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Abstract: We propose an improved control method for the adjustable metal cutting system with hysteresis input and

time-delay. The main features are: 1) it fuses the performance function into robust adaptive dynamic surface control,

combines the neural network, ensures the system tracking error and the transient process to stay in a pre-specified region;

2) it eliminates the explosion of differentiation inherentin the backstepping control, simplifying the structure of the system

controller; 3) estimating the weight vector norm of the neural network instead of estimating the weight vector, thus greatly

reduces the computational burden and makes the controller more convenient for real-time applications. Simulation results

indicate that the proposed scheme is effective for all unknown time-varying system with hysteresis input, such as the

adjustable metal cutting system we mentioned.

Key words: hysteresis input; adaptive dynamic surface control; adjustable metal cutting system; pre-specified tracking

performance; error transformed function

1 ÚÚÚóóó(Introduction)^¢y�2��3u¢SÔnXÚ¥,äkØ��!�PÁ!Ø1w!õN��A:. �XÚ¥�k^¢y��,����XÚò¬LyÑ��!Ø½!O(5ü$�y�[1–3].C5,�X�«°�\óÚ)����é��°ÝÚ�Ý���ØäJp,XÛ?n�3uÙ¥�^¢y�l¢y°(��ù�8I¤Ǒ���É'5�ïÄ��,äké�ó§¿Â.8)ûäk^¢Ñ\���5XÚ��¯Kkü«�{: �«�{´ïá^¢�_L§,¿ò�?é���XÚ�Ñ\à; ,�«�{´æ^°�g·

A���üÑ5�Ø½³�^¢y�.duïá^¢_L§�~E,,�^¢�_�.ÑÑéÙëêAO¯a,Ïd,Øïá^¢_æ^°�g·A��üÑK�äáÚå. ©z[4]ïá
�^�� ��Äì��\óXÚ��5ÄåÆ�.,ÏLw���ìÚ�
g·A�{�(Ü,��k�^�� �Äì
(giant magnetostrictive actuator, GMA)���XÚXÚäk�p���°Ý.�é�aäkamY^¢Ñ\�î�"��5XÚ,©z[5]JÑ
�«g·AC(���üÑ5�yXÚäk�½��l°Ý.3©z[5]�Ä:þ,©z[6]æ^°�g·A��5)ûÂvFÏ: 2013−11−07;¹^FÏ: 2014−04−30.
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1 9Ï ÜD��:äk^¢Ñ\��N7á��XÚ°�g·AÄ�¡�� 1275äkPÎ ¢���5¯K.©z[7]æ^�í�C(����(Ü��{,?n^DÚPI�.£ã�^¢y�.�é�aØ(½X�"��5XÚ,©z[8]JÑ
Äu ²�äÚNussbaum�g·A�í���Y5?n���������XÚ¥�^¢y�.©z
[9]�é�a�5lÑ�¢XÚJÑ
�«lÑg·A�{5?n^¢L§. �é�aX�"�¢��5XÚ,©z[10–11]JÑ
C(���5?nXÚ¥�^¢y�,Ó�æ^ Lyapunov-Krasovskii�{5Ö��¢G�.ïÄL²,�+©z[12–14]æ^Ä�¡Eâ5?nò��!,�ØU�yXÚ��lØ�Âñ���?¿����S.æ^°�g·AÄ�¡���üÑ5³�^¢y���#¤J,��©z
[15–19].�©Ägæ^g·AÄ�¡Eâ5?näk^¢Ñ\Ú���¢�!�7á����XÚ,�æ^
PI�.5Ǒx^¢y�.äkXeA::

1) �amY�.�', PI�.�ý¢/�NØ>>bÚ�^�� �Äì¥�^¢y�[4] ;
2) �°
©z[10–11]¥éu�¢�§�b�.I��Ñ,©z[11]¥�C(����{ØU^5)û�©¥���¯K;
3) ÏL?¿�½�5U�I¼êÚØ�=�¼ê,��y7á��XÚ�lØ�ÚLÞL§U
3ýk?¿�½��I¼êS,Ïd´é©z[20]ó����4�ÿ�.
4) U
�Ñ�í���Y¥�/�©�¿0̄K,�Bu¢���,¿�Ø
XÚ�lØ��UÑy�/ÆC0y�,��
é����Ý�°(��.

2 ¯̄̄KKK£££ããã(Problem statement)
2.1 ���NNN777ááá������XXXÚÚÚ(Turning metal cutting sys-

tem)�N7á��XÚ�êÆ�.d©z[20]¤«,�)��XÚC����.!̂ 5£ã^¢�Äì�^¢�.9��ò��!�.,Ù(�Xã1¤«.

ã 1 �N7á��XÚ�(�ã
Fig. 1 Structure of turning metal cutting system�ã1�éA��N7á��XÚ«¿ãXã2¤«.

ã 2 �N7á��XÚ�«¿ã
Fig. 2 Schematic model of turning metal cutting system�N7á��XÚ�Ä�L§�±LãǑ��Xe�§/ª:

mẍ+ cẋ+ kx = F∆ + kau, (1)Ù¥: xL«���Ý�ÅÄÜ©,Ǒ¡��äþÝ� £þ; m, c, k©O�L��ì���þ!{ZXêÚ�5MÝ; kaǑØ>^¢�Äì��5�þ, uǑØ>^¢�Äì�ÑÑ, F∆Ǒ��ì���åCz:

F∆ = kM · v(t), (2)Ù¥: kMǑ~ê, v(t)Ǒt�Ǒ��þÝCz.7á��XÚ¥�2)�Ay�u�mò´,du2)�A,�ä��Ü©3��L§¥l�®²��� �u)£Ä,Ïd,��þÝCzv(t)L«Xe:
v(t) = x− µx(t− τ), (3)Ù¥: τ´ëY����mm�, µ´3��L§u)U�UÏf[21],�0 < µ < 1.©z[22–23]ÏLÄ���L§¥æ8�êâ,ïá
�åCzF∆Ú��þÝCzv(t)�m�ã/,¿ò��þÝÚ�åCz�m'XL«Ǒ

F∆ = H(v) = H(x− µx(t− τ)). (4)òª(4)�\ª(1)k
mẍ+ cẋ+ kx = H(x− µx(t− τ)) + kau. (5)ª(5)��µãXã3,Ù¥G(s)=1/(ms2 + cs+k).

ã 3 �N7á��XÚ��µã
Fig. 3 The block diagram of turning metal cutting system



1276 � � n Ø � A ^ 1 31òI�5¿�´,7á��XÚ�^¢H(v)�~E,�Ø(½,Ó�^¢�.¥Ǒ�3�mò´τ ,ÏdǑ7á��XÚ�O��ì5�Ø��y��~äk℄Ô5.�â©z[20],^mY�.5£ã7á��XÚ¥���5�!:

F = H(v(t)) =


























h(v(t) −B),

if v̇(t) > 0 andH(v(t)) = h(v(t) −B);

h(v(t) +B),

if v̇(t) < 0 andH(v(t)) = h(v(t) +B);

H(t ), otherwise,

(6)Ù¥: h > 0Ǒ�Ç,B > 0´mY°Ý.d�.´ØëY�,Ø·Üé��5Ä�XÚ?1��ì�O.ǑBu?1��ì�O,©z[20]½Â
�amYëY�Ä��.5£ãTamYA5:
dH(v)

dt
= α|

dv

dt
|(hv −H(v)) +B1

dv

dt
, (7)Ù¥αÚB1Ǒ��~ê,÷vh > B1.I�5¿�´,éudamY�.�±w����5¼êÚ��k.��5¼ê�Ú[5] :

H(v(t)) = hv(t) + f(v(t)) (8)�
‖f(v)‖ 6 ρ, (9)Ù¥ρ��k..ÏL5�(8),�òª(3)�\amY�.(4)k

H(x− µx(t− τ)) =

h · (x−µx(t−τ))+f(x−µx(t−τ)), (10)Ù¥‖f(x− µx(t− τ))‖ 6 ρ.òª(10)�\ª(5)��7á��XÚ�êÆ�.Ǒ
mẍ+ cẋ+ kx =

h(x−µx(t−τ))+f(x−µx(t−τ))+kau, (11)Ù¥Ø>^¢�.^PI�.5£ã.Äuþãé7á��XÚ�£ã,-x = x1, ẋ =

x2.Kª(11)�Lã¤Xe�"/ª:


































ẋ1 = x2,

ẋ2 =bu−
c

m
x2−

k − h

m
x1−

hµ

m
x1(t−

τ) +
1

m
f(x1 − µx1(t− τ)),

y = x1,

(12)

Ù¥b =
ka

m
,éu��XÚª(12),�Xeb�:bbb��� 1 ��ò��hi(x̄iτ ), i = 1, · · · , n,÷vXeØ�ª:

|hi(x̄iτ (t))| 6
i

∑

j=1

φi,j(x̄jτ (t)), (13)Ù¥φi,j(·)Ǒ��ëY¼ê.bbb��� 2 ë�&Ò yr1w!k.,�éu t > 0,

[yr, ẏr]
Táu,�;8.555 1 b�1�°
'uφi,j (·)�b�^�[10–11],�÷v©l5�n[13–14,24].

2.2 ^̂̂¢¢¢���...(Hysteresis model)3�©¥,æ^Prandtl-Ishlinskii�.5L«^¢��5[25]. Prandtl-Ishlinskii�.´Preisach�.���f8,dstop�fÚplay�f|¤,T�.�`³Ì�´UO(Ǒx^¢y�Ó�Bu¢y��ì��OÚ¢���.du¢���é¡5, play�f��^¢ÑÑw�Ñ\uO\½~�. b�Cm[0, tE]Ǒ��üN©ãëY��¼�m,éu?¿Ñ\u,½Âfr : R→R, fr(u,

w) = max(u− r,min(u+ r, w)),Ù¥ rL«¢�K��÷v r > 0[26],K play�fFr[·]½ÂǑXe/ª[27]:










Fr[u](0) = fr(u(0), 0),

Fr[u](t) = fr(u(t), Fr[u](ti)),

for ti 6 t 6 ti+1 and0 6 i 6 N − 1,

(14)Ù¥0 = t0 < t1 < · · · < tN = tEǑ[0, tE]���©�,��Ñ\u3z��[ti , ti+1]SäküN5(4O½ö4~).�â©z[27], PI�.�LãǑXe/ª:

w(t) = λu(t) +
w D

0
p(r)Fr[u](t)dr, (15)Ù¥p(r)´�Ý¼ê,÷vp(r) > 0�w

∞

0
rp(r)dr <

∞,�Ý¼êp(r)�ÏL¢�E£��. dup(r)�Xr�O�ªu",Ǒ{B,�ÀJD = ∞�Ǒª
(15)�È©þ., λǑdp(r)(½���~ê. λ=1.5,
p(r)=e−0.067(r−1)2 , r∈[0, 10]!Ñ\ u(t)=7 sin(3t)/
(1+t), t ∈ [0, 2π]�Fr[u](0)=0�Fr[u](0)=0,��
PÎ ¢�.Xã4¤«.

ã 4 PÎ ¢�.
Fig. 4 PI hysteresis model
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u(t) = λv(t) +

w D

0
p(r)Fr[v](t)dr. (16)òª(16)�\ª(12)�















































ẋ1 = x2,

ẋ2 =

βv+
w D

0
pg(r)Fr[v](t)dr−

c

m
x2−

k − h

m
x1−

hµ

m
x1(t− τ) +

1

m
f(x1 − µx1(t− τ)),

y = x1,

(17)

Ù¥:

β = bλ, (18)

pg(r) = bp(r), (19)�pg(r)Ǒ��^¢�Ý¼ê, pg(r)Úβò3�e5�3��O,�éþã�k^¢°Ä���5XÚ,��8�´æ^�í{�U?–Ä�¡�{��4�XÚ�y�Û½. Ó�,ÏLN���ëê¢yXÚÑÑx1 = yU
�lë�&Òyr.

2.3    ²²²���äää%%%CCCììì(Neural network approxima-

tor)��/, ²��ä´��õÑ\üÑÑ�XÚ[28–29],ÙêÆL�ªǑ
Y = ϑTψ(ξ), (20)Ù¥: ξ ∈ R

n´ ²��ä�Ñ\; Y ∈ R´ ²��ä�ÑÑ, ϑ ∈ R
N´N��Nëê�þ,ùpN´ ²�!:ê; ψ(ξ) : R

n → R
N´��5�þ¼ê,�ψ(ξ) = [ψ1(ξ), · · · , ψN(ξ)]T,ùpψk(ξ)´pd¼ê. ÚÚÚnnn 1 é;8Ωξ ⊆R

nþ�?¿ëY¼êF(·) :

Ωξ → R,ÏLÀJ·��ëêσkÚζk,éuv
����êN ,�3/Xª(20)� ²�äXÚ[28] ,��
∀ξ ∈ Ωξ ⊆ R

n, |δ| 6 δm,

F(ξ) = ϑ∗Tψ(ξ) + δ(ξ), (21)Ù¥: ϑ∗´�ëê�þϑ��`�,½ÂǑδ(ξ)Ǒ%CØ�,

ϑ∗ = arg min
ϑ∈Rn

{ sup
ξ∈Ωξ

|Y (ξ) −F(ξ)|}, (22)

δ(ξ) = F(ξ) − ϑ∗Tψ(ξ). (23)

3 ggg···AAAÄÄÄ���¡¡¡������ììì������OOO(Adaptive dy-
namic surface controller design)½ÂXÚ�lØ�

e := x1 − yr, (24)Ù¥yrǑn��l;,. �â©z[18–19],5U¼ê

ÚØ�=�¼êò?1Xe½Â: 5U¼ê̟(t) : R+

→ R− − {0}�½ÂǑ��1w4~��¼ê,��éu¤kt > 0,
{

−σ̟(t) < e(t) < ̟(t), if e(0) > 0,

−̟(t) < e(t) < σ̟(t), if e(0) < 0,
(25)Ù¥: 0 < σ < 1� lim

t→∞

= ̟∞ > 0,̟∞ǑXÚ½��lØ�¤#N����.Ǒòª(25)=�¤��d¼ê,Ú\Ø�=�¼êXe:

e(t) := ̟(t)Φ(S1), (26)Ù¥: S1´dØ�=�¼ê?1=���=�Ø�,

Φ(S1)´,�1w!î�üN4O�¼ê,Ù�¼êäkXe5�:
{

−σ < Φ(S1) < 1, if e(0) > 0,

−1 < Φ(S1) < σ, if e(0) < 0,
(27)�







lim
S1→−∞

Φ(S1)=−σ, lim
S1→∞

Φ(S1)=1, if e(0)>0,

lim
S1→−∞

Φ(S1)=−1, lim
S1→∞

Φ(S1)=σ, if e(0)<0.

(28)dª(28)��,XJS1 ∈ L∞,�oª(27)¤á. Ó�2�Ä̟(t) > 0Úª(26),��
−σ̟(t) < ̟(t)Φ(S1) = ̟(t) < 1, �e(0) > 0,½
−̟(t)<̟(t)Φ(S1) = ̟(t) < σ̟(t), �e(0)<0,=ª(25)¤á. Ïd,l±þ©Û��,e�¢y�½�5U�I,�Iy²S1 ∈ L∞=�.dΦ(S1)�î�üN4O�5�,��

S1 = Φ−1(
e(t)

̟(t)
). (29)I�5¿�´,�òe(0)=0���¹�¹�e(0)>0½e(0) < 0¥?n.Ó�, σØ��",ÏǑù¬��

S1(0)�..1111ÚÚÚ -11�¡Ø�S1Ǒª(29)¤½Â.�Äª(17)Úª(24),k
Ṡ1 = Ψ [−

˙̟

̟
e+ x2 − ẏr], (30)

Ψ :=
1

̟

∂Φ−1

∂(e/̟)
. (31)�âΦÚ̟�½Â,��Ψ > 0.�ÄXe�g.�§:

V1 =
1

2
S2

1 , (32)Ïd,��
V̇1 = S1[Ψ(−

˙̟

̟
e− ẏr) + Ψx2]. (33)�Ø�CþS2 = x2 − z2, y2 = z2 − x2d,�\þª
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V̇1 6 S1[Ψ(−

˙̟

̟
e+ ΨS1 − ẏr) +

Ψx2d] +
1

2
y2

2 +
1

2
S2

2 . (34)�âª(34),�OJ[��Æx2d,¿�\V̇1,

x2d =[−k1S1 − Ψ(−
˙̟

̟
e+ ΨS1 − ẏr)]/Ψ, (35)

V̇1 6 −k1S
2
1 +

1

2
y2

2 +
1

2
S2

2 . (36)-x2d²��$ÏÈÅì¼��#Cþz2Xe:

τ2ż2 + z2 = x2d, z2(0) = x2d(0), (37)Ù¥τ2ǑÈÅì�m~ê.1112ÚÚÚ ½Â12�Ø�¡Ǒ
S2 = x2 − z2. (38)-

h2(x̄2τ ) =

−
hµ

m
x1(t−τ)+

1

m
f(x1−µx1(t−τ))f2(x1, x2)=

−
c

m
x2 −

k − h

m
x1,�Ä�g.¼ê

V2 =
1

2
(S2

2 +
1

γpr

w D

0
p̃2

g(r)dr +
β

γζ

ζ̃2 +
1

γυ2

υ̃2
2),

(39)Ù¥½Â: p̃g(r) = p̂g(r)−pg(r), υ̃2 = υ̂2−υ
∗

2 , ζ̃ =

ζ̂ − ζ; γζ , γprÚγυ2
Ǒ��Oëê; ζ̂ , υ̂2, p̂g(r)©OǑζ =

1

β
, υ∗

2 = ‖θ∗δ2
‖2, p̃g(r)��O�.éu��ò��h2(x̄2τ ),�âb�1,eãØ�ª¤á:

S2h2(x̄2τ ) 6 S2
2 +

1

2
φ2

2,1(x̄2τ ) +
1

2
φ2

2,2(x̄2τ ),

(40)Ïd,dª(39),��
V̇2 6 S2[βv +

w D

0
pg(r)Fr[v](t)dr + f2(x1, x2) −

ż2 + S2] +
1

2
Q2(x̄2τ ) +

β

γζ

ζ̃
˙̂
ζ +

1

γpr

w D

0
p̃g(r)

∂

∂t
p̂g(r)dr +

1

γυ2

υ̃2
˙̂υ2, (41)Ù ¥: φ2,1, φ2,2Ǒ b � 1¥ � � � ë Y ¼ ê;

Qk(x̄kτ )½ÂǑXe/ª:

Qk(x̄kτ ) =
k
∑

l=1

φ2
k,l(x̄kτ (t)), k = 1, 2. (42)duª(41)¥k���,Ïd,I^ ²�ä�Ǒ%C

ì,3;8Ωξ3
þ5%C���

f2(x1, x2) +
1

S2

tanh2(
S2

ε2
)Q2(x̄2) =

θ∗Tδ2
ψ2(ξ2) + δ2(ξ2), (43)Ù¥ξ2 := (x̄2, S2) ∈ Ωξ3

⊂ R
3,Kk

S2θ
∗

δ2
ψ2 6

α2
2S

2
2υ

∗

2ψ
T
2 ψ2

2
+

1

2α2
2

, (44)Ù¥α2Ǒ��Oëê. �âª(41)−(44),k
V̇2 6

S2[βv +
w D

0
pg(r)F

[v]
r (t)dr − ż2 + S2 +

α2
2S2υ

∗

2ψ
T
2 ψ2

2
+ δ2(ξ2)] − tanh2(

S2

ε2
)Q2(x̄2) +

β

γζ

ζ̃
˙̂
ζ +

1

γpr

w D

0
p̃g(r)

∂

∂t
p̂g(r)dr +

1

γυ2

υ̃2
˙̂υ2 +

1

2
Q2(x̄2τ ) +

1

2α2
2

. (45)��ª���ÆvǑ
v = ζ̂v̄, (46)Ù¥

v̄ = −k2S2 −
α2

2S2υ̂2ψ
T
2 ψ2

2
+ ż2 − S2 −

sgnS2

w D

0
p̂g(r)|Fr[v](t)|dr, (47)

ζ̂, υ̂2Úp̂g(t, r)�NëÆ�OǑXe/ª:

˙̂
ζ = −γζ(v̄S2 + σζ ζ̂), (48)

˙̂v2 = γυ2
[
α2

2S
2
2ψ

T
2 ψ2

2
− συ2

υ̂2], (49)

∂

∂t
˙̂pg(r) = γpr[|S2||Fr[v](t)| − σprp̂g(r)], (50)Ù¥σζ , σprÚσυ2

Ǒ��Oëê. ò��Æ�NëÆ�\V̇2,��ÄØ�ª ��Ǒ
V̇2 6 −(k2 −

1

2
)S2

2 − tanh2(
S2

ε2
)Q2(x̄2) +

1

2
δ2(ξ2)

2−σpr

w R

0
p̃g(r)p̂g(r)dr−συ2

υ̃2υ̂2−

βσζ ζ̃ ζ̂ +
1

2α2
2

+
1

2
Q2(x̄2τ). (51),��¡,du

−συ2
υ̃2υ̂2 6 −

συ2

2
(υ̃2

2 − υ∗2
2 ), (52)

−σζβζ̃ζ̂ 6 −
βσζ

2
(ζ̃2 − ζ2), (53)

−σpr

w R

0
p̃g(r)p̂g(r)dr 6

−
σpr

2
(
w R

0
p̃2

g(r)dr −
w R

0
p2

g(r)dr). (54)
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V̇2 6 −(k2 −

1

2
)S2

2 +
1

2
δ2(ξ2)

2 +
1

2α2
2

+

1

2
Q2(x̄2τ )−tanh2(

S2

ε2
)Q2(x̄2)−

βσζ

2
ζ̃2+

βσζ

2
ζ2 +

σpr

2

w R

0
p2

g(r)dr −

σpr

2

w R

0
p̃2

g(r)dr +
συ2

2
υ∗2

2 −
συ2

2
υ̃2

2. (55)555 2 b�1¥,�;�Ñy/ÆC(bursting phenome-

non)0y�[30],.½¼êφi,j(·)Ǒ®��,X©z[10–11].3�©¥,du�^
�lØ��5U¼êÚG�=�¼ê,

φi,j(·)Ǒ���;�
�lØ��/ÆC0y�.555 3 3þã�OÚ½¥,æ^�O ²�ä���þ��êυ∗

2 =
‚

‚θ∗δ2

‚

‚

2(�ª(49))5�O�O���þθ∗Tδ2
,Ïd,4�~�
O�Kú,�·Ü¢���.

4 ½½½555©©©ÛÛÛ(Stability analysis)Äk,½ÂXeØ�Cþ:

y2 = z2 − x2d, (56)Ù¥x2d®dª(35)�Ñ.-
ẋ2d = −B2(S1, S2, y2, υ̂2,̟, ˙̟ , yr, ẏr), (57)Ïd,(Üª(37)éª(56)����

ẏ2=−
y2

τ2
+B2(S1, S2, y2, υ̂2,̟, ˙̟ , yr, ẏr). (58)�âb�2,8Ü

Π : = {(yr, ẏr) : y2
r + ẏ2

r 6 B0} (59)ǑR
2þ���;8�B0 > 0, |B2|3Πþ�3���M2.éu?¿�½�p > 0,|^Ø�ª �,��

|y2B2| 6
y2

2B
2
2

2µ
+
µ

2
6
y2

2M
2
2

2µ
+
µ

2
. (60)-

1

τ2
=

1

2
+
M2

2

2µ
+ α0, (61)dª(58)(60)−(61)��

1

2
y2

2 + y2ẏ2 =
1

2
y2

2 −
y2

2

τ2
+ |y2B2| 6 −α0y

2
2+
µ

2
.

(62)-
C =

1

2
δ2(ξ2)

2 +
1

2α2
2

+
βσζ

2
ζ2 +

συ2

2
υ∗2

2 +

σpr

2

w R

0
p2

g(r)dr +
µ

2
, (63)Ù¥α0Ǒ�~�Oëê.½ÂXeLyapunov¼ê:

V = V1 + V2 +
1

2
VQ2

+
1

2
y2

2, (64)ùp: VQ2
¡ǑLyapunov-Krasovskii¼ê, V1, V2©OǑª(34)(55)¤«.½ÂǑXe/ª:

VQt
=

w t

tτ
Q2(x̄(η))dη. (65)½½½nnn 1 -�k^¢Ñ\���5î�"�¢XÚXª(12)¤£ã. �Ädª(30)(38)(56)|¤�4���XÚ.éu�½��~êδ∗2 ,�|δ2(ξ2)| 6 δ∗2�,ª (43)3;8Ωξ2
S.Kéu?��½�ê p,eV (0)÷v

V (0) 6 p, (66)�o,ÏL·�ÀJ�Oëêk1, k2, γυ2
, γζ , γpr,±9

συ2
, σζ , σpr4�XÚ¥�¤kCþ�ª��k.. ¿�XÚ��l5U�±�ýk�½.yyy �Äª(65),éV��,k

V̇ = V̇1 + V̇2 +
1

2
V̇Q2

+ y2ẏ2. (67)d�©13Ü©�11ÚÚ12Ú,òª(36)(55)(62)Úª(63)�\V̇ :

V̇ 6 −k1S
2
1 − (k2 − 1)S2

2 −
βσζ

2
ζ̃2 −

σv2

2
υ̃2

2 −

σpr

2

w D

0
p̃2

g(r)dr − α0y
2
2 +

1

2
[1 − 2 tanh2(

S2

ε2
)]Q2(x̄2) + C, (68)-

k1 > α0, (69)

k2 > 1 + α0 (70)

σζ >
2α0

γζ

, (71)

σv2
>

2α0

γv2

, (72)

σpr >
2α0

γpr

. (73)òª(69)−(73)�\ª(68)�n��eª:

V̇ 6 −2σ0V + σ0VQ2
+ C +

1

2
[1 −

2 tanh2(
S2

ε2
)]Q2(x̄2). (74)3ª(74)¥: −σ0(2V − VQ2

)ǑK½�, CǑ�~ê,�?n1

2
[1 − 2 tanh2(

S2

ε2
)]Q2(x̄2),7L�Äeã3«�/:���/// 1 Si ∈ ΩSi

={Si||Si|<0.8814εi}, ∀ i =

1, 2. du¤kSik.,�âNëÆª(48)−(50)��,
υ̂2, ζ̂, p̂g(t, r)þk.,Ïd,dª(64)��, Vk..���/// 2 Si /∈ ΩSi

, ∀ i = 1, 2,dV��¼ê�5�[30]��, [1 − 2 tanh2(
Si

εi

)] < 0.duQi(x̄i) =
i

∑

l=1

φ2
i,l(xl) > 0, i = 1, 2,��

V̇ 6 −σ0(2V − VQ2
) + C. (75)



1280 � � n Ø � A ^ 1 31òª(75)̀ ²: eσ0>C/(2p− VQ2
),�V =p�, V̇ 60.ÏdV 6 pǑ��ØC8,=eV (0) 6 p,�oéu¤kt > 0, V (t) 6 pð¤á.���/// 3 S1 /∈ ΩS2

, S2 ∈ ΩS2
½öS1 ∈ ΩS2

, S2

/∈ ΩS2
(ǑÒ´`Si, i = 1, 2�Ü©3;8ΩSi

S,,	�Ü©Ø3;8ΩSi
S).|^�/1−2�(Jw,��,�V = p�, V̇ 6 0.ÏdV 6 pǑ��ØC8.=eV (0) 6 p,�oéu¤k t > 0, V (t) 6 pð¤á. nþ¤ã,4�XÚ¤k&Ò��k.. AO/,dª(26)��, S1 ∈ L∞�y
XÚ�lØ�÷výk�½��l5U�I̟(t)(�ª(26)−(28)).

5 XXXÚÚÚ���ýýý(System simulation)äk^¢Ñ\9ò�y��7á��XÚ�êÆ�.Xª(12)¤«,ª¥PÎ ¢�.Xª(16)¤«,�p(r)=0.52e−0.001(r−0.5)2 , λ = 8.XÚëêǑ
m = 26kg, c = 1.2, k = 6800N/m,

f(x− µx(t− τ)) = 0.18 sin(x− µx(t− 1)),

µ = 1, h = 4500,��8�´�XÚÑÑx1 = yU
�lë�&Òyr

= 0.02 sin(2.5t).  ²�ä�Ñ\�þξ2 := (x̄2, S2)

∈Ωξ3
⊂R

3,ǑÄ¼êψ(ξ2)ÀJ81�!:,¥%:ζj ,

j = 1, · · · , 81,þ!©Ù3 [−3, 3] × [−3, 3] × [−3,

3],�°ÝǑσj = 1.XÚ¥��ëê�NëÆ��©�Ǒ υ̂2(0) =

ζ̂(0) = p̂g(0, r) = 0.d	,�Oëêk1 = 7.5, k2 =

2, α2 = 2.5, γυ2
= 2, γζ = 1.5, γpr = 3;ÈÅì��m~êτ2 =0.15,�O�ëêσυ2

= σζ =0.00015,

σpr = 0.00001;XÚ��G���©�Ǒ x1(0) =

−0.1, x2(0) = 0.�ý¥,�½5U�I¼ê̟(t) =

0.5e−2t + 0.005.Ǒ;����&Ò;��)/Ë�0y�,�^
sat(S2/0.01) =










1, if (S2/0.01) > 1,

−1, if (S2/0.01) < −1,

S2/0.01, if |(S2/0.01)| < 1

(76)5�OÎÒ¼êsgn(S2/0.01),ù���Ün5�©z[7,15–17].�ý(JXã5−11¤«,dã5Úã6�±wÑÚ\5U�I¼êü$
�lØ�,Uì�½5U�I̟(t) = 0.5e−2t + 0.005Âñ,ã6¥J��æ^5U�I¼ê,�lØ�²w �.ã7Úã8L²
5U¼ê�Ú\¿vk���&ÒE,,�äk���LÞL§9�p���°Ý.ã9�Ñ
¡Ø�&

ÒS1ÚS2, S1�k.5T�`²
�lØ�òU�½�5U¼ê5Âñ. ã10Ǒ���þ�ê υ∗

2 =

‖θ∗δ2
‖2��O�υ̂2.ã11Ǒ¤�O���Æ(47)¥,k!�^¢Ö��

−sgnS2

w D

0
p̂g(r)|Fr[v](t)|drü«�¹eXÚ�lØ�é'�ý�J,�±wÑ^¢Ö���±k�³�^¢y�é��XÚ�KǑ.

ã 5 �l5Uy = x1, yr = 0.02 sin(2.5t)

Fig. 5 Tracking performance ofy = x1, yr = 0.02 sin(2.5t)

ã 6 k!�5U�I¼ê��lØ���'�
Fig. 6 The tracking error comparison of performance function

and without performance function

ã 7 ��Æv�^¢ÑÑu = 8v +
w D

0
p(r)Fr[v](t)dr

Fig. 7 Controlv and hysteresis output

u = 8v+
w D

0
p(r)Fr[v](t)dr
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ã 8 k!�5U�I¼ê���&Ò��'�
Fig. 8 The control signal comparison of performance function

and without performance function

ã 9 ¡Ø�S1�S2

Fig. 9 Surface errorsS1andS2

ã 10 ���þ�êυ∗

2 =
‚

‚θ∗δ2

‚

‚

2��O�υ̂2

Fig. 10 Estimations ofυ∗

2 =
‚

‚θ∗δ2

‚

‚

2with υ̂2�ý(J`²�©�±é��?n^¢y��XÚG��ò�,Ú\�5U¼êé���y
XÚ�lØ�°ÝÚLÞL§¬�,y²
¤J��üÑ��15.

ã 11 k!�^¢Ö��ü«�¹��lØ�é'
Fig. 11 The tracking error comparison of with/without

hysteresis compensation

6 (((ØØØ(Conclusions)�©�éäkò��!Ú^¢Ñ\��N7á��XÚ,æ^°�g·AÄ�¡��,¿���5U�I¼êÚ ²�ä�(Ü,�y
XÚ�lØ�9ÙLÞL§3ýk?¿�½���S; ¿æ^�O ²�ä���þ��ê5�O�O���þ,4��~�XÚ�O�Kú,�Bu¢���;d	,�©�{Q�±
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