnist B s 4E m s zh . %
FE/INRZE FEA R ESO R ZE, ASOR USSR T8 S A BRI 1) 52 FH S

FEHUELE LT

1) Frfr&Efbt, FT-SMC Al ESO-FTSMC #Ug{f /1 PD + 34411 101.85 N [#% 71.16 N 1 71.76
N; ESO-FTSMC [f1K 0.5 s “FI4axt /7% %4 3.89 x 108 N.

2) HMSHURILRS, FT-SMC il ESO-FTSMC FIUE{E J1/5{i T PD/SMC 24k, {H ESO-FTSMC K
0.5s /1% 0.286 N, Ik, ZimZ £ i E FHSEE Lhrdfl S HaL R e .

3) AMEAEESHURRL T H, ESO-FTSMC ) #5454 RMSE #1i(%;: A& ESO ) FT-SMC
K—HULT SMC, RWKEFEEE ESO FMEAH K.

4) 100 Hz 295K ESO MU P FI S UM /3 B 3R B . B85 PD 7R K T T ARl R 200K
TR i R R R 2 AR 2 B 8 K e (L BRC UR PR B iR 22, H 2 R ma IR 4R LR S0 ; ESO
22 ] FL A &3 E RMSE R — 30 .

AWK ABEGE, WMAREEFEA S SLI0 0. Rk, B34 A T UL 45 e 50
B P SO 2 A N S4B ik AR RS, ASBEE N LS P G40 BREFREE . Befih 2 4 M ak
TARER SR BRSNS . 100 Hz 290N SR 18 7S BEHE D) HEDJ A2 A ATRE R — AT 2%
A, EARERE B RGP L RS . B REIR . S5 rE. ST IRIBR A BN . AL
B S J5 4 T AR B

JE B LA AR TR TR B L IO A R A AR 0 S 4R FLRE R, e AW APAT BRI H, TR
SHUREC N )TN S S, R A SIS I S L e A Ve SRR I A .
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