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Decentralized backstepping adaptive iterative learning control for
a class of interconnected nonlinear systems with strict feedback form
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(1. Department of Control Science and Engineering, Zhejiang University, Hangzhou Zhejiang 310027, China;
2. School of Electrical Engineering, Yancheng Institute of Technology, Yancheng Jiangsu 224051, China)

Abstract: Based on the Lyapunov synthesis approach, a decentralized backstepping adaptive iterative learning control
scheme is proposed for a class of interconnected nonlinear systems of strict feedback form. The interconnections among
subsystems are considered to be bounded by first order polynomials of subsystem outputs. The proposed controller of each
subsystem depends only on local state variables without any information exchange with other subsystems. The adaptive
parameters are updated along both iteration axis and time one to counter the effects of the interconnections. It is shown
that by using the proposed decentralized controller, the outputs of the subsystems can track the desired reference outputs
iteratively. Our simulation results show that the output tracking error of each subsystem converges along the iterative axis.
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2 ¯̄̄KKK£££ããã(Problem statement)
�ÄXedN�fXÚpé|¤�î��"��

5péXÚ,Ù¥fXÚi�Ä��§�
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Ù¥: þIkL«péXÚ3�mãt∈ [0, T ]þ?1
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3 SSS���ÆÆÆSSS������ììì���OOO (Iterative learning
controller design)
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2(ỹk
i )TPiBi(z̃k

i1 + θT
i0γ

k
i0 − (θ̂k

i0)
Tγk

mi0)−
ς̂k
i0

∥∥(ỹk
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N∑
i=1

{−[
λm(Qi)− (ς ′i)

−1di0

]‖ỹk
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Ù¥ci1 > 0��Oëê. rª(30)�\ª(29)��

V̇ k
1 6 1

2

N∑
i=1

{−[
λm(Qi)−(ς ′i)

−1(2di0+

di1)
]‖ỹk

i ‖2− 2
1∑

s=0

[
(θ̃k

is)
Tτk

is+ ς̃k
isε

k
is

]−

2ci1(̃zi1)2+2z̃k
i1z

k
i2

}
, (31)

Ù¥:

τk
i1 = z̃k

i1f
k
i1, (32)

εk
i1 = z̃k

i1g
k
i1. (33)

ª(30)¥ëêθ̂k
i1Úς̂k

i1÷XS�����#Æ�

γ

[
˙̂
θk

i1

˙̂ςk
i1

]
=−

[
θ̂k

i1

ς̂k
i1

]
+(1−γ)

[
θ̂k−1

i1

ς̂k−1
i1

]
+ α

[
τk

i1

εk
i1

]
,

(34)

Ù¥: θ̂k
i1(0)=0, ς̂k

i1(0)=0.�k=0�, γ ˙̂
θ0

i1 = −θ̂0
i1+

ατ 0
i1, γ ˙̂ς0

i1 =−ς̂0
i1+αε0

i1.

111j(2 666 j 666 n)ÚÚÚ Cþz̃ij�Ä��§�

˙̃zk
ij = z̃k

i,j+1+uk
i,j+1+

j∑
ι=0

ϕk
ijι(θ̄iι) Tγk

iι+νk
ij. (35)

�ÄXe|ÜLyapunov¼ê:

V k
j (t) = V k

j−1(t) +
1
2

N∑
i=1

(z̃k
ij)

2, (36)

éV k
j ¦����

V̇ k
j 61

2

N∑
i=1

{−[
λm(Qi)−(ς ′i)

−1(jdi0+ · · ·+

di,j−1)
]‖ỹk

i ‖2− 2
j−1∑
s=1

cis(z̃k
is)

2−2
j−1∑
s=0

((θ̃k
is)

Tτk
is+

ς̃k
isε

k
is) + 2z̃k

ij(z̃
k
i,j+1+ z̃k

i,j−1+uk
i,j+1+

j∑
ι=0

ϕk
ijι(θ̄iι) Tγk

iι+νk
ij)

}
, (37)

aqª(24)−(25)Úª(29), V̇ k
j ���

V̇ k
j 6 1

2

N∑
i=1

[−{
λm(Qi)− (ς ′i)

−1[(j + 1)di0+· · ·+

dij]
}‖ỹk

i ‖2−2
j−1∑
s=1

cis(z̃k
is)

2−2
j−1∑
s=0

(
(θ̃k

is)
Tτk

is+

ς̃k
isε

k
is

)
+ 2z̃k

ij

(
z̃k

i,j+1+ z̃k
i,j−1 + uk

i,j+1 +

(θij)Tfk
ij + ςgk

ij + νk
ij

)]
, (38)

-θij = (θ̄ T
i0 , · · · , θ̄T

ij)
T, gk

ij = 2−1z̃k
ij

j∑
ι=0

$k
iι(ϕ

k
ijι)

2,

fk
ij = ((ϕk

ij0γ
k
mi0)

T, · · · , (ϕk
ijjγ

k
mij)

T)T. �OJ[�
�Æuk

i,j+1Xe:

uk
i,j+1=−

(
cij z̃

k
ij +z̃k

i,j−1+(θ̂k
ij)

Tfk
ij +

ς̂k
ijg

k
ij +νk

ij

)
, (39)

Ù¥cij > 0��Oëê. rª(39)�\ª(38),���

V̇ k
j 61

2

N∑
i=1

[−{
λm(Qi)− (ς ′i)

−1[(j + 1)di0+ · · ·+

dij]
}‖ỹk

i ‖2 − 2
j∑

s=1

cis(z̃k
is)

2−2
j∑

s=0

(
(θ̃k

is)
Tτk

is+

ς̃k
isε

k
is

)
+ 2z̃k

ij z̃
k
i,j+1

]
, (40)

Ù¥:

τk
ij = z̃k

ijf
k
ij, (41)

εk
ij = z̃k

ijg
k
ij. (42)
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3ª(39)¥,ëêθ̂k
ijÚς̂k

ij÷XS���þ���Æ�

O�

γ

[
˙̂
θk

ij

˙̂ςk
ij

]
=−

[
θ̂k

ij

ς̂k
ij

]
+(1−γ)

[
θ̂k−1

ij

ς̂k−1
ij

]
+ α

[
τk

ij

εk
ij

]
,

(43)

Ù¥: θ̂k
ij(0)=0, ς̂k

ij(0)=0. � k=0�, γ ˙̂
θ0

ij =−θ̂0
ij+

ατ 0
ij , γ ˙̂ς0

ij = −ς̂0
ij + αε0

ij .

111nÚÚÚ Cþz̃k
in�Ä��§�

˙̃zk
in = uk

i + υk
i +

n∑
ι=0

ϕk
inι(θ̄iι)Tγk

iι + νk
in−

Ki[yT
mi xT

mi]
T − bmirmi. (44)

�ÄXeLyapunov¼ê:

V k
n (t) = V k

n−1(t) +
1
2

N∑
i=1

(z̃k
in)2, (45)

éV k
n (t)¦���

V̇ k
n 6 1

2

N∑
i=1

{−[
λm(Qi)−(ς ′i)

−1(ndi0+· · ·+

di,n−1)
]‖ỹk

i ‖2−2
n−1∑
s=1

cis(z̃k
is)

2−2
n−1∑
s=0

(
(θ̃k

is)
Tτk

is+

ς̃k
isε

k
is

)
+2z̃k

in(uk
i +z̃k

i,n−1+υk
i +νk

in−bmirmi+
n∑

ι=0

ϕk
inι(θ̄iι) Tγk

iι −Ki(yT
mi, x

T
mi)

T)
}
, (46)

aqª(38), V̇ k
n (t)���

V̇ k
n 6 1

2

N∑
i=1

[−{
λm(Qi)−(ς ′i)

−1[(n+1)di0+· · ·+

din]
}‖ỹk

i ‖2−2
n−1∑
s=1

cis(z̃k
is)

2− 2
n−1∑
s=0

(
(θ̃k

is)
Tτk

is+

ς̃k
isε

k
is

)
+2z̃k

in(uk
i +z̃k

i,n−1 + υk
i + (θin)Tfk

in+

ςgk
in+νk

in−Ki(yT
mi, x

T
mi)

T−bmirmi

)]
, (47)

Ù¥: fk
in =((ϕk

in0γ
k
mi0)

T, · · · , (ϕk
innγk

mi,n)T)T, θin =

(θ̄ T
i0 , · · · , θ̄T

in)T, gk
in = 2−1z̃k

in

n∑
ι=0

$k
iι(ϕ

k
inι)

2. 1i�

fXÚ�©Ñª��Æ�

uk
i =−(

cinz̃k
in+z̃k

i,n−1 + υk
i +(θ̂k

in)Tfk
in+ ς̂k

ingk
ij +

νk
in −Ki(yT

mi, x
T
mi)

T − bmirmi

)
, (48)

Ù¥cin > 0��Oëê. òª(48)�\ª(47)���

V̇ k
n 61

2

N∑
i=1

[−{
λm(Qi)− (ς ′i)

−1[(n + 1)di0+· · ·+

din]
}‖ỹk

i ‖2 − 2
n∑

s=1

cis(z̃k
is)

2−

2
n∑

s=0

(
(θ̃k

is)
Tτk

is+ ς̃k
isε

k
is

)]
, (49)

Ù¥:

τk
in = z̃k

infk
in, (50)

εk
in = z̃k

ingk
in. (51)

ª(48)¥,ëêθ̂k
inÚς̂k

inS��#Æ�

γ

[
˙̂
θk

in

˙̂ςk
in

]
= −

[
θ̂k

in

ς̂k
in

]
+(1− γ)

[
θ̂k−1

in

ς̂k−1
in

]
+ α

[
τk

in

εk
in

]
,

(52)

Ù¥: θ̂k
in(0)=0, ς̂k

in(0)=0. �k=0�, γ ˙̂
θ0

in =−θ̂0
in+

ατ 0
in, γ ˙̂ς0

in=−ς̂0
in+αε0

in. 3ª(49)¥,½Â

2ci0 =λm(Qi)−(ς ′i)
−1[(n+1)di0+ · · ·+din].

(53)

Ïd,�ÀJς ′i > ((n+1)di0+· · ·+din)/λm(Qi)�,
�¦�ci0 > 0. �ëêς ′i À½�, ς�dª(14)O��
�. rª(53)�\ª(49),��

V̇ k
n 6−

N∑
i=1

[
ci0‖ỹk

i ‖2 +
n∑

s=1

cis(z̃k
is)

2 +

n∑
s=0

(
(θ̃k

is)
Tτk

is+ ς̃k
isε

k
is

)]
. (54)

4 ÂÂÂñññ555©©©ÛÛÛ(Convergence analysis)
½½½nnn 1 �Äî��"péXÚ(1)9Ùë��

.(2),÷vb�1−3,�©�O�©Ñªbackstepping
g·A��Æ(48)±9ëê�#Æ(19)(34)Ú(52)�

�y lim
k→∞

w T

0
‖ỹk

i ‖2dτ 6 ε, lim
k→∞

w T

0
‖z̃k

ij‖2dτ 6 ε, ∀t
∈ [0, T ],Ù¥ε = (γCp + δ)/α, ∀δ > 0.

½n1�y²©�3�Ü©. 311Ü©¥,�Ñ�
S�gêk�'�Lyapunov¼êV k(t),Ó�í�Ñ
TLyapunov¼êS�{V k(t)}�V 0(t)�'.12Ü©
y²V 0(t)3�m�t ∈ [0, T ]��Sk.. ��æ^
�y{�Ñ½n1�(Ø.

yyy 11Ü©: ÀJXeLyapunov¼ê:

V k(t) = αV k
n (t) + V k

p (t), (55)

Ù¥V k
n (t)dª(45)�Ñ.

V k
p (t) =

1− γ

2

N∑
i=1

n∑
j=0

w t

0

[‖θ̃k
ij‖2 + (ς̃k

ij)
2
]
dτ +

γ

2

N∑
i=1

n∑
j=0

[‖θ̃k
ij(t)‖2 + (ς̃k

ij(t))
2
]
. (56)

V k(t)��©deª�Ñ:

∆V k(t) = α∆V k
n (t) + ∆V k

p (t), (57)

Ù¥:

∆V k
n (t) = V k

n (t)− V k−1
n (t), (58)

∆V k
p = V k

p (t)−V k−1
p (t) =



1 11Ï �ww�: î��"péXÚ©Ñªbacksteppingg·AS�ÆS�� 1535

1−γ

2

N∑
i=1

n∑
j=0

w t

0

[‖θ̃k
ij‖2−‖θ̃k−1

ij ‖2+(ς̃k
ij)

2−

(ς̃k−1
ij )2

]
dτ +γ

N∑
i=1

n∑
j=0

w t

0

[
(θ̃k

ij)
T ˙̃
θk

ij +

ς̃k
ij

˙̃ςk
ij

]
dτ +

γ

2

N∑
i=1

n∑
j=0

[‖θ̃k
ij(0)‖2+|ς̃k

ij(0)|2]−

γ

2

N∑
i=1

n∑
j=0

[‖θ̃k−1
ij ‖2 + (ς̃k−1

ij )2
]

6

1−γ

2

N∑
i=1

n∑
j=0

w t

0

[‖θ̃k
ij‖2−‖θ̃k−1

ij ‖2+(ς̃k
ij)

2−

(ς̃k−1
ij )2

]
dτ + γ

N∑
i=1

n∑
j=0

w t

0

[
(θ̃k

ij)
T ˙̃
θk

ij +

ς̃k
ij

˙̃ςk
ij

]
dτ +

γ

2

N∑
i=1

n∑
j=0

[‖θij‖2 + ς2
]
. (59)

ò
˙̂
θk

ijÚ
˙̂ςk
ij�\ª(59)���

∆V k
p 6 1− γ

2

N∑
i=1

n∑
j=0

w t

0

[‖θ̃k
ij‖2 − ‖θ̃k−1

ij ‖2+

(ς̃k
ij)

2−(ς̃k−1
ij )2

]
dτ +

N∑
i=1

n∑
j=0

w t

0

[−‖θ̃k
ij‖2+

(1−γ)(θ̃k
ij)

Tθ̃k−1
ij +α(θ̃k

ij)
Tτk

ij−γ(θ̃k
ij)

Tθij−
(ς̃k

ij)
2+(1−γ)(ς̃k

ij)ς̃
k−1
ij +ας̃k

ijε
k
ij−

γ(ς̃k
ij)ς

]
dτ +

γ

2

N∑
i=1

n∑
j=0

[‖θij‖2 + ς2
]
, (60)

|^(θ̃k
ij)

Tθ̃k−1
ij 62−1(‖θ̃k

ij‖2+‖θ̃k−1
ij ‖2), (θ̃k

ij)
Tθij 6

2−1(‖θ̃k
ij‖2+‖θij‖2), ς̃k

ij ς̃
k−1
ij 6 2−1((ς̃k

ij)
2+(ς̃k−1

ij )2),
ς̃k
ijς 6 2−1((ς̃k

ij)
2 + ς2),ª(60)���

∆V k
p 6 γ

2

N∑
i=1

n∑
j=0

w t

0

[− ‖θ̃k
ij‖2 + ‖θij‖2 −

(ς̃k
ij)

2+ς2
]
dτ +α

N∑
i=1

n∑
j=0

w t

0

[
(θ̃k

ij)
Tτk

ij +

ς̃k
ijε

k
ij

]
dτ +

γ

2

N∑
i=1

n∑
j=0

(‖θij‖2 + ς2
)

6

γ

2
(T + 1)

N∑
i=1

n∑
j=0

(‖θij‖2 + ς2
)

+

α
N∑

i=1

n∑
j=0

w t

0

[
(θ̃k

ij)
Tτk

ij + ς̃k
ijε

k
ij

]
dτ 6

γCp + α
N∑

i=1

n∑
j=0

w t

0

[
(θ̃k

ij)
Tτk

ij + ς̃k
ijε

k
ij

]
dτ,

(61)

Ù¥Cp = 2−1(T + 1)
N∑

i=1

n∑
j=0

(‖θij‖2 + ς2
)
. lV k

n�

½Â��

V k
n (t)− V k

n (0) 6
N∑

i=1

w t

0
V̇ k

n dτ. (62)

�âb�2��ỹk
i (0) = 0, x̃k

ij(0) = 0. duθ̂k
i0(0) =

0Úς̂k
i0(0) = 0,dª(6)���uk

i1(0) = 0. ?�Ú�
�z̃k

i1(0) = 0. ²Laqín,��z̃k
ij(0) = 0, 1 6

j 6 n.

V k
n (0)=

1
2

N∑
i=1

[
ỹkT

i (0)Piỹ
k
i (0)+

N∑
j=1

(z̃k
ij(0))2

]
=0,

(63)

rª(63)�\ª(62)¿|^ª(54)��

∆V k
n (t)6−V k−1

n −
N∑

i=1

w t

0

[
ci0‖ỹk

i ‖2+

n∑
s=1

cis(z̃k
is)

2+

n∑
s=0

(
(θ̃k

is)
Tτk

is+ ς̃k
isε

k
is

)]
dτ, (64)

|^ª(61)Úª(64),ª(57)���

∆V k6−αV k−1
n −α

N∑
i=1

w t

0

[
ci0‖ỹk

i ‖2+

n∑
s=1

cis(z̃k
is)

2
]
dτ +γCp 6

−α
N∑

i=1

w t

0

[
ci0‖ỹk

i ‖2+

n∑
s=1

cis(z̃k
is)

2
]
dτ+γCp. (65)

ÏdV k(t)���

V k(t) = V 0(t) +
k∑

m=1

∆V m(t) 6

V 0(t)−α
k∑

m=1

N∑
i=1

w t

0

[
ci0‖ỹk

i ‖2+

n∑
s=1

cis(z̃k
is)

2
]
dτ + kγCp, (66)

éª(66)ü>Ó��4����

lim
k→∞

V k(t)=V 0(t)+ lim
k→∞

k∑
m=1

∆V m(t) 6

V 0(t)−α lim
k→∞

k∑
m=1

N∑
i=1

w t

0

[
ci0‖ỹk

i ‖2+

n∑
s=1

cis(z̃k
is)

2
]
dτ +limk→∞ kγCp.

(67)

12Ü©:�âª(55)��

V 0(t) =
α

2

N∑
i=1

[
(ỹ0

i )
TPiỹ

0
i +

N∑
j=1

(z̃0
ij)

2
]
+

1− γ

2

N∑
i=1

n∑
j=0

w t

0

[‖θ̃0
ij‖2 + (ς̃0

ij)
2
]
dτ +

γ

2

N∑
i=1

n∑
j=0

[‖θ̃0
ij‖2 + (ς̃0

ij)
2
]
, (68)
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éª(68)¦�¿|^ª(54), V̇ 0(t)���

V̇ 0(t)6−α
N∑

i=1

[
ci0‖ỹ0

i ‖2 +
n∑

j=1

cij(z̃0
ij)

2 +

n∑
j=0

(
(θ̃0

ij)
Tτ 0

ij + ς̃0
ijε

0
ij

)]
+

1− γ

2

N∑
i=1

n∑
j=0

[‖θ̃0
ij‖2 + (ς̃0

ij)
2
]
+

γ
N∑

i=1

n∑
j=0

[
(θ̃0

ij)
T ˙̃
θ0

ij + ς̃0
ij

˙̃ς0
ij(t)

]
. (69)

�âª(43)���

ατ 0
ij = γ

˙̂
θ0

ij + θ̂0
ij, (70)

αε0
ij = γ ˙̂ς0

ij + ς̂0
ij, (71)

òª(70)Úª(71)�\ª(69)��

V̇ 0(t)6−α
N∑

i=1

[
ci0‖ỹ0

i ‖2 +
n∑

j=1

cij(z̃0
ij)

2
]−

N∑
i=1

n∑
j=0

[
(θ̃0

ij)
T(γ ˙̂

θ0
ij +θ̂0

ij)+ ς̃0
ij(γ ˙̂ς0

ij +

ς̂0
ij)

]
+

1− γ

2

N∑
i=1

n∑
j=0

[‖θ̃0
ij‖2+(ς̃0

ij)
2
]
+

γ
N∑

i=1

n∑
j=0

[
(θ̃0

ij)
T ˙̃
θ0

ij + ς̃0
ij

˙̃ς0
ij

]
. (72)

duθijÚς�~ê, ˙̃
θ0

ij = ˙̂
θ0

ijÚ
˙̃ς0
ij = ˙̂ς0

ij . |^θ̂0
ij =θij

+ θ̃0
ijÚς̂0

ij = ς + ς̃0
ij ,ª(72)���

V̇ 0(t) 6−α
N∑

i=1

[
ci0‖ỹ0

i ‖2 +
n∑

j=1

cij(z̃0
ij)

2
]−

N∑
i=1

n∑
j=0

[
(θ̃0

ij)
Tθij + ς̃0

ijς
]−

1 + γ

2

N∑
i=1

n∑
j=0

[‖θ̃0
ij‖2 + (ς̃0

ij)
2
]
, (73)

3ª(73)¥, −(θ̃0
ij)

Tθij 6 c‖θ̃0
ij‖2 + ‖θij‖2/(4c)Ú

−ς̃0
ijςij 6 c(ς̃0

ij)
2 + (ς)2/(4c)¤á, ∀c > 0. Ïdk

V̇ 0(t)6−α
N∑

i=1

[
ci0‖ỹ0

i ‖2 +
n∑

j=1

cij(z̃0
ij)

2
]
+

1
4c

N∑
i=1

[ n∑
j=0

‖θij‖2+(n + 1)ς2
]−

(1+γ

2
−c

) N∑
i=1

n∑
j=0

[‖θ̃0
ij‖2+(ς̃0

ij)
2
]
.

(74)

-0 < c <(1+γ)/2. duëêθijÚςk.,�3‖θij‖
6 ‖θM‖Ú|ς| 6 |ςM|,�Ø�ª(75)÷v�V̇ 0(t) 6 0,
ÏdV 0(t)k..

α
N∑

i=1

[
ci0‖ỹ0

i ‖2 +
n∑

j=1

cij(z̃0
ij)

2
]
+

(1 + γ

2
− c

) N∑
i=1

n∑
j=0

[‖θ̃0
ij‖2 + (ς̃0

ij)
2
]

>

N
n + 1

4c

(‖θM‖2+ς2
M

)
. (75)

13Ü©: b��3����êK,�¦��m >

K�,
N∑

i=1

w T

0

[
ci0‖ỹm

i ‖2+
n∑

s=1

cis(z̃m
is )2

]
dτ > ε,|^ª

(67)���

lim
k→∞

V k(T )6

V 0(T )−α
K∑

m=1

N∑
i=1

w T

0

[
ci0‖ỹm

i ‖2+

n∑
s=1

cis(z̃m
is )2

]
dτ + KγCp −

αlim
k→∞

k∑
m=K+1

N∑
i=1

w t

0

[
ci0‖ỹm

i ‖2+

n∑
s=1

cis(z̃m
is )2

]
dτ +

lim
k→∞

(k−K)γCp 6 B−
lim

k→∞
α(k−K)ε+ lim

k→∞
(k−K)γCp 6

B + lim
k→∞

(k −K)(γCp − αε), (76)

Ù¥B = V 0(T )+KγCp−α
K∑

m=1

N∑
i=1

w t

0

[
ci0‖ỹm

i ‖2+
n∑

s=1

cis(z̃m
is )2

]
dτ�k.Cþ. éu?¿δ > 0,�ε =

(γCp+δ)/α,�\ª(76)���

lim
k→∞

V k(T ) 6 B − lim
k→∞

(k −K)δ. (77)

duB�k.Cþ,Ø�ª(77)�mýªu−∞,�

mý V k(T ) > 0�gñ. Ïd lim
k→∞

w T

0
‖ỹk

i ‖2dτ 6 ε,

lim
k→∞

w T

0
(z̃k

ij)
2dτ 6 ε¤á.

555 1 z�fXÚ�ÑÑ�lØ�÷XS���ì?

Âñ����N!�38ε.

555 2 3�©¥péëêςØI�¯k®�,ÏL�O

g·A�#Æς̂k
ij�Ñ
fXÚ�m��p�^ÚK�.

555 3 �©ò©z[11]¥�Ñ�backsteppingg·AS

�ÆS���{ÿÐA^3äkî��"/ª���5pé

XÚ¥.

5 ���ýýýïïïÄÄÄ(Simulation study)
�ÄXeäkî��"/ª���5péXÚ9

Ùë�XÚ�.:

fXÚ1:
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


ẏk
11 = yk

12,

ẏk
12 = xk

11 + θ̄1(a11y
k
11 + a12y

k
21),

ẋk
11 = uk

1 + θ̄1b11x
k
11y

k
21.

(78)

fXÚ2:
{

ẏk
21 = xk

21 + θ̄2(a21y
k
11 + a22y

k
21),

ẋk
21 = uk

2 + θ̄2b21x
k
21y

k
21.

(79)

ë��.1:



ẏk
m11

ẏk
m12

ẋk
m11


=




0 1 0
0 0 1
−27 −27 9







yk
m11

yk
m12

xk
m11


+




0
0
20


 r1,

(80)

ë��.2:
[

ẏk
m21

ẋk
m21

]
=

[
0 1
−9 −6

][
yk
m21

xk
m21

]
+

[
0
20

]
r2, (81)

Ù¥: r1 =r2 = sin(3t), t∈ [0, 10 s], θ̄1 =1, a11 =0.5,
a12 = 0.8, b11 = 1.2, θ̄2 = 2, a21 = 0.4, a22 = 0.9, b21

=1.3.3ª(78)Úª(79)¥,��γk
10 =a11y

k
11+a12y

k
21,

γk
11=b11x

k
11y

k
21, γk

20=a21y
k
11+a22y

k
21Úγk

21=b21x
k
21y

k
11.

3�ýL§¥,ÀJ���ëê�α1 =α2 =10, α=

15, γ = 0.1Úc11 = c21 = 6, Q1 =

[
10 0
0 10

]
, Q2 = 10.

¦)ª(4),���P1 =

[
10.9545 1

1 1.0954

]
, P2 = 1.

A^�©�Ñ���Æ,��ÑÑ�lØ�ỹk
1 =(ỹk

11,

ỹk
12)

TÚỹk
2 = ỹk

21�Euclidean�ê�S�gêCzX
ã1.

ã 1 �lØ�(ek
11, ek

12)Úek
21�2–�ê�S�gêCzã

Fig. 1 2-norm of tracking errors (ek
11, ek

12) and ek
21 versus

the number of iterations

lã1¥�±wÑ,ÑÑ�lØ�Euclidean�ê
�S�gê�O\
~�. ã2Úã3©O�Ñ
fX
Ú1�ÑÑy1 =(y11, y12)T9Ùë�ÑÑym1 =(ym11,

ym12)T311gÚ120gS���;,ã. Ó�,fX

Ú2�ÑÑy29Ùë�ÑÑym2311gÚ120gS�
��;,ãdã4Úã5�Ñ.lã3Úã5¥,�±w
Ñ�©¤�Ñ�©Ñªbacksteppingg·AS�ÆS
��Æ¦�péXÚ¥�z�ÑÑ;,3²L20g
S����k�/�lÙ�A�ë�ÑÑ;,.

ã 2 fXÚ1�ÑÑ(y11, y12)9Ùë�ÑÑ(ym11, ym12)

311gS���;,

Fig. 2 The trajectories of (y11, y12) and (ym11, ym12) at

the 1st iteration

ã 3 fXÚ1�ÑÑ(y11, y12)9Ùë�ÑÑ(ym11, ym12)

3120gS���;,

Fig. 3 The trajectories of (y11, y12) and (ym11, ym12) at

the 20th iteration

ã 4 fXÚ2�ÑÑy219Ùë�ÑÑym21

311gS���;,

Fig. 4 The trajectories of y21 and ym21 at the 1st iteration
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ã 5 fXÚ2�ÑÑy219Ùë�ÑÑym21

3120gS���;,

Fig. 5 The trajectories of y21 and ym21 at the 20th iteration

6 (((ØØØ(Conclusions)
�©�é�aäkî��"/ª���5péX

Ú�O
�«©Ñªbacksteppingg·AS�ÆS�
�ì. T��Æ�ypéXÚ¥�z�fXÚÑÑ�
lØ�÷XS���ì?Âñ����N!�38ε.
3z�f��ì¥=æ^fXÚ&E,ØI�fXÚ
�m�pD4&E.ÏL�ý«~�y
�©¤�Ñ
��ì�k�5.
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