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Abstract For a class of single-input-single-output (SISO) nonlinear uncertain systems pro-

ceeded with unknown hysteresis represented by the Prandtl-Ishlinskii model, an adaptive

control algorithm is developed by using the backstepping technique. The effectiveness of the

proposed method is demonstrated through a simulation example.
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3  r 7I�(A Prandtl-Ishlinskii }�F)e#dp��xat>5_^ 451hl	1!bE6��Az�'�SwH!bE{��!b{��F'0{^!bU�EI��U�̂ /�'��℄\)1�0/38���wH!bE{��j'= Preisach{��E-J {��Duhem {��Prandtl-Ishlinskii {�GG[1∼4]
, Æ38'�|��^�R^:=!bU�En~�v_�3_E℄\#r<;j�!b{�bK	!bE6�[5]

, ?ug#r^{�"KE*�>��5DJ0438fCC}\�^/<��!bE;j*�v_!bU��jY"KE���5ÆJUS�ay��qtv_mS��R^:=!bU�En~�v_E℄\nZ�<��Sn~�VSv_En	q=3℄\#rB!b{����[6]
, 0{^v_mS�qt���'!b^v_E6��<�k#LEj'����kN(d:!b�VE��Sn~�v_�8 Prandtl-Ishlinskii {��U!bv_� 8&� Lyapunov ÆKEe�Ndh0{℄\�)1[7]

, 5Æ��Xy��n~�v_E�OmS��℄kO���yug℄\h=��'!bE6���
X�gE~uI[�
2 o[Y0Wp$y:!b�VE(dn~�v_

x(n)(t) +

r
∑

i=1

aiYi(x(t), ẋ(t), · · · , x(n−1)(t)) = bw(t) (1)7f Yi h+YE~�%Nn~�ÆK�"K ai hjYE(K�℄\M0 b hjYE=D(K�v_ (1) ZqCh$y�7
ẋ1 = x2, · · · , ẋn−1 = xn, ẋn = −

r
∑

i=1

aiYi(x1(t), x2(t), · · · , xn(t)) + bw(t) = a
T
Y + bw(t) (2)Æf

x1 = x, x2 = ẋ, · · · , xn = x(n−1), a = [−a1,−a2, · · · ,−ar]
T, Y = [Y1, Y2, · · · , Yr]

T (3)

w(t) yhn~�v_EE%�8!bPp�9h
w(t) = p[v](t) (4)Æf v h!bE%�wh!bE.�R^(H:=!b�VEn~�v_�℄\��< 8e�Nd)1q=3℄\�5D��v_
X�OmS�̂ /�℄RV℄\"K0{~ur$ x(t)−yd(t)tw lim

t→∞

x(t)−yd(t) = 0%^".�SED} δ1 ,0{ lim
t→∞

|x(t)−yd(t)| 6 δ1.

3 $e~�J�kf� 8 Prandtl-Ishlinskii {�[4] b�9!bn~�� Prandtl-Ishlinskii {�< Preisach {�E({p,�< stop Pp� play Ppx*�u{�E;;j'<��0{℄\�E)1�0/℄\�dN Preisach {�� Prandtl-Ishlinskii {�S/h
w(t) =

∫ R

0

p(r)Er [v](t)dr (5)



452 t Y �   32TÆf Er < stop Pp[3,4]
, p(r) <Æv[ÆK�tw p(r) > 0 � ∫

∞

0
rp(r)dr < ∞, v[ÆK

p(r) Z℄0&�3DC�8uS/E!bh+�0{6 C[t0,∞) C C[t0,∞) EPp� �� r ��p�/�Lv[ÆK p(r) ��� 0.<� play Pp F
[3,4]

r < stop Pp Er E��Prandtl-Ishlinskii {�?Z,�9h
w(t) = p0v(t) −

∫ R

0

p(r)Fr [v](t)dr (6)Æf p0 =
∫ R

0 p(r)dr h(K�Æ[E8
*�v[ÆK�J�kf�!bE.�9h
w(t) = p0v(t) − d[v](t) (7)Æf d[v](t) =

∫ R

0
p(r)Fr [v](t)dr.<!bE. (7) <%v_ (2), Lv_h+Z,�9h

ẋ1 = x2, · · · , ẋn−1 = xn

ẋn = −

r
∑

i=1

aiYi(x1(t), x2(t), · · · , xn(t)) + bw(t) = a
T
Y + b(p0v(t) − d[v](t)) (8)

4 `_�+3hl0{℄\�E)1�Nv_ (8) y$y&�8)�
� 1. "W�� yd(t) <��=DE���Æ/9BK y
(i)
d (t), 1 6 i 6 n, =D�
� 2. 7J+Y(K 0 < bmin 6 bmax, 5DJ (1)fE℄\M0 btw b ∈ [bmin, bmax].
� 3. 7J+Y(K p0 min� pmax,tw p0 > p0min,^". r ∈ [0, R]tw p(r) 6 pmax.J�?f� 8e�Nd��℄\q�q=3qE)1&�,yz�� �

z1 = x1 − yd, zi = xi − y
(i−1)
d − αi−1, i = 2, 3, · · · , n (9)Æf αi−1 <L i �E��℄\�� 1 |�}Q (9), ZDC ż1 = z2 + α1. ����℄\ α1 = −c1z1, c1 hW)1"K�ZD

z1ż1 = −c1z
2
1 + z1z2� i (i = 2, · · · , n − 1) |�̂ f��

αi = −cizi − zi−1 + α̇i−1(x1, · · · , xi−1, yd, · · · , y
(i−1)
d ) (10)Æf ci (i = 2, · · · , n − 1) hW"K�ZD ziżi = −zi−1zi − ciz

2
i + zizi+1.� n |�}Q (8) � (9) ZD

żn = a
T
Y + b(p0v(t) − d[v](t)) − y

(n)
d − α̇n−1 (11)hl)1q=3℄\q�S/$y�k e , (bp0)

−1, ê h e E�1[�â h a E�1[�p̂(t, r) h!bv[ÆK p(r) E�1[�� ẽ = ê − e, ã = â − a, p̃(t, r) = p̂(t, r) − p(r),
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∀r ∈ [0, R], � B(v(t)) ,
∫ R

0
p(r)|Fr [v](t)|dr, Æ�1[ B̂(t) h B̂(t) =

∫ R

0
p̂(t, r)|Fr [v](t)|dr.LZDÆr$h

B̃(t) =

∫ R

0

(p̂(t, r) − p(r))|Fr [v](r)|dr (12)J�kf� 8$y℄\q�q=3q
v(t) = êv̄(t) (13)Æf

v̄(t) = −cnzn − zn−1 − âY + vh(t) + y
(n)
d + α̇n−1 (14)

vh(t) = −sgn(zn)bmaxB̂(t) (15)

˙̂e = −γv̄(t)zn (16)

˙̂a = ΓY zn (17)

∂

∂t
p̂(t, r) = Proj(p̂(t, r), |zn|qbmin|Fr[v](t)|), ∀r ∈ [0, R] (18)

Proj(p̂(t, r), |zn|qbmin|Fr[v](t)|) =

{

0, if p̂(t, r) = pmax

|zn|qbmin|Fr [v](t)|, if 0 6 p̂(t, r) < pmax

(19)Æf cn, γ � q <W)1"K�Γ hWSPT����Wp(d=E%=E.E!bn~�v_�tw8) 1∼3, J (8), (13) S/E��v_�r$v_ (16)∼(18) ��0{Æ�OmS����0{^!bE�'�DCE�E℄\I[�$���� Lyapunov ÆK V

V =
n

∑

i=1

1

2
z2

i +
1

2
ã

T
Γ

−1
ã +

1

2r
ẽ2 +

1

2q

∫ R

0

p̃2(t, r)dr (20)<%��℄\ (10), ℄\q (13) �q=3q (16)∼(17), ZD V LE/9BKh
V̇ 6 −

n
∑

i=1

ciz
2
i − |zn|b

∫ R

0

p̂(t, r)|Fr [v](t)|dr − znb

∫ R

0

p(r)Fr [v](t)dr +
1

q

∫ R

0

p̃(t, r)
∂

∂t
p̃(t, r)dr

(21)}Qq=3q (18), (19) ZdBDĊ
V 6 −

n
∑

i=1

ciz
2
i (22)< (22) ZY�V <({nMÆK�}Q)1+ZD zi, i = 1, · · · , n, ê, â � p̂(t, r) =D�}Q LaSalle-Yoshizawa FfZY�� t → ∞ /�zi(t) → 0, i = 1, · · · , n − 1. �
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5 mQ2iWptw (2) E({n~�v_

ẋ = a
1 − e−x(t)

1 + e−x(t)
+ bw(t)Æf w(t) = p0v(t) −

∫ R

0 p(r)Fr [v](t)dr.J5kO{�f�)04"K[ b = 1, a = 1. v[ÆKh p(r) = λe−β(r−σ)2 . ) λ = 0.5,

β = 0.00105, σ = 2. J�kf�Fhlh���� R = 100 yh*q(}�}Q!bEv[ÆK�ZD p0 =
∫ 100

0
p(r)dr = 14.662. hl	1ZS�<℄\�)1fEs�ÆK8��ÆK<\���kO�)h 0.001, x(0) = −1, q = 0.95, bmin = bmax = 1, c1 = 0.97,

γ = Γ = 0.01.)1��h0{v_mS x ~uf�E�+ yd = 12.5 sin(2.3t) + 0.1 cos(6.7t). kO��:b 1 �b 2. b 1 hv_E~ur$ e. b 2 hv_E℄\E%�� v(t). 6b 1 �b
2 fZ,V.�)1Eq=3℄\�0{v_mS�=�-\!bE6���
X�gE~u���

 1 xa�vs% e ;_^� vh 6= 0(1�) ��;_^� vh = 0 (‘-. -’ �)

Fig. 1 The system tracking error e with control

term vh 6= 0 (solid line) and vh = 0 (‘-. -’line)

 2 _^�� v ;_^� vh 6= 0(1�) ��;_^� vh = 0 (‘-. -’ �)

Fig. 2 The control signals v with control term

vh 6= 0 (solid line) and vh = 0 (‘-. -’line)

6 BJD���:=!bU�n~�v_E#L+KDCHbH`Eh?�$�)1=�E℄\�5Dn~�v_
X�OmS��
XR=�gEVSU�<��^!b℄\#LEj'����kR^&� Prandtl-Ishlinskii {��U!bE(dn~�v_� 8e�Nd)1h�0{^!bE�'�Xxlv_���ug℄\MohG(�d�!bv_E℄\QSl&2�
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