
1 23ò1 4Ï
2006c 8�

� � n Ø � A ^
Control Theory & Applications

Vol. 23 No. 4
Aug. 2006

éééPreisachaaa���´́́¢¢¢������555   ²²²���äääïïï���

ë#91,  [ù2

(1.þ°�Ï�Æ>f&EÆ�gÄzX,þ° 200030;

2.?�>f�E�Æ�UXÚ�ó���ïÄ¿,2Ü?� 100080)

Á�:�
�Ø´¢��5éXÚ�ØûK�,�©|^ ²�äéPreisacha�´¢��5?1ï�.ÏL
Ú\��AÏ�´¢Ïf, òõN��´¢��5=�¤��N�, ,�ïá
Äu ²�ä�´¢��5�
..T�.(�{ü,{z
E£L§,�±N� ²�ä��±·AØÓ^�e�´¢E£.��,A^T�{é
Ø>�1ì¥�´¢��5ï�,¿�KP�.?1
'�.

'�c:´¢; Preisach�.; ²�ä
¥ã©aÒ: TP20 ©zI£è: A

Modeling Preisach-type hysteresis nonlinearity using neural networks
ZHAO Xin-long1, TAN Yong-hong2

(1. Department of Automation, Shanghai Jiao Tong University, Shanghai 200030, China; 2. Laboratory of Intelligent Systems
and Control Engineering, Guilin University of Electronic Technology, Guilin Guangxi 541004, China )

Abstract: In order to approximate the behavior of hysteresis nonlinerity which often severely limits the performance
of the system, a neural-network-based hysteresis model is presented in this paper. A novel hysteretic operator is firstly
proposed to transform the multi-valued mapping of Preisach-type hysteresis into a one-to-one mapping so that the neural
networks are capable of implementing identification for hysteresis. The proposed model has a simple structure and sim-
plifies identification procedure. Moreover, it is convenient to tune the weights of neural networks for the identification
of hysteresis in different conditions. Finally the approach is applied to model the hysteresis in piezoelectric actuator and
compared with the well-known KP model.
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1 ÚÚÚóóó(Introduction)

PÁÜ7!Ø>>b��Uá��¤�Daì

Ú�1ì2�/A^3°�½ XÚ¥.�´M)
uù
�Uá�¥�´¢A5Ø�¬ü$XÚ��

�°Ý,$�¬��XÚØ½[1]. ´¢´�«�~
5��²w���5,§�E,5Ly3: 1)õN�
5:3�Ó�Ñ\�e�±kØÓ�ÑÑ,½ö3�
Ó�ÑÑe�±kØÓ�Ñ\; 2)PÁ5:´¢��
cÑÑØ=��c�Ñ\�k',���Ñ\&
Ò�{¤4�k'.
�
�Ø´¢��5éXÚ�ØûK�, k

'©zJÑ
�
�Yé´¢?1ï�. Ù
¥, Preisach�.[2∼4] ´�cA^�2���«�

.,§·A��2,�n{ü,êÆL��B.�´§
�":´¢y/ª'�E,,J±¢�N�±·A
�¸ëê�Cz, Ïd�J±^u3���. KP�

.[5]ÚPI�.[6]òPreisach�.�Ä�ü�C¤�A
���C�¢S´¢A5�KPü�ÚPIü�,?�
ÚJp
Preisach�.�%C°Ý.
du ²�äp°Ý�%CUå, ¯��¿1
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£¥��2��A^. �´´¢´�«õN���
�5y�,ØU��^ ²�äé´¢��5?1
%C[7]. A.A.Adly[8]ÚClaudio Serpico[9]r ²�ä

Ú\�´¢��5�ï�¥,{z�.�E£L§.
�´¦��g�ávu|^ ²�ä¢ylÑz
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Äu ²�ä�´¢�.(�{ü,{z
E£�
{,�±3�N��.ëê,äk�Ð�(¹5Ú·
A5.

2 Preisach���...(Preisach model)
Preisach �.@�´¢A5´{ü´¢ü�U

\�(J,=

u(t) = Γ [ν](t) =
x

S

µ(α, β)γα,β[ν](t)dαdβ, (1)

γα,β[ν](t) =





+1, ν(t) > β,

ξ, α 6 ν(t) 6 β,

−1, ν(t) < α.

ª ¥: ν(t)Úu(t)© O � ´ ¢ � Ñ \ Ú Ñ Ñ;
Γ [·]L «Preisach´ ¢ N �, µ(α, β)´ �  ¼
ê, γα,β[ν](t)´Preisach�.�´¢ü�(Xã1¤
«),Ù¥β, α©O�´¢ü��þe���;

ξ ∈ {−1,+1}, S = {(α, β)|α 6 β}
´È©«�, Xã2¤«. e�ÄÑ\3νmin 6
ν(t) 6 νmaxS,K¢SÈ©��

S = {(α, β)|νmin 6 α 6 β 6 νmax}.
3«�S 	�@��¼êµ(α, β) = 0. È©>.
�òÈ©«�S ©�

S+1 = {(α, β)|γα,β[ν](t) = +1}
Ú

S−1 = {(α, β)|γα,β[ν](t) = −1}.
Ïd,ª(1)�C¤

u(t) = Γ [ν](t) =x

S+1

µ(α, β)dαdβ −
x

S−1

µ(α, β)dαdβ.

Preisach�.kü�A5:PÁ�#Úg���.
PÁ�#´��Ñ\&Òν(t)3,����
&Ò
{¤4�(=�u4��½�u4��)�,KT{¤
4�òØ2K�T��±��Preisach�.ÑÑ.g
�´��Ñ\&Ò34��4��mCz�,3Ñ
\ÑÑ²¡þ¤/¤�µ4;,. g����Ñ\
&Ò3ØÓ��mãSäk�Ó4��, Preisach�
.ò�)�NuÌ�,/G���g�. Preisacha�
´¢��5÷vPreisach�.�ùü�A5.
d uPreisach� . J ± ? 1 3 � ë ê N

�, �µ(α, β)J±(½, Ïd3�A^k���(
J.�©JÑ�«^ ²�ä5£ã´¢��5�
�{,l;�
æ^Preisach�.�Øv.

ã 1 ´¢ü�

Fig. 1 Preisach operator

ã 2 È©«�

Fig. 2 Integral region

3 ÄÄÄuuu   ²²²���äää���´́́¢¢¢������555���...(Hyster-
esis model based on neural networks)
 ²�ä�U%C��N�½öõé�N�,Ø

U���O´¢ù«õN����5. ¤±7L
ÏL·��C�,òõN��´¢��5=�¤�
�éA½öõé��N�. �dÚ\´¢Ïf�V
g,§U
oÑ/�xÑ´¢�Ó+,¿��¹Ü©
´¢��5�&E,'X´¢��þ,!=ò!
eü±9Ù/¤g��L§�, 3´¢Ïf�“�
Ï”eò´¢��5�õ�N�=�¤��N�. Ï
L*	�«á��´¢A5,^�ê�5�V´
¢��5�Ó+,¿�¦�´¢Ïf�ÑÑ���
�kcÑ\!ÑÑ4��',LyÑ´¢Ïf�½
�PÁ5.
´¢Ïff(x)�L�ªXe:

f(x) = (1− e−|x−xp|)(x− xp) + f(xp). (2)

Ù¥: xL«�c�´¢ÏfÑ\, f(x)L«�c�
´¢ÏfÑÑ, xpL«��cÑ\���kcÑ\

4�, f(xp)L«Ñ\4��xp��ÑÑ4�.
e¡Þ~`²´¢Ïf��ëê�¿Â.ã3´

�^;.�¢S´¢�,´¢��þ,ãÚe
üãÑ�3��g�.ã4´d;.´¢��´¢
Ïf�.´¢�a���Ð©G��Ñ\ÑÑ�
",÷Xa – b – c – d – e – f – g – h – i$Ä,�E´¢
Ïf�L§Xe:
111 1ÚÚÚ Ñ\ν(t)l"m©O�,´¢�$1
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3a − bã,´¢Ïfla′$Ä�b′.Ï�Ð©G��
Ñ\ÑÑ�",Ïda′ − b′ã�

xp = 0, f(xp) = 0,

��4�:b′�´¢Ïf�Ñ\P�xb′ , ÑÑP
�f(xb′).
111 2ÚÚÚ Ñ\ν(t)��b:�m©~�,´¢�

$13b− cã. ù��´¢ÏfL�ª¥�
xp = xb′ , f(xp) = f(xb′),

´¢Ïf$13b′ − c′ã,��4�:c′�´¢Ïf
�Ñ\P�xc′ ,ÑÑP�f(xc′).
111 3ÚÚÚ Ñ\ν(t)��c:�m©O�,´¢�

$13c− dã,�âPreisach´¢���g���
�5�, d:Úb:Ü.ù��´¢ÏfL�ª¥�

xp = xc′ , f(xp) = f(xc′),
´¢Ïf$13c′ − d′ã,Ó�b′Úd′:�´Ü�.
111 4ÚÚÚ Ñ\ν(t)��d:,�b:Ü�UYO

�, ´¢�Ly�/¤��g��q£��5
�Ì��;,.ù��´¢Ïf��/¤��g
�,Ó�d′Úb′:Ü,ù�ATUYA^a′− b′ã�
4�:,=

xp = 0, f(xp) = 0.

��Ñ\ν(t)��4�:e ,ù�´¢Ïf���4
�:e′,Ñ\P�xe′ ,ÑÑP�f(xe′).
111 5 ÚÚÚ Ñ\ν(t)��e:�m©~��

�f:, ´¢�$13e − fã, ù��´¢Ïf
L�ª¥�

xp = xe′ , f(xp) = f(xe′),
´¢Ïf$13e′−f ′ã. ´¢Ïf��4�:f ′�
XÑ\ν(t)�O�$13f ′ − g′ã,d��

xp = xf ′ , f(xp) = f(xf ′).
Ón, ´¢Ïf�XÑ\ν(t)�~�½öO�C�
4�:��l/¤
´¢��Ó+.

ã 3 ;.�´¢� ã 4 �A�´¢Ïf�

Fig. 3 Typical hysteresis curve Fig. 4 Corresponding curve of proposed hysteresis operator

ÚÚÚnnn 1 �Ñ\&Òx�k.ëY¼ê.XJ
�3ØÓ���t1Út2, x(t1) = x(t2), �x(t1),
x(t2)Ø´4�:,@of [x(t1)] 6= f [x(t2)].
yyy f(x)�±©¤þ,Úeüü«/ª, Ù

¥fin(x)´´¢Ïf��,�þ,ã, fde(x)´
´¢Ïf��,�eüã. �âª£2¤¥�ë
ê½Â,3þ,ã, xp´4��;3eüã, xp´

4��.
þ,ã:

fin(x) = [1− e−(x−xp)](x− xp) + f(xp), ẋ(t) > 0.

eüã:

fde(x) = [1− ex−xp ](x− xp) + f(xp), ẋ(t) < 0,

dfin(x)
dx

= e−(x−xp) · (x− xp) + [1− e−(x−xp)] =

1− 1− (x− xp)
ex−xp

> 1− 1
ex−xp

> 0,

¤±fin(x)´üN�.
Ón�±��fde(x)�´üN�.
�±wÑ, þ,�fin(x)��ufin0(x) =

(1 − e−x)x, x > 0 Ü © � � : d(0, 0)²
£�4�:(xp, f(xp)), eü�fde(x)��
ufde0(x) = (1 − ex)x, x 6 0Ü © � �
:d(0, 0)²£�4�:(xp, f(xp)). Ó�5¿
�fin0(−x) = −fde0(x), =fin0(x)Úfde0(x)´Û
é¡�, ¤±fin(x)Úfde(x)´�é¡�, Ùþ,
�fin(x)Úeü�fde(x)�´34�:?�
�.¤±Ún1�y.
`̀̀²²² 1 Ó�é´¢Ïff(·)ÚPreisacha´¢�

�5H[·]Ñ\�Ó�&Òν(t)�,´¢Ïf�Ny


��þ,!=ò!eü�´¢A5�Ó+, ´´¢

��Ö/.

`̀̀²²² 2 3���´¢�¥,�´Ï��Ó�Ñ
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\&Ò¬��ØÓ�´¢ÑÑw«Ñ´¢�õN�

5,Ú\´¢Ïff(·)�,dux(t1) = x(t2), f [x(t1)] 6=
f [x(t2)],¦�(x, f(x))��/éA��´¢ÑÑ.

ÚÚÚnnn 2 XJ�3ØÓ���t1Út2, �t1 >

t2, f [x(t1)]− f [x(t2)] → 0.
yyy �ẋ(t) > 0�,=3þ,ã. dÚn1�
fin(x) = [1− e−(x−xp)](x− xp) + f(xp)

´üN�,��x(t1)− x(t2) → 0�,
fin[x(t1)]− fin[x(t2)] → 0.

d�¼ê�ëY5��:�fin[x(t1)]−fin[x(t2)] →
0�, x(t1) − x(t2) → 0;Ón�±��fde[x(t1)] −
fde[x(t2)] → 0�, x(t1)− x(t2) → 0.
Ún2�y.
½½½nnn 1 éu?¿�Preisacha´¢��

5, Ñ\&Òν(t)�k.ëY¼ê, K�3
ëY��N�Γ : R2 → R, ¦�H[ν(t)] =
Γ (ν(t), f [ν(t)]).
yyy 11«�¹. XJν(t)´4�:, ν(t1) =

ν(t2), f [ν(t1)] = f [ν(t2)],�âPreisacha´¢�
�5�, H[ν(t1)] = H[ν(t2)],¤±(ν(t), f [ν(t)])�
�/éA��´¢ÑÑH[ν(t)].
12«�¹. XJν(t)Ø´4�:, �âÚ

n1, ν(t1) = ν(t2)�, f [ν(t1)] 6= f [ν(t2)],=(ν(t1),
f [ν(t1)]) 6= (ν(t2), f [ν(t2)]),rz�êâ|(ν(t),
f [ν(t)])w¤��Ñ\,z�Ñ\���/éA�
�´¢ÑÑH[ν(t)].
,	,�â©z[10]

ν(t1)− ν(t2) → 0 ⇒ H[ν(t1)]−H[ν(t2)] → 0.

�âÚn2,

f [ν(t1)]− f [ν(t2)] → 0 ⇒
ν(t1)− ν(t2) → 0 ⇒ H[ν(t1)]−H[ν(t2)] → 0.

¤±�3ëY��N�Γ : R2 → R, ¦�
H[ν(t)] = Γ (ν(t), f [ν(t)]). ½n1�y.
½n1¢y
´¢õN����N��m�=

z. L²?¿�Preisacha´¢��53Ú\¤J
Ñ�´¢Ïf�,�±^����N�5£ã,ù
Ò�^ ²�äïá´¢�.Jø
nØÄ:.
éuT = [t0,∞) ∈ R, ½ÂV = {ν|T ν−→

R}, F = {f |T f−→ R}´ ²�äÑ\�8Ü.
w,, é?¿ti ∈ T, ν(ti) < +∞, f [ν(ti)] <

+∞, (ν(ti), f [ν(ti)]) ∈ R2, ¤±Ñ\8φ =
{(ν(ti), f [ν(ti)])|ν(ti) ∈ V, f [ν(ti)] ∈ F}´k.
48=´;8.
d ²�ä�k'nØ��,õ�c"�äU


±?¿�°Ýé;�m�ëY¼ê?1%C.
ÏdN�Γ�L«¤

Γ (ν(t), f [ν(t)]) = NN(ν(t), f [ν(t)]) + ε.

Ù¥: NN(·)�õ�c� ²�ä; ε�%CØ�,é
?¿��êεN ,÷v|ε| 6 εN .
4 ���ýýý(Simulation)
æ^�|Á�êâ5�yÄu ²�ä

�´¢�.�k�5, êâægØ>�1
ìPZT−753.21C(PIúi�¬).T�1ì3Ñ\>
Ø0 V∼100 Ve, �½ £�0∼25 mm, æ�ªÇ
�1000 Hz. ÿ��êâ²LÈÅ�, æ^1200�
êâ, �Ü©^u%?´¢�, �Ü©^uu
��ä��zUå.  ²�äæ^BP�ä(back-
propagation network),ØÓê8�Û� ²�ü�
�� ²�ä�5U'�XL1¤«. �±wÑ
æ^12�Û�ü�� ²�ä�ï�°Ý'�
p, Ïd�©æ^2�Ñ\ ²�, 12�Û� ²
�,Û� ²�æ^Sigmoidal¼ê,ÑÑ ²�æ
^�5¼ê. æ^Powell-Beale�{5Ôö ²�
ä.ÔöÚêEpochs= 463, MSE= 0.00010199,�
�Ø��0.0262.Äu ²�ä�´¢�.�E£
(JXã5!ã6¤«. ã5´�.é¢Sêâ�ý
ÿ,Ñ\´>ØU,ÑÑ´ £S.ã6´�.�ýÿ
Ø�δ,�K = 600�êâ.
L 1 ØÓê8Û� ²�ü�� ²�ä5U'�

Table 1 Performance comparison of NN with
different number of hidden neurons

ÛÛÛ���üüü������êêê ������þþþ���ØØØ���

10 0.00011637
12 0.00010199
14 0.00010329

ã 5 ¢S´¢�(¢�)ÚÄu ²�ä�
´¢�.�(J�)

Fig. 5 Model validation, the measured hysteresis(solid)
and the neural networks model output(dashed)
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ã 6 Äu ²�ä�´¢�.�ï�Ø�

Fig. 6 Neural networks model validation error

�
`²T ²�ä��E£°Ý, KP�
.[11]�E£(JXã7!ã8¤«. TKP�.
�¹210�KPü�, MSE= 0.00016919, ��Ø�
�0.0363. ã7´KP�.é¢Sêâ�ýÿ, Ñ\
´>ØU , ÑÑ´ £S′. ã8´KP�.�ýÿØ
�δ, K = 600.

ã 7 ¢S´¢�£¢�¤ÚKP�.�£J�¤
Fig. 7 Model validation, the measured hysteresis(solid)

and the KP model output(dashed)

ã 8 KP�.�ï�Ø�

Fig. 8 KP model validation error

5 (((ØØØ(Conclusion)
�©JÑ��´¢ÏfòõN��´¢

��5=z¤��N�,,�æ^ ²�ä
éPreisacha�´¢��5?1ï�. T�.(
�{ü, {z
E£�{, ¿��±N� ²�
ä��±·AØÓ^�e�´¢E£. ��^T
�{éØ>�1ì�´¢��5?1ï�, ¿�
�KP�.?1
'�. (JL², T�.U
O
(/%C´¢��5.
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