Wa6 % oM 2/ M Fx % W Vol. 46 No. 9
2025 49 H Chinese Journal of Scientific Instrument Sep. 2025

DOLI: 10. 19650/j. cnki. ¢jsi. J2514256

—MAFEREMESREFRHITERER MB-PSO EiE™

ER ZER AW & OAF? kA
(L VTIHEFREN H b RSS2 F BRI R ITABRAR # 215000;5
2. RNBH R T S5E B TR 90 21500053, ZR N KEHLHL TR 250 215000)

T E R EN A G R TRE GUORGE RS, B R REAS S B T G 38 R AL, SR, FEHL P &
UK BN [ R A AR LR M AR P T 29 T AR SO AR R B R B X DA KBRS R R . 7L R T xR
B SHCHATRE BRSO BT BR RS B2 (OGS, S XEGURF R BN 2 4 B 2 RV R S0 LA SR T4 ) o T A
B I B 38t — T 25 DU 34 PSO MBS OHRE . 158, ZE T IEXTFR Bouc-Wen AERIEE ST Bt RALR M AL LR M R 5
Bl ) A R B ML SR PSO SRS BHHREE R 0T, 51 AR A THLHIF A& DL 4k 1547 )= 348 22 45 3] MB-PSO
Bk, B RIE G PR E LS A RIS AL, T RIEEAA 3 i35 PSO s E v: 220t b B B T4 L
B, SR 45 S R MB-PSO REME S B0 sl 3N HIAE 12. 3% LI, dE—2 1, M PPl T vk fe 4R AR i B ARG i 5 e H 2
AL BT BRERRGE BE A S50 R T T ARV R A BE ) 5 S0k MR X L, DRSS W, BE T MB-PSO B Ay a8 Vs A 5 d;
KABARZENH 6. 871 nm, 51 ATZIRHEALIY (19 400 PR R4 ] B4 B0 BR R IR 22 W € 0. 976 nm LAPY , SE3 T 4K G4 IR kG
T, 0 L SE v 5 2R 8 S PR 5 o X B Sl

KEIW . RTINS L EN G5 BT RER 1  Boue-Wen #EHY , BLalk IR ¢

hEHEKS . THS9 TP242 MHFRIREE: A EXRREFRISERE: 510.80

A MB-PSO algorithm for atomic-level trajectory tracking of a piezoelectric
positioning platform

Jiang Jiankang' ,Meng Siyuan',Cai Yalan'?, Ju Qian"?, Ru Changhai'”’

(1. Institute of Micro-Nano Automation System and Equipment Technology of JITRI,Suzhou 215000, China;
2. School of Electronic and Information Engineering, Suzhou University of Science and Technology ,Suzhou 215000, China;
3. School of Mechanical and Electrical Engineering, Soochow University ,Suzhou 215000, China)

Abstract: The cross-scale piezoelectric positioning platform, with its millimeter-scale travel range and nanometer-level positioning
accuracy, is considered a core component for enabling atomic-scale manufacturing systems. However, the inherent hysteresis nonlinear
characteristics of piezoelectric ceramic actuators severely restrict their trajectory tracking accuracy under micro-positioning mode, making
it difficult to meet the sub-nanometer precision requirements. In this context, the precise identification of hysteresis model parameters
becomes a crucial step in improving tracking accuracy. To address the issue that traditional particle swarm optimization struggles to
obtain the global optimal solution for identifying multi-dimensional complex hysteresis model parameters, a multi-modal Bayesian
optimization PSO parameter identification algorithm is proposed. First, a system dynamics model capable of characterizing hysteresis
nonlinearity is formulated based on the asymmetric Bouc-Wen model. Then, based on the analysis of the parameter identification results
of the traditional PSO algorithm, a modal division mechanism is introduced, and Bayesian optimization is integrated for local search. In
this way, the MB-PSO algorithm is developed. This is intended to overcome the limitations of traditional identification algorithms, such
as being easily trapped in local optima. To evaluate the effectiveness of the proposed algorithm, a comparative experiment is implemented

against PSO, the genetic algorithm, and the differential evolution algorithm. The experimental results show that the parameter fluctuation
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under MB-PSO is suppressed to within 12.3%. Furthermore, to evaluate the efficacy of the algorithm in improving both hysteresis

modeling accuracy and trajectory tracking performance of the piezoelectric positioning platform, comparative tests on hysteresis

characterization and trajectory tracking accuracy are carried out. The results show that the maximum displacement error of the hysteresis

model identified by MB-PSO is limited to 6. 871 nm, and the trajectory tracking error, when incorporating this model into the control

system, is reduced to within 0. 976 nm, achieving sub-nanometer tracking accuracy. The foundation is laid by this work for atomic-level

manufacturing to be achieved with piezoelectric positioning platform systems.

Keywords : atomic-level manufacturing; piezoelectric positioning platform; particle swarm optimization; Bouc-Wen model; trajectory

tracking
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Fig. 1  Cross-scale piezoelectric positioning platform
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Fig.2  Cross-scale piezoelectric positioning platform
dynamics model
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Fig.3 Performance testing system
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Fig.4 Hysteresis characteristics test
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Table 1 PSO identification results
S8 1 2 3 4 5 6 7 8 9 10
m 0.128 3 0.086 9 0.1125 0.094 1 0.107 6 0.1321 0.089 7 0.1153 0.101 2 0.105 7
¢ 1580 1 620 1 540 1590 1570 1610 1550 1 600 1 560 1580
k 24 500 23 800 24 100 23 950 24 200 24 600 23 700 24 300 24 000 24 200
d 0.021 0.019 0.023 0.02 0.022 0.024 0.018 0.021 0.02 0.022
e 0.032 0.028 0.035 0.03 0.033 0.036 0.027 0.034 0.031 0.032
b% 0.12 0.11 0.13 0.12 0.14 0.15 0.10 0.13 0.12 0.13
[ 0.45 0.43 0. 47 0. 44 0.46 0. 48 0.42 0. 45 0.43 0. 44
(23 -0.08 -0.07 -0.09 -0.08 -0.09 -0.10 -0.06 -0.08 -0.07 -0.08
@3 0.17 0.15 0.19 0.16 0.18 0.20 0.14 0.17 0.16 0.17
RMSE/nm 87 92 85 88 86 84 93 87 89 88
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Table 2 Parameter evaluation

¥ HiH bRz Wsh/ % BUREIEE
m 0.107 3 0.015 2 42.11 0.12
c 1 580 25.8199 5.06 0.08
k 24135 286.792 6 3.73 0.21
d 0.021 0 0.001 8 28.57 0.15
a 0.0318 0.002 9 28.30 0.18
¥ 0.1250 0.014 3 40. 00 0.16
g 0.447 0 0.018 9 13.42 0.07
@ -0.081 0 0.011 6 13. 60 0.05
@3 0.169 0 0.017 9 35.50 0.03
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Table 3 PSO identification results

ZHL m ¢ k d a 0% @ @, ®;
m 1.00 0.12 0.08 0. 15 0.05 0.03 0. 10 0.07 0.02
c 0.12 1.00 0.25 0.18 0.31 0.22 0. 14 0. 09 0.11
k 0.08 0.25 1.00 0.42 0.17 0.38 0.21 0.15 0.23
d 0.15 0.18 0.42 1.00 0.55 0. 47 0.33 0.28 0.19
@ 0.05 0.31 0.17 0.55 1.00 0. 62 0. 41 0.37 0.25
y 0.03 0.22 0.38 0.47 0. 62 1.00 0.58 0. 44 0.39

@ 0.10 0.14 0.21 0.33 0. 41 0.58 1.00 0. 67 0.52
©, 0.07 0.09 0.15 0.28 0.37 0. 44 0. 67 1.00 0. 48
@; 0.02 0.11 0.23 0.19 0.25 0.39 0.52 0. 48 1.00
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Fig. 6 MB-PSO algorithm flowchart
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Table 4 Comparison of identification results
P MB-PSO PSO GA DEA
' N W/ % SR WeshR/ % EE S e/ % EE S PR/ %
m 0. 124+0. 005 12. 30 0. 108+0. 015 42.11 0. 128+0. 025 19. 865 0. 108+0. 018 16. 462
¢ 1 438+10. 964 3.20 1 580+25. 820 5.06 1 331+366. 857 27.548 1 542+22.735 14.74
k 28 490+130. 259 2.10 24 135+286.793 3.73 25 209+6 561.199  26.02 24 108+199. 939 8.29
d 0. 034+0. 001 9.80 0. 021+0. 002 28.57 0. 012+0. 004 54.42 0. 018+0. 003 33.81
e 0.012+0. 001 7.50 0. 032+0. 003 28.30 0.034+0.011 32.71 0. 026+0. 007 17.75
b% 0. 084+0. 004 3.50 0. 125+0. 014 40. 00 0. 127+0. 039 60. 81 0. 131+0. 022 56. 42
[ 0. 284+0. 005 4.20 0. 447+0. 019 13.42 0.362+0. 114 31.56 0. 462+0. 022 18. 64
@ -0. 178+0. 006 2.80 -0.081+0. 012 13. 60 -0.103+0. 018 27.96 -0.100+0. 014 21. 62
[ 0. 590+0. 009 5.10 0.169+0. 018 35.50 0. 087+0. 013 25.33 0. 141+0. 002 20. 18
3.2 RWERMERENWIE #5 RHRAERNILL
Sy B3I A% SC 2 H B MB-PSO 22 15 % JE % FR Bouc- Table 5 Comparison of hysteresis
Wen AR RALGE 7 AU TSR B 4 P L HHR T characterization capabilities (nm)
HBH IIRATEATR Boue-Wen BURFHATH 2L, L pigs  ASHEE  WB-PSO PsO GA DEA
WK 5 LA (] 4 (b)) HEATHS L, 45 2R Wikl 7 Cma 6. 871 89.878 131.479  128.394
IR o G A % B X L R RRADL S 15 S 0 7 75 1] RSME 3.623 49.313 72.911 69.819
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Fig.7 Hysteresis simulation curve
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gL R W], MB-PSO 53k REAS . 3 2 T+ X FK Bouc-
Wen BERIR i RAERE J1, HT MB-PSO HHRAG B X}
& Bouc-Wen f5%If¥ e A1 6.871 nm,RMSE “# 3. 623 nm,
H AR R 2 10 nm DUF, M T 3 PG G Bk
Pl GBS PSO, Hoe #2F+ T 92.36% , RMSE # 7 T
92.65% , ZLERIT/HUE T MB-PSO RJ A5 R4 3 5% - X A
Bouc-Wen =7 IR i AL RE
3.3 HUBRERIEFIIEIE

NIRRT A B E T R T EXTFR Bouc-Wen A5 7Y
FAR Tl R E BB 7 1 T4 5 B R fL A7 5 119 L B A
FEEERICR 5L T8 3 s (1) S5 3068 B E AT 1 B0 R s
RELH . 239 MB-PSO .\ PSO .GA 5 DEA ByE PRS- 3]
FFAEXTFR Bouc-wen FEBIS| A SeRid i aOmT G- 2 &
P AR Fes e SRR R B RTHE T, X B R
JE R R A7 53t on 491 BR 05 &, = 1 000+ 1 000sin (0. 2wt —
w/2) PN A nm, AT R VR RE IR,

I D 4 A5 30 A I 00 a0 R Gt | R R R 2
(E18.9) MiRZEGITE R (K 6), 4iREW, 5] A MB-
PSO B PERAIEXT R Bouc-Wen R | 22 48 9505 B b
SEPL T AN K G R R BE, L e, AR 0.976 nm,
RMSE fi£ % 0. 574 nm, I FIE5 PSO, Hoe,  FFEILT
79.97% ,RMSE F&1% T 80. 34% ; i AH4X T GA il DEA,
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Table 6 Trajectory tracking test comparison (nm)

PEAGHEFR MB-PSO PSO GA DEA
o 0.976 4.978 19. 985 18. 541
RSME 0.574 2.919 11. 864 11.049
4 &

ASCHE T MB-PSO S8R &, H K it
PR RAEES RO f L 153 o 2R 28 0 A A X
Bouc-Wen ##  B5¢ 13 HE 58 PSO BIkfEAN B 245
FR R SR R, T T RS A AL X 2 4E i 2
oS AT RS i S P RLAL 38T T 2R R AR,
Hok fls T UM S A AT R R ARG 1E T RS
PSO Ay L2 S a]

LAY A R R M TGS BRI, A
SCHE B MB-PSO 5k AN RE 3% 32 71 2 M09 R B9 A2
FEME LA R R Wi R R 1 SRAEBE 7, TE RE A T - )
TS i s, S R B B R 2 A T 44 K Y R A
JBER R R, Ay i RUBE T W AL 3 96 A2 L Al 3
SRECE TR . AR B9 AR AR T 1) I o i
e RN T SR B RUBE R L R AL £ R 98 AL
H A S BB 2l 25 38 i AR Y 2 SO R A P e R 4 4
A #E— 21 MB-PSO 53032 344 5t 2 o it i RG % i
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