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Iterative learning control with guaranteed transient performance
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Abstract: For a class of uncertain nonlinear time-varying systems, we present an iterative learning control scheme guar-
anteeing transient performance bounds. By introducing an error transformation, we convert the problem of guaranteeing
transient performance of the tracking error to that of ensuring boundedness of the transformed error. Applying Lyapunov
synthesis, we carry out the control design for handling both parametric and nonparametric uncertainties of system dynam-
ics. It is shown that, with the use of fully-saturated learning mechanisms, the system output can completely track the desired
trajectory over the entire pre-specified time interval as the number of iteration increases, and the tracking error is confined
within the transient performance bounds for each iteration cycle, while the boundedness and the uniform convergence of the
transformed error are guaranteed. Simulation results are presented to demonstrate the effectiveness of this learning control
method.
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1 ÚÚÚóóó(Introduction)
1984cArimotoJÑS�ÆS��,�8®k30

c[1]. /Ïuyk���XÚnÜ�{,<�ÅÚ/
¤
·uS�ÆS��XÚ�©Û��O�{. Cc
5,ÄuLyapunov�{�S�ÆS��Eâ�5�É
�<��'5[2–5]. ®uL��'©zÌ�8¥u?
n½~ëêXÚ½�CëêXÚ�g·AS�ÆS

��[6–8],�9���;,�l¯K[9–10],Ú?¿Ð�
e����l¯K[11–12].

Ï~æ^°��{?nXÚ¥��ëêØ(½5,
Ï~ù«�{b�Ø(½A5�.¼ê®�. ©
z[13]�@ïÄ°�S�ÆS��¯K,Ù¥æ^

C(���Eâ?nØ(½A5. ©z[14]JÑ
�
«Ø(½5Åì<XÚ�g·A°�S�ÆS��

üÑ.©z[15]JÑ�°�ÆS���{U
)û�

�����¯K.©z[16]�Ñ
�«(���{ü
�°�S�ÆS���{. ©z[17]�éÓ�¹kë
êÚ�ëêØ(½A5�Ä�XÚ,æ^BLF(Barrier
Lyapunov function)¼ê,�O
äkÑÑ�åUå�
S�ÆS��ì. ©z[18]�E
�«/ª{ü�
BLF¼ê,?Ø�ëêØ(½XÚ��åS�ÆS�
�¯K.

8c,��XÚ�]�5UÚå
<��­À.

y3�é�aõÑ\õÑÑ(multi-input multi-output,
MIMO)��5XÚ,©z[19]æ^°�g·A��ü
Ñ,�ªU
�yØ�Âñu���½.S.©z[20]
?Ø
�.ë�g·A����lØ��]�5U.
©z[21]¥JÑ�g·A��üÑU
¢yXÚ$1
L§¥äk��y�]�A5±9­��lØ�>

.. ©z[22]ïÄ
äk��y]�A5�g·A�

ÂvFÏ: 2013−03−12;¹^FÏ: 2014−06−11.
†Ï&�ö. E-mail: mxsun@zjut.edu.cn; Tel.: +86 571-85290586.
Ä7�8: I[g,�ÆÄ7]Ï�8(61174034, 61374103).



1296 � � n Ø � A ^ 1 31ò

1ì�æÖ���.

�©ïÄ�aØ(½��5XÚ���y]�5

US�ÆS��¯K.Ú\�½Ø�]�A5�5U
¼ê,ÏLØ�=��{,½Â��=�Ø�Cþ. æ
^Lyapunov-like�{,�OS�ÆS��ì. ©ÛL
²,T��ìU
¢yXÚÑÑ3����«mþ�
���l5U,Ó�qU
�y�lØ�3zgS�
�L§¥äk��y]�A5.

2 ¯̄̄KKK���£££ããã(Problem discription)
�Äeãp���5Ø(½XÚ:



ẋj,k(t) = xj+1,k(t), j = 1, 2, · · · , n− 1,

ẋn,k(t) = f(xxxk, t) + g(xxxk, t)uk(t),

yk(t) = x1,k(t),

(1)

Ù¥: k = 1, 2, · · ·L«S�gê, xxxk = (x1,k, x2,k,

· · · , xn,k)T´1kgS�XÚ�G��þ; yk(t)´X
ÚÑÑ; t ∈ [0, T ], T > 0´S�«m; f(xxxk, t)´�
�Ø(½��Ü©; g(xxxk, t)´��Ø(½��OÃ;
uk(t)´��Ñ\.

éXÚ(1)�Xeb�:

bbb��� 1 Ø(½f(xxxk, t)�±L«�

f(xxxk, t) = θθθT(t)ξ(xxxk, t) + η(xxxk, t), (2)

Ù¥: θθθ(t)´����C�þ, ξ(xxxk, t)´�xxxkÚ tk

'�®��þ,���ëêz¼êη(xxxk, t)÷v

|η(xxxk, t)− η(xxxd, t)| 6 β1(xxxk,xxxd, t)‖xxxk − xxxd‖, (3)

Ù¥β1(xxxk,xxxd, t)�®��ëY¼ê.

bbb��� 2 �3®��~êg0÷v

0 < g0 6 g(xxxk, t). (4)

���ëêz¼êg(xxxk, t)÷v

|g(xxxk, t)− g(xxxd, t)| 6 β2(xxxk,xxxd, t)‖xxxk − xxxd‖,
(5)

Ù¥β2(xxxk,xxxd, t)�®��ëY¼ê.

�©���?Ö´,�OS�ÆS��ìuk,¦X
ÚÑÑyk(t)���lþ�½�8I;,yd(t);z�
gS���lØ�äk��y�]�A5,�=äk
�±�½��NþÚÂñ�Ç�]�A5.

�½3«m [0, T ]þn�ëY���8I;,

yd(t),�3Ï"��Ñ\ud(t),÷v




ẋj,d(t) = xj+1,d(t), j = 1, 2, · · · , n− 1,

ẋn,d(t) = f(xxxd, t) + g(xxxd, t)ud(t),

yd(t) = x1,d(t),

(6)

Ù¥: xxxd =(x1,d, x2,d, · · ·, xn,d)T, f(xxxd, t)=θθθT(t)×
ξ(xxxd, t) + η(xxxd, t)b�ud(t), xxxd, f(xxxd, t)Úg(xxxd, t)
Ñ´k.�.

bbb��� 3 zgS��Ð©�÷v

xxxk(0) = xxxd(0). (7)

�Lã{B,P

gk = g(xxxk, t), fk = f(xxxk, t), gd = g(xxxd, t),

ηd = η(xxxd, t), fd = f(xxxd, t),

ηk = η(xxxk, t), ξk = ξ(xxxk, t), ξd = ξ(xxxd, t),

β1,k = β1(xxxk,xxxd, t), β2,k = β2(xxxk,xxxd, t).

½ÂXÚ1kg��lØ��e1,k = x1,k − x1,d.
Peeek = xxxk − xxxd = (e1,k, e2,k, · · · , en,k)T.

3 555UUU¼¼¼êêêÚÚÚØØØ���===���(Performance function
and error transformation)
½½½ÂÂÂ 1 Äk½Â��'u�mt�1w¼ê

ρ : R+ + {0} → R+,¡Ù�5U¼ê,3�m�þ
Ù´üN4~�,�÷v lim

t→∞
ρ(t) = ρ∞ > 0[20].

�÷vØ�äk��y�]�A5, e1,k(t)A÷
ve¡�^�:

−δ2ρ(t) < e1,k(t) < δ1ρ(t), (8)

Ù¥0 6 δ1, δ2 6 1,éA�Xã1¤«.

ã 1 �lØ��.¼ê

Fig. 1 The prescribed bounds on the tracking error

d�ρ(t)Ò�¡����½Ø�]�A5�5U
¼ê,�Ò´`�e1,k(t)��½3dρ(t).½��m
S, e1,k(t)�]�A5�ÒU��½4. 'X,À�5
U¼êρ(t) = (ρ0 − ρ∞)e−at + ρ∞,Ù¥ρ0 > ρ∞,
a > 0. ρ∞�±�½e1,k(t)��ªÂñ����; δ1ρ0

�±�½e1,k(t)3ÂñL§¥����Nþ; ρ(t)�
��±�½e1,k(t)�Âñ�Ý.

�¦e1,k(t)$13�½��mS,ÄkI�éØ
�¼êe1,k(t)?1=z,�=

e1,k(t) = ρ(t)S(vk(t)), (9)

Ù¥: vk(t)´Ø��=z/ª, S(·)´��1w�!
î�4O�±9�_�¼ê,Ùäke¡�5�:

1) −δ2 < S(vk(t)) < δ1.
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2)





lim
vk→+∞

S(vk(t)) = δ1,

lim
vk→−∞

S(vk(t)) = −δ2.

3) S(0) = 0.
w,,�vk(t)��k.þ�,Ò�±��e¡�

5�: −δ2 < S(vk(t)) < δ1.qduρ(t) > 0,¤±q
���−δ2ρ(t) < e1,k(t) < δ1ρ(t).dþ¡�©Û�
�,�vk(t)�k.þ�,ÒU
�yØ�e1,k(t)äk
�½�]�A5.

,	,duS(0) = 0��,� lim
k→∞

vk(t) = 0÷v

�,�±�� lim
k→∞

e1,k(t) = 0.

duρ(t) > ρ∞ > 0,òª(9)=z�e¡�/ª:

S(vk(t)) =
e1,k(t)
ρ(t)

. (10)

|^S(vk(t))�5�,éþª¦_��

vk(t) = S−1(
e1,k(t)
ρ(t)

). (11)

éª(11)¦���

v̇k(t) =
∂S−1

∂(
e1,k(t)
ρ(t)

)
(
ė1,k(t)ρ(t)− e1,k(t)ρ̇(t)

ρ2(t)
) =

∂S−1

∂(
e1,k(t)
ρ(t)

)ρ(t)
(ė1,k(t)− e1,k(t)ρ̇(t)

ρ(t)
) =

∂S−1

∂(
e1,k(t)
ρ(t)

)ρ(t)
(e2,k(t)− e1,k(t)ρ̇(t)

ρ(t)
) =

χk(t)(e2,k(t)− λk(t)), (12)

Ù¥:

χk(t) =
∂S−1

∂
(e1,k(t)

ρ(t)
)
ρ(t)

, λk(t) =
e1,k(t)ρ̇(t)

ρ(t)
.

N´�χk(t)Úλk(t)Ñ´®��. �dS(·)´��1
w�!î�4O�±9�_�¼ê,��χk(t) > 0.

��OS�ÆS��ì,�©À��5U¼ê
ρ(t)ÚS−1(·)Ñäkn���5.

4 ������ììì���OOO(Controller design)
�©A^backstepping�{,�O��ì. éej,k

�C�,½Â,�Cþzj,k,




z1,k = vk,

zj,k = ej,k − αj−1,k(z1,k, z2,k, · · · ,

zj−1,k, t), j = 2, 3, · · · , n.

(13)

ÚÚÚ½½½ 1 dª(13)��

ż1,k = v̇k = χk(e2,k − λk) =

χk(z2,k + α1,k(z1,k, t)− λk). (14)

�Oα1,k�

α1,k(z1,k, t) = −c1z1,k

χk

+ λk, (15)

Ù¥c1�����½ëê. ª(14)�±�¤

ż1,k = χkz2,k − c1z1,k. (16)

ÚÚÚ½½½ 2 dª(13)��

ż2,k = ė2,k − ∂α1,k

∂z1,k

ż1,k − ∂α1,k

∂t
=

z3,k + α2,k − ∂α1,k

∂z1,k

ż1,k − ∂α1,k

∂t
. (17)

�Oα2,k�

α2,k(z1,k, z2,k, t) =

−c2z2,k − χkz1,k +
∂α1,k

∂z1,k

ż1,k +
∂α1,k

∂t
, (18)

Ù¥c2�����½ëê. ª(17)�±�¤

ż2,k = z3,k − c2z2,k − χkz1,k. (19)

ÚÚÚ½½½ j(3 6 j 6 n− 1) �O

αj,k(z1,k, z2,k, · · · , zj,k, t) =

−cjzj,k − zj−1,k +
j−1∑
i=1

(
∂αj−1,k

∂zi,k

żi,k) +
∂αj−1,k

∂t
,

(20)

Ù¥cj(j = 3, · · · , n− 1)�����½ëê. dª
(13)(20),��

żj,k = −zj−1,k − cjzj,k + zj+1,k. (21)

ÚÚÚ½½½ n dª(1)(6)(13),��

żn,k = ẋn,k − ẋn,d − α̇n−1,k =

fk − fd + gkuk − gdud − α̇n−1,k. (22)

òαj,k�L�ªÅ��Ñ



α1,k = −c1z1,k

χk

+ λk,

α2,k = −c2z2,k − χkz1,k − c1(
z1,k

χk

)′ + λ̇k,

αj,k = −
j∑

i=2

ciz
(j−i)
i,k −

j−1∑
i=2

z
(j−1−i)
i,k + λ

(j−1)
k −

(χkz1,k)(j−2) − c1(
z1,k

χk

)(j−1),

j = 3, · · · , n− 1,

(23)

Ù¥:

(χkz1,k)(j−2) =
j−2∑
i=0

Ci
j−2χ

(i)
k z

(j−2−i)
1,k ,

(
z1,k

χk

)(j−1) =
∑

ail

z
(i)
1,k

χk

χ
(l1)
k

χk

χ
(l2)
k

χk

· · · χ
(lm)
k

χk

, (24)

0 6 i 6 j − 1, i + l1 + · · ·+ lm = j − 1,

0 6 l1 6 l2 6 · · · 6 lm 6 j − 1,
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λ
(j−1)
k =

∑
bilei,k

ρ(l1)

ρ

ρ(l2)

ρ
· · · ρ

(lm)

ρ
,

1 6 i 6 j, i + l1 + · · ·+ lm = j + 1,

1 6 l1 6 l2 6 · · · 6 lm 6 j,

Ù¥ailÚbil��A�Xê. ¿5½z(0) = z.

��O��ì,À��½¼ê

Vk(t) =
n∑

j=1

1
2
z2

j,k, (25)

éVk¦�,

V̇k = −
n−1∑
j=1

cjz
2
j,k + zn,kzn−1,k + zn,k(θθθTξk −

θθθTξd + ηk − ηd + gkuk − gdud − α̇n−1,k).

(26)

db�1,��

zn,k(ηk − ηd) 6 β1,k‖eeek‖|zn,k|. (27)

dugkûk− gdud = (gk− gd)ûk + gd(ûk−ud),db
�2,��

zn,k(gk − gd)ûk 6 β2,k‖eeek‖|ûk||zn,k|. (28)

òª(27)–(28),�\ª(26),�

V̇k 6 −
n−1∑
j=1

cjz
2
j,k + β1,k‖eeek‖|zn,k|+ zn,kθθθ

Tδξk +

zn,kzn−1,k − zn,kα̇n−1,k + zn,kgk(uk − ûk) +

zn,kgd(ûk − ud) + |zn,k|β2,k‖eeek‖|ûk|, (29)

Ù¥δξk = ξk − ξd. ÏLþ¡�í�,�©�æ�X
e��ì:

uk =

ûk − zn−1,ksgn(zn−1,kzn,k)
g0

− cnzn,k

g0

−
β1,k‖eeek‖sgn(zn,k)

g0

− β2,k‖eeek‖|ûk|sgn(zn,k)
g0

−

ψsgn(zn,k)
g0

− |θ̂θθT

k δξk|sgn(zn,k)
g0

, (30)

Ù¥: cn > 0��O~ê, ψ = |α̇n−1,k|, ûkÚθ̂θθk©O

�udÚθθθ��O.3���Ì�/e,�ëê��O©
OdXe�#Æ�Ñ:




θ̂θθk = satθ̄(θ̂θθ
∗
k),

θ̂θθ
∗
k = satθ̄θθ(θ̂θθ

∗
k−1) + γ1zn,kδξk,

ûk = satū(û∗k),

û∗k = satū(û∗k−1)− γ2zn,k,

(31)

Ù¥: γ1 > 0Úγ2 > 0��ëê�#OÃ; sat��Ú
¼ê,Ù½Â95��©z [7], θ̄θθÚū©O��ëê�

O��Ì�.ùp,b½�ëêý�Ñ?u�Ì��
m,��k = 0�, θ̂θθ0 = 000, û0 = 0.

5 555UUU©©©ÛÛÛ(Performance analysis)
éu¤�O���Æ9ëê�#Æ,�!é4�

XÚ�Âñ5Ú­½5?1©Û.

�ÄeãLyapunov-like¼ê:

Lk(t) = Vk(t) +
1

2γ1

w t

0
θ̃θθ

T

k θ̃θθkdτ +

1
2γ2

w t

0
gd(ûk − ud)2dτ, (32)

Ù¥ θ̃θθk = θθθ − θ̂θθk. �òVkL��

Vk =
w t

0
V̇kdτ + Vk(0). (33)

db�3,��eeek(0) = 0. dλk(t)�½Â��, λk(0)
= 0. dS(·)�5�±9S(0) = 0�í�, vk(0) = 0,
�=z1,k(0) = 0. dª(23)–(24),�í�αj,k´dz1,k,

· · · , zj,k, e1,k, · · · , ej,k��©O�,
k.��¦

�2�\�¤,Pαj,k = ϕ(z1,k, · · · , zj,k, e1,k, · · · ,

ej,k). dc¡�©Û��z1,k(0) = e1,k(0) = 0,dd
��α1,k(0)=ϕ(z1,k(0), e1,k(0))=0,duz2,k = e2,k

− α1,k,��z2,k(0) = 0,UÓ��g´,©Û��
zj,k(0) = 0(j = 1, 2, · · · , n). dª(25)��

Vk(0) = 0. (34)

Lk(t)31kg�S��©�

∆Lk(t) =
w t

0
V̇kdτ−Vk−1(t)+

1
2γ1

w t

0
(θ̃θθ

T

k θ̃θθk−θ̃θθ
T

k−1θ̃θθk−1)dτ +

1
2γ2

w t

0
gd{(ûk − ud)2 − (ûk−1 − ud)2}dτ. (35)

|^�ª

θ̃θθ
T

k θ̃θθk − θ̃θθ
T

k−1θ̃θθk−1 =

−2θ̃θθ
T

k (θ̂θθk − θ̂θθk−1)− (θ̂θθk − θ̂θθk−1)T(θ̂θθk − θ̂θθk−1) =

−2θ̃θθ
T

k (θ̂θθ
∗
k − θ̂θθk−1) + 2θ̃θθ

T

k (θ̂θθ
∗
k − θ̂θθk)−

(θ̂θθk − θ̂θθk−1)T(θ̂θθk − θ̂θθk−1). (36)

/Ï©z[7]¥�Ún1�

(θθθ − satθ̄(θ̂θθ
∗
k))

T(θ̂θθ
∗
k − satθ̄(θ̂θθ

∗
k)) 6 0. (37)

dª(36)–(37),��

θ̃θθ
T

k θ̃θθk − θ̃θθ
T

k−1θ̃θθk−1 6 −2θ̃θθ
T

k (θ̂θθ
∗
k − θ̂θθk−1). (38)

aq/,��Xeªf:

(ûk − ud)2 − (ûk−1 − ud)2 6
−2(ud − ûk)(û∗k − ûk−1). (39)

òª(38)–(39)�\ª(35),�

∆Lk(t) 6
w t

0
V̇kdτ − Vk−1(t)−

1
γ1

w t

0
θ̃θθ

T

k (θ̂θθ
∗
k − θ̂θθk−1)dτ −
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1
γ2

w t

0
gd(ud − ûk)(û∗k − ûk−1)dτ. (40)

A^��Æ(30),�òª(29)�¤

V̇k 6 −
n∑

j=1

cjz
2
j,k + zn,kgd(ûk − ud) +

zn,kθθθ
Tδξk − |θ̂θθ

T

k δξk||zn,k|. (41)

òª(41)�\ª(40),��

∆Lk(t) 6−
w t

0

n∑
j=1

cjz
2
j,kdτ − Vk−1(t) +

w t

0
zn,kθθθ

Tδξkdτ −
w t

0
|θ̂θθT

k δξk||zn,k|dτ +
w t

0
zn,kgd(ûk − ud)dτ −

1
γ1

w t

0
θ̃θθ

T

k (θ̂θθ
∗
k − θ̂θθk−1)dτ −

1
γ2

w t

0
gd(ud − ûk)(û∗k − ûk−1)dτ. (42)

A^ëê�#Æ(31),��

∆Lk(t) 6 −
w t

0

n∑
j=1

cjz
2
j,kdτ − Vk−1(t), (43)

��

∆Lk(t) 6 −
n∑

j=1

1
2
z2

j,k−1. (44)

�âª(44),N´y²eã½n:

½½½nnn 1 éu÷vb�1–3�XÚ(1),æ^��
Æ(30)Ú���Ìëê�#Æ(31),4�XÚäke
ã5�:

1) 4�XÚ¥�¤kCþ3[0, T ]þ��k.;
��k →∞�,�lØ�e1,k3[0, T ]þ��Âñu
".

2) �±�yz�gS��lØ�e1,k3[0, T ]þ
äk�½�]�A5.

yyy ÄkéL1¦�,

L̇1(t) =
n∑

j=1

zj,1żj,1 +
1

2γ1

θ̃θθ
T

1 θ̃θθ1 +
1

2γ2

gd(û1 − ud)2 6

−
n∑

j=1

cjz
2
j,1 + zn,1θθθ

Tδξ1 +

zn,1gd(û1 − ud)− |θ̂θθT

1 δξ1||zn,1|+
1

2γ1

θ̃θθ
T

1 θ̃θθ1 +
1

2γ2

gd(û1 − ud)2. (45)

duθ̂θθ0 = 000, û0 = 0,(Üª(31),

L̇1(t) 6 1
2γ1

θθθTθθθ +
1

2γ2

gdu
2
d. (46)

dgd, udÚθθθ�k.5��, L̇13[0, T ]þ´k.�,Ï
d, L13[0, T ]þ´k.�. |^ª(44)�, Lk(t)3
[0, T ]þ��k.. dLk(t)�½Â��zj,k(t)(j = 1,

2, · · · , n)3[0, T ]þ���k.5.

dz1,k(t)�k.5��, vk(t)Ó�´k.�,¤±
U
�y�lØ�e1,k(t)3[0, T ]þäk�½�]�
A5.

duz1,k(t)�k.5±9S(·)�A5,��e1,k3

[0, T ]þ´k.�. dd��α1,k = ϕ(z1,k, e1,k)�ä
kk.5. �âe2,k = z2,k + α1,k,dz2,kÚα1,k�k

.5,�±�ye2,k�äkk.5. ±d�ª4í�
�αj,k(j = 1, 2, · · · , n − 1)Úej,k(j = 1, 2, · · · , n)
3[0, T ]þÓ�´��k.�.

duùpæ^
���Ì�ëêÆSÅ�,� θ̂θθk

Úûk´��k.�. dβ1,kÚβ2,k�ëY5��, β1,k

Úβ2,k´��k.�. Ón��δξk�´��k.�.
d��Æ(30)�wÑ, uk(t)3[0, T ]þ´��k.�.

�y²zj,k(t)���Âñ5,éª(44)?1\\,
k∑

i=2

∆Li(t) =

Lk(t)− L1(t) 6 −1
2

k−1∑
i=1

n∑
j=1

z2
j,i. (47)

duLk(t)´��¿�L1(t)´k.�,���k →∞
�, zj,k(j = 1, 2, · · · , n)Å:Âñu0.

dª(16)(19)(21),��żj,k(j = 1, 2, · · · , n−1)´
��k.�. ?�Ú,dª(22)��, uk, fk, fd, gk,
α̇n−1,k, ud, gd���k.5�±�yżn,k´��k.

�. Ïd, żj,k(j =1, 2, · · ·, n)´��k.�,?�Ú
�í�zj,k(j = 1, 2, · · · , n)´�ÝëY.(Üþ¡�
©Û,�í�,� k →∞�, zj,k(j = 1, 2, · · · , n)3
[0, T ]þ´��Âñu0.

�k →∞�, vk(t)3[0, T ]þ´��Âñu0. d
S(0) = 0�í�,�k →∞�, e1,k(t)3[0, T ]þÓ�
��Âñu0.

dþ¡�©Û��,�k →∞, z1,kÚe1,kÑ��

Âñu0,dd��α1,k ���Âñu0. �âe2,k =
z2,k + α1,k,�í�e2,k��Âñu0. ±d�ª4í
��αj,k(j = 1, 2, · · · , n−1)Úej,k(j = 1, 2, · · · , n)
3[0, T ]þÑ��Âñu0.

nÜþ¡�©Û��,� k →∞, zn−1,k, zn,kÚ

α̇n−1,kÑò¬ªu0. �eeek → 0,��δξk → 0. Ïd,
l��Æ(30)¥ØJwÑ,��þ¥���y��X
S�gê�O\B¬�Ø. y..

�
���y]�5U�½�S�ÆS�{é',
�ÑÃ]�A5�½e�S�ÆS�Y:��ìÚë
ê�#Æ/ª©OÓª(30)Úª(31),Ù¥:{

z1,k = e1,k,

zj,k = ej,k − αj−1,k, j = 2, 3, · · · , n,
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


α1,k = −c1z1,k,

αj,k = −cjzj,k − zj−1,k +
j−1∑
i=1

(
∂αj−1,k

∂zi,k

żi,k),

j = 2, 3, · · · , n− 1.

6 êêê������~~~(Numerical simulation)
�ÄXe2�XÚ:




ẋ1 = x2,

ẋ2 = sin x1 cos(16πt) + sin x2 sin(8πt)

− 0.1x2 − x3
1 + (1 + 0.01x2

1 + 0.005x2
2)u,

(48)

Ù¥: f(xxx)=−0.1x2−x3
1+sin x1 cos(16πt)+sin x2

× sin(8πt), g(xxx) = 1 + 0.01x2
1 + 0.005x2

2. �½8I
;,

xd = 6(
t

3
)5 − 15(

t

3
)4 + 10(

t

3
)3.

�β1,k = 0.1+ |x2
1,d +x2

1,k +x1,dx1,k|,÷vb�1.�
g0 = 1, β2,k = 0.01|x1,d + x1,k|+ 0.005|x2,d + x2,k|,
÷vb�2.

�
÷vØ��ªÂñ�����½�0.05,�
��Nþ�½�0.4,zgS�Ø�÷v−δ2ρ(t) <

e1,k(t) < δ1ρ(t). À��½Ø�]��5U¼ê

ρ(t) = (0.4− 0.05)e−t + 0.05,

±9δ1 = 1Úδ2 = 0.1. À�

S(x) = δ1 − δ1δ2 + δ2
1

δ2e2x + δ1

.

æ^��Æ(30)±9ëê�#Æ(31)?1�ý. Ù
¦ëê���

c1 = 1, c2 = 1, γ1 = γ2 = 3.

S�50g�,�ý(JXã2–4¤«. dã2�w
Ñ,²LõgS�,XÚÑÑyk3����«mþ�

��lþÏ";,x1,d. ã4¥�Jk = max
t∈[0,T ]

|e1,k(t)|
L«3[0, T ]þØ�ýé�����.

ã 2 x19Ùë�;,x1,d

Fig. 2 x1and the reference trajectoryx1,d

ã 3 ��Ñ\

Fig. 3 Control input

ã 4 �IJk

Fig. 4 The index Jk

�
Ny��y]�5US�ÆS���{�`

�5,òü«ÆSÅ�e�13gS��lØ�ã?
1é',dã5�,3��y]�A5�S�ÆS��
Å�e�lØ��½35U¼ê.S,�dã6�,3
Ã]�A5�½�S�ÆS��ì�^e�13gS
��lØ�¿vk�½35U¼ê.S.é'��,
æ^��y]�A5�S�ÆS����
ýÏ

�!U
¢y�lØ�3zgS��L§¥äk��

y�]�A5.

ã 5 �y]�5U�½��13gS��lØ�e1

Fig. 5 The tracking error e1 of the 3th iteration with

guaranteed transient performance
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ã 6 Ã]�A5�½��13gS��lØ�e1

Fig. 6 The tracking error e1 of the 3th iteration without

guaranteed transient performance

7 (((ØØØ(Conclusion)
�
¢yäk���l5U�Ó�,qU
�y

�lØ�3zgS��L§¥äk��y�]�A

5,�=äk�±�½��NþÚÂñ�Ç�]�A
5. �©�é�aØ(½��5XÚ,3���ÌÆ
SÅ�e,�O��y]�A5�S�ÆS��ì. n
Ø©ÛL²,¤�O�ÆS��ìU
¢yXÚ�Ñ
Ñ3����«mþ����l5U,Ó�qU
�
y�lØ�3zgS��L§¥äk��y�]�

A5. ����ý¢��y
ù«ÆS���{�k
�5.
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