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Modeling of asymmetric dynamic hysteresis characteristics
of piezoelectric actuator
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Abstract: A generalized Bouc-Wen ( GBW) hysteresis model is proposed to accurately characterize the hysteresis nonlinearity of the
piezoelectric actuator, since the classical Bouc-Wen hysteresis model cannot accurately characterize the inherent asymmetric frequency-
dependent dynamic hysteresis nonlinearity of piezoelectric actuators. Firstly, based on the classical Bouc-Wen hysteresis model, two
asymmetric terms and a second-order IIR filter are introduced to characterize the asymmetric hysteresis and high-frequency phase
hysteresis of the piezoelectric actuator, and further analyze the model parameter values with respect to the frequency variation law to
determine the frequency-dependent parameters of the model. Then, the experimental platform of precision positioning of the piezoelectric
actuator based on NI CompactRIO measurement and control system is built, and the parameters of the GBW model are identified by the
particle swarm optimization algorithm and the proposed GBW model is evaluated experimentally. Experimental results show that the
maximum error of the GBW model is 0. 190 6 pum and the root mean square error is 0. 043 1 wm for the variable frequency sinusoidal
excitation signal,, which is only 0. 65% of the displacement range of the piezoelectric actuator, with a decrease of 82.07% and 62. 10%
compared to the classical Bouc-Wen (CBW) model and the enhanced Bouc-Wen (EBW) model, respectively. Compared with the CBW
model and the EBW model, the proposed GBW model significantly improves the model accuracy and broadband performance, and the

existence of the analytical inverse model is easy for controller design, which helps to realize broadband and high-speed precision
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positioning of the piezoelectric actuator in ultra-precision instruments and equipments.

Keywords : piezoelectric actuator; asymmetric hysteresis; frequency-dependent dynamic hysteresis; generalized Bouc-Wen model
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W/ NIT HAE R SR 228 4k, K Ry & S 30ERNE IR Wi 346 5 %t
PR i 25 R R 70 ATE A 0 IS A X6 R P 52 e 2 hy
F LS (b) AT LAVEMT A B & S4B A6 903 1 1 fim iy 1
hn, HAE 1~80 Hz BHE UL TR B 5(c) FI(d) ATLA
RIS w BEATZEIE T 0, I H A AR i A2 fb 5
= MZE o BAGEHEIN S Z M, TN 5(e) B (£) &
BLIIR JEWE AR B 0 5 o Z FERUAH $un =0. 804 2, M
&l 6 A & B4 SR a0 A i AL 2 UE P T T i
FAEIE GBW RIS S8 G B . (1 F MATLAB X
e G ICRON B e 2V g h &2 S X1 POPIAUEY [IPS
SRR

8(f)=—2.265 x 107°F* + 4.804 x 107%f° -
3.471 x 107°f* + 8.685 x 107°f - 0. 001

e(f) =-8.423 x 107"f* = 1.454 x 107°F° +
8.310 x 107°%F? + 9.025 x 107°f + 3. 667 x
10°%e(1)=2.49 x 107°)

o(f)=-1.197 x 107°f> + 3.937 x 107" -
4.976 x 107°f* = 3.04 x 107°f* + 0.092f + 0. 987

o(f)=1.163 x 107 f° -=3.815x 107f* +
4.822 x 107°f* = 0.002 953f* + 0.090 07f - 0. 173 9

(14)
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U, ITA B 2T GBW BRI i K RMSE 2 i K
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Table 2 Model errors for different excitation signals
of the three models

BURES RWFEIR MAE/wm RMSE/pm  MAD/um
CBW Al 0.099 7 0.1327 0.439 8
U{L
EBW #5i % 0.099 6 0.123 0 0.434 5
(f=1 Hz)
GBW #&7d 0. 066 0 0.080 8 0.264 2
CBW #&7 0.290 9 0.3453 0.721 0
U{L e
EBW #5754 0.129 8 0.167 3 0. 469 2
(f=40 Hz)
GBW &7 0.067 2 0.090 6 0.264 6
CBW #57 0.488 2 0.571 4 1.179 0
U(L
EBW #7#1 0.184 1 0.240 4 0.6715
(f=80 Hz)
GBW &7 0.076 2 0.096 3 0.3105
CBW &A1 0.589 9 0.697 1 1.505 0
Uu
EBW Fi7#I 0.242 2 0.306 1 0.820 1
/=(100 Hz)
GBW &7 0.095 5 0.1252 0.3810
CBW FH#I 0.234 1 0.304 0 1.124 0
U, EBW #57 0.102 6 0.143 8 0.750 2
GBW &7 0.043 1 0.054 5 0.190 6
CBW FH#1 0.054 3 0. 066 6 0.1519
U,
' EBW #5284 0.108 3 0.128 3 0.268 2
(f=5 Hz)
GBW &7 0.039 6 0.059 1 0.117 8
CBW F#1 0.1629 0.189 4 0.326 7
U,
' EBW #5254 0.075 1 0.094 9 0.263 3
(f=15 Hz)
GBW Hi#l 0.053 8 0. 066 4 0.168 4
CBW F#l 0.344 7 0. 400 7 0.688 9
U,
i EBW #%i%1 0.128 3 0.161 8 0.414 8
(f=55 Hz)
GBW &7 0.064 0 0.074 5 0.1570
CBW Fi#l 0.493 2 0.566 6 0.886 1
U,
i EBW #5751 0.171 0 0.2127 0.546 3
(f=85 Hz)
GBW #iAY 0.089 8 0.1155 0.265 3
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EBW #5, GBW A IRZMLT CBW £L7 [z EBW 7L .
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59.10% ,Jf H GBW A i e KR 254 0. 381 0 pm 3T
CBW HERIFN EBW A8 735 T 1 74. 68% Fl 53.54% ,
Xof T ARNRAR A S IE SRR 5, GBW A B4y AR i 2%
FHELT CBW F1 EBW 433 FFE T 82.07% il 62. 10% ,
B K% 20 0.190 6 wm, 1K PEA i £ 17 72 1)
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