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Abstract

In the identification of environment stiffness for teleoperated robots, traditional Recursive Least
Squares (RLS) under the Hunt-Crossley model encounters issues of singularity explosion at zero and
parameter coupling due to logarithmic linearization. This paper proposes an identification algo-
rithm that integrates LSTM temporal enhancement with sliding window energy-integral RLS (Inte-
gral-RLS). First, the LSTM network is used to preprocess force feedback signals containing noise,
improving the signal-to-noise ratio by approximately 15 dB under a 20 dB Gaussian white noise
environment, effectively preserving transient contact features. Second, an innovative energy-inte-
gral identification operator is constructed, transforming transient dynamic equations into macro-
scopic energy balance equations. The new algorithm reduces the identification oscillation ampli-
tude by about 85% compared to traditional RLS and shortens the convergence time to within 0.3
seconds. Finally, verification is carried out on the AUBO-E5 robotic arm platform. Experiments show
that the master-slave position tracking error decreases by 21% after enabling identification feed-
back, significantly enhancing the force transparency and interaction stability of the teleoperation
system.
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Figure 1. Structure of the LSTM unit
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Figure 2. Block diagram of the force-feedback principle
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Figure 3. RLS identification results
3.RLS #IR&ER
Table 1. RLS identification results under Gaussian white noise
%< 1.RLS ST HIRAE THHAER
ZH HSE i THE MAE AT iR 22
K 1986.9 1845.2 345.2 17.37%
n 1.20 1.12 0.115 9.58%
B 538 478.5 125.4 23.31%
Table 2. RLS identification results under impulsive noise
Fz 2. RLS BkAME A THHALE R
S HSE i THE MAE AT iR 22
K 1986.9 1724.5 5284 26.60%
n 1.20 1.06 0.175 14.58%
B 538 431.2 192.65 35.81%
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Figure 4. LSTM-Integral-RLS identification results
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Table 3. LSTM-Integral-RLS identification results under Gaussian white noise
%< 3. BHTEEAE T LSTM-Integral-RLS BI#FIRLE

e KA filitH{E MAE FXS R 22
K 1986.9 1986.6 5.12 0.26%
n 1.20 1.20 0.001 0.08%
B 538 537.9 1.85 0.34%
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Figure 5. Relative force error and mean force error for different values of n
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Figure 6. RLS identification results with all initial parameters increased by 30%
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Figure 7. LSTM-Integral-RLS identification results with all initial parameters increased by 30%
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Figure 8. AUBO-ES robotic arm experimental platform
[ 8. AUBO-ES #li &Ll &
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DA A s P R (VNI R AN S LS P (B Lz se WAl A U 2 P 42 STV RN iy SN
ARFR AR Xy Y XU ERAR S R bz s e B, i RGUBERITEAR AR, Al 9 AN 10 .

w1 94 14 10 TR, WU AAARAE S AR IL, B S5 N FERER 7 5170 3 [ 22 0.263 # )¢ 0.356 75
R LIS, BIZI S4RE Sl U mE RS, HAMKENRESARELTHE. KRk
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Figure 9. Tracking performance in the y direction
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Figure 10. Tracking performance in the x direction
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3.3. WHESHT

FEH A FEAE MRS 3000 1 AP XA A, 3261+ mar s Em G R 7B ST EUE: WS
RT3 A AL T 13 R X 2%, HL IR Bl AR I R DS RO 0 BT AT > I e B /2 1 SRt 28 P (K R AZAT 9
Erh TRIFEZ BN Zh A IREAERE, RN K H M RLS 57 E A TF N e iR RITE 3, BT i
LRI . OGN TIN5 2 AR R RIR & 500, LRI 58 R R0 3 AR S0 R 2 1k 18 B A A
BRREVERE AN L s BRI & 2L )
P 2= B Je R B HS, A%4t RLS 3SR I vl HL R (40 7 B BRIE, TR o B0 U 400
TS, DITOAE S LI 8] 7 A AR I T2, ARG 1 B A BR B P

N1 BB A S A BB IR AR P A R, AEESEHLE NP & BT T EERER S

ERFEE, B RS VA A THELAR B RV Bl R A M 26 40

FRELSES, BEALGIHEIR AR 5 Fir.

Table 5. Comparison of master-slave tracking and virtual force-reproduction errors for the teleoperation robot

5. EBRENS AT ARESEMDBINREX

DA E AR S RAR LI RLS Integral-RLS Pk RESE T
KA iR 2 425 3.10 27.06%
57 B BRI (mm) PIJYET IR 7 1.86 1.47 21.00%
YRR 2 2.15 1.68 21.86%
B NR 2 8.50 1.85 78.24%
JEL ST FRIL(N) R L R 2 3.95 0.65 83.54%
BT R %= 4.42 0.78 82.35%
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