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Abstract: In the traditional Iterative Learning Control (ILC) system, as long as the reference trajectory changes, the traditional
ILC need to experience a period of learning, and the initial ILC cannot often reach an expectation processing precision. It is
studied in this paper that the problem of initial iterative control signal extraction in ILC, which propose a method of initial
iterative control signal extraction based on the trajectory primitive optimization matching and combination algorithm. Firstly,
under the condition of a certain similarity, the combination trajectory, which is similar to the current desired trajectory with
identical spacial pattern, is found in the library of trajectory primitives based on the Kabsch algorithm. Then, the initial iterative
control signals of the desired trajectory are extracted by the time scale transformation and the trajectory primitive combination.
Finally, the simulation is carried out to demonstrate the effectiveness of this method.
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. ILC

, ;

.

2 ILC

( {B} ) :

ld(x(t), y(t), z(t)) =

⎡
⎣xd(t)

yd(t)

zd(t)

⎤
⎦ (1)

, xd(t) yd(t) zd(t) X Y

Z .

ILC ,

NURBS ;

(1) ,

(1)

:

U0d(t) =

⎡
⎣u0dx(t)

u0dy(t)

u0dz(t)

⎤
⎦ (2)

, u0dx(t) u0dy(t) u0dz(t) xd(t) yd(t)

zd(t) .

1: ILC

ILC 1 .

NURBS ;

Kabsch

, ,

;

,
[3],

, (1)

(2). ILC

,

.

3

, T, :

l(x(t), y(t), z(t)).

, T v = t
T ∈ [0, 1], v

NURBS ,

l(t)|t∈[0,T ] : l(v)|v∈[0,1].
3.1 Kabsch

NURBS ,

, ,

NURBS

, , Ld

Ll , Ld Ll

, Ld Ll

. Kabsch

(RMSD)

, lrm [12].

lrm Ld Ll

, , lrm ;

NURBS .

: ll(v)|v∈[0,1] R dPlORG

l
′′
l (v)|v∈[0,1] , ld(v)|v∈[0,1] l

′′
l (v)|v∈[0,1]

lrm < ε; ε ld(v)|v∈[0,1]
ll(v)|∈[0,1] , ld(v)|v∈[0,1] ε∼ ll(v)|v∈[0,1],
ld(v)|v∈[0,1] l

′′
l (v)|v∈[0,1] , ld(v)|v∈[0,1] ε≈

l
′′
l (v)|v∈[0,1].

ld(v)|v∈[0,1] l
′′
l (v)|v∈[0,1]

l̇d(v)|v∈[0,1] l̇
′′
l (v)|v∈[0,1], ld(v)|v∈[0,1] ε≈ l

′′
l (v)|v∈[0,1]

, l̇d(v)|v∈[0,1] ε≈ l̇
′′
l (v)|v∈[0,1], ,

. ld(v)|v∈[0,1]
l
′′
l (v)|v∈[0,1] Td Tl ,

Ud Ul (3) ,

Pdi Pli . l̇d(v)|v∈[0,1]
l̇
′′
l (v)|v∈[0,1] p− 1 NURBS ,

U̇d U̇l, (4) , ˙Pdi

Ṗli , (5) . , i = (0, 1, ..., nv, nv + 1),

nv + 1 .

Ud = [ 0, . . . , 0︸ ︷︷ ︸
p+1

, vp+1, . . . , vmv−p−1, 1, . . . , 1︸ ︷︷ ︸
p+1

] · Td

Ul = [ 0, . . . , 0︸ ︷︷ ︸
p+1

, vp+1, . . . , vmv−p−1, 1, . . . , 1︸ ︷︷ ︸
p+1

] · Tl (3)

, mv = nv + p+ 1.

U̇d = [ 0, . . . , 0︸ ︷︷ ︸
p

, vp+1, . . . , vmv−p−1, 1, . . . , 1︸ ︷︷ ︸
p

] · Td

U̇l = [ 0, . . . , 0︸ ︷︷ ︸
p

, vp+1, . . . , vmv−p−1, 1, . . . , 1︸ ︷︷ ︸
p

] · Tl (4)
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˙Pdi =
p

Td(vi+p+1 − vi+1)
(Pdi+1 − Pdi)

Ṗli =
p

Tl(vi+p+1 − vi+1)
(Pli+1 − Pli) (5)

k = Tl

Td
, ld(v)|v∈[0,1] l

′′
l (v)|v∈[0,1] ,

Pdi Pli , U̇d U̇l , (5)

k

, k · Ṗli Ṗdi

, ,

l̇d(t)|t∈[0,Td] l̇
′′
l (t)|t∈[0,Tl/k] k ,

l̇d(t)|t∈[0,Td]
ε≈ l̇

′′
l (t)|t∈[0,Tl/k] , , l̈d(v)|v∈[0,1] ε≈

l̈
′′
l (v)|v∈[0,1], ,

,

.

3.2
CurveBank

NURBS , v

, NURBS .

CurveBank N NURBS , NURBS

vi1 vi2, (0 ≤ vi1≤ vi2 ≤ 1)

CurveBank i li(v)|v∈[0,1](1 ≤ i ≤ n,

i ∈ N), li(v)|v∈[vi
1,v

i
2]

( li(v)|v=vi
1

li(v)|v=vi
2

li(v)|v∈[vi
1,v

i
2]

) .

NURBS ld(v)|v∈[0,1],
ld(v)|v=0 v̄ (0 < v̄ < 1) ld(v)|v=v̄

ld(v)|v∈[0,v̄].
ε ,

.

,

; 2 . , b

, σ , n

. v̄ ldi(v)|v∈[0,1] ,

li(v)|v∈[vi
1,v

i
2]

CurveBank

.

lj(v)|v∈[0,1] , lj(v)|v∈[0,1]
, lj(v)|v∈[0,1] ldj (v)|v∈[0,1].

2:

CurveBank

ld(v)|v∈[0,1], :

Step1: ld(v)|v∈[0,1]
, ldj (v)|v∈[0,1] = ld(v)|v∈[0,1](j=1,ld1(v)|v∈[0,1]

1 ), v̄ b

.

Step2: [12]

lrm , ε > 0, lrm < ε ,

, Step3; , Step4.

Step3: v̄ = 1 , Step6; v̄ �= 1,

. , b = b/2,

v̄ = v̄ + b, Step2; Step5.

Step4: b = b/2, v̄ = v̄ − b,

Step2.

Step5: j ldj (v)|v∈[0,v̄]
lj(v)|v∈[0,1], , j

, ld1(v)|v∈[0,v̄]
ldj (v)|v∈[0,1] ldj+1(v)|v∈[0,1]. ldj+1(v)|v∈[0,1]

, j = j + 1, v̄ b

, Step2.

Step6: ldi(v)|v∈[0,1]
lj(v)|v∈[0,1] ( j = 1, . . . , n ),
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.

,

, .

ε σ , ,

, , ,

, ; ,

,

.

, ld2(v)|v=0 ld3(v)|v=0 . . . ldn(v)|v=0,

l1(v)|v∈[0,1]
l2(v)|v∈[0,1] . . . ln(v)|v∈[0,1].

lj(v)|v∈[0,1](j = 1, · · · , n)
j lj(v)|v∈[0,1]( j lj(v)|v∈[0,1]

lj(v)|v∈[0,1] {j} ), (6)

, (7) , , Rj
djPBORG

j lj(v)|v∈[0,1]
ldj (v)|v∈[0,1] .

j lj(v)|v∈[0,1] = lj(v)|v∈[0,1] + jPBORG (6)

ldj (v)|v∈[0,1]
ε≈ l

′′
j (v)|v∈[0,1] (7)

, l
′′
j (v)|v∈[0,1] = Rj

j lj(v)|v∈[0,1] + BPdjORG.

lj(v)|v∈[0,1] ( j = 1, · · · , n ), ILC

ld(v)|v∈[0,1] , (8),⋃n
j=1 l

”
j (v)|v∈[0,1] n l

′′
j (v)|v∈[0,1]

.

ld(v)|v∈[0,1] ε≈
n⋃

j=1

l”j (v)|v∈[0,1] (8)

Td

Tdj ( j = 1, . . . , n ) n

ld1
(t)|t∈[0,Td1

] ld2
(t)|t∈[0,Td2

] · · · ldn
(t)|t∈[0,Tdn ],

lj(v)|v∈[0,1] , ( j = 1, · · · , n ) Tj

( j = 1, · · · , n ). kj =
Tj

Tdj
, (9)

, lj(tj)|tj∈[0,Tj ] ldj (tdj )|tdj∈[0,Tdj
]

.

l
′′
j (tj)|tj∈[0,Tj ]

ε≈ ltdj (tdj )|tdj∈[0,Tdj
] (9)

3.3
3.3.1

(6) (7) ,

l
′′
j (tj)|tj∈[0,Tj ] = Rj ·j lj(tj)|tj∈[0,Tj ] +

B PdjORG (10)

, , j

l
′′
j (tj)|tj∈[0,Tj ] :

u0j(tj)|tj∈[0,Tj ] = Ru
j ·j uj(tj)|tj∈[0,Tj ] + u{BPdjORG}

(11)

juj(tj)|tj∈[0,Tj ]
j lj(x(tj), y(tj), z(tj))

, u{BPdjORG} BPdjORG .

Px, Py, Pz X Y Z

Ru
j =

⎡
⎢⎣ Rj11 Rj12

Py(s)
Px(s)

Rj13
Pz(s)
Px(s)

Rj21
Px(s)
Py(s)

Rj22 Rj23
Pz(s)
Py(s)

Rj31
Px(s)
Pz(s)

Rj32
Py(s)
Pz(s)

Rj33

⎤
⎥⎦

, (6) :

j lj(tj)|tj∈[0,Tj ] = lj(tj)|tj∈[0,Tj ] +
j PBORG (12)

j lj(tj) =

⎡
⎣jxj(tj)

jyj(tj)
jzj(tj)

⎤
⎦ , lj(tj) =

⎡
⎣xj(tj)

yj(tj)

zj(tj)

⎤
⎦

jPBORG = mx
j

⎡
⎣Ix0
0

⎤
⎦+my

j

⎡
⎣ 0

Iy
0

⎤
⎦+mz

j

⎡
⎣ 0

0

Iz

⎤
⎦ ,

, mx
j my

j mz
j

jPBORG x y z

, Ix Iy Iz x y z

, uIx uIy uIz
j lj(tj)

x y z :

jxj(tj) = xj(tj) +mx
j Ix(tj) (13)

jyj(tj) = yj(tj) +my
j Iy(tj) (14)

jzj(tj) = zj(tj) +mz
jIz(tj) (15)

,

:

juxj (tj) = uxj (tj) +mx
j uIx(tj) (16)

juyj (tj) = uyj (tj) +my
juIy (tj) (17)

juzj (tj) = uzj (tj) +mz
juIz (tj) (18)

, juxj (tj) uxj (tj)
juyj (tj) uyj (tj)

juzj (tj) uzj (tj)
jxj(tj) xj(tj)

jyj(tj) yj(tj)
jzj(tj)

zj(tj) .

3:

: ,

. 3 , t > ts ,

, I
′ ≈ 1(t ∈ (ts, ts + Tj)), ts

, Tj lj(x(t), y(t), z(t))

. I(0, Tj) = I
′
(ts, ts + Tj)

, uI . ,

Ix Iy Iz uIx uIy uIz . ,

u{jPBORG} .
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3.3.2

,

, ld(td)|td∈[0,Td]

, n1 ,

ld1j (td1j )|td1j∈[0,Td1j
], (

n1∑
j=1

Td1j = Td, j = 1, 2, · · · , n1 ),

gj1 ( j = 0, 1, · · · , n1 );

n2 , ld2j
(td2j

)|td2j∈[0,Td2j
],

(
n2∑
j=1

Td2j = Td, j = 1, 2, · · · , n2 ), gj2

( j = 0, 1, · · · , n2 );

g01 gn1
1 g02 gn2

2 ,

, g01 = g02 , gn1
1 = gn2

2 , gj1 gj2 ,

4

. td1j td2j ,

1

2, l
′′
1j(t1j)|t1j∈[0,T1j ], (

n1∑
j=1

T1j = T1, j = 1

, 2,. . . , n1) l
′′
2j(t2j)|t2j∈[0,T2j ], (

n2∑
j=1

T2j = T2, j = 1, 2,. . .

, n2). ,

,

: t1j = kj1td1j , t2j = kj2td2j .

,

G , (19) :

G = {g01 , · · · , gi1, · · · , gn1
1 } ∪ {g02 , · · · , gi2, · · · , gn2

2 }
= {g0d, g1d, · · · , grd, · · · , gsd} (19)

, max(n1 + 1, n2 + 1) ≤ s ≤ n1 + n2 + 2, g0d gsd
l̄
′′
1j(t1j)|t1j∈[0,T1j ] . G

, 5

, l̄
′′
1j(t1j)|t1j∈[0,T1j ] (

n1∑
j=1

T1j = T1,

j = 1, 2, · · · , n1) , l̄
′′
2j(t2j)|t2j∈[0,T2j ] (

∑n2

j=1 T2j = T2, j =

1, 2, · · · , n2 ).

G grd (0 < r < s), gj1 <

grd < gj+1
1 , [ gj1, g

r
d ] [ grd, g

j+1
1 ] ,

l̄
′′
1j(t1j)|t1j∈[0,T1j ] : k̄i1 =

kj1, k̄i+1
1 = kj1; grd = gj1 , [ gj1, g

r
d ]

[ grd, g
j+1
1 ] , l̄

′′
1j(t1j)|t1j∈[0,T1j ]

: k̄i1 = kj1.

, l̄
′′
2j(t2j)|t2j∈[0,T2j ]

k̄i2, ( i = 1, . . . , s ).

, ,

i ,

, [3] :

ud =
[
I I

]
(AT

l ·Al)
−1AT

l · ūl (20)

:

ūl =
[
uT
1 , u

T
2

]T
, Al =

[
(k̄i1)

−1 · I I

(k̄i2)
−1 · I I

]

, a (2 ≤ a)

, , (20)

, ,

ūl =
[
uT
1 , . . . , u

T
a

]T
, Al =

⎡
⎢⎢⎣
(k̄i1)

−1 · I I
...

...

(k̄ia)
−1 · I I

⎤
⎥⎥⎦

4: 1 2

5: 1 2

3.3.3

,

, 6

: ,

, . ,

, ,

.

6:
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7:

8:

9:

, 7 , l
′′
j (x(tj), y(tj), z(tj))

dj l
′′
j+1(x(tj+1), y(tj+1), z(tj+1)) aj+1

O, , rj ,

cj bj+1. aj l
′′
j (x(tj), y(tj), z(tj)) , bj

l
′′
j (x(tj), y(tj), z(tj)) , cj+1

l
′′
j+1(x(tj+1), y(tj+1),z(tj+1)) ,

dj+1 l
′′
j+1(x(tj+1), y(tj+1),z(tj+1)) .

:

T tr
j = tbj+1 − tcj (21)

, tbj+1 bj+1 l
′′
d (x(td), y(td),z(td))

, tcj cj l
′′
d (x(td), y(td), z(td))

.

:

	T tr
j = T tr

j − (tcdj + tabj+1) (22)

, tcdj l
′′
j (x(tj), y(tj), z(tj)) cj dj

, tabj+1 l
′′
j+1(x(tj+1), y(tj+1),

z(tj+1)) aj+1 bj+1 .

cj bj+1 ucj

ubj+1 , ucj ubj+1

.

utr
j (t), t ∈ [0, T tr

j ].

, 8 9 , ,

(21) ,

(22) ,

	T tr
j < 0, 	T tr

j > 0,

	T tr
j = 0. l

′′
d (x(td), y(td), z(td)) m

.
∑n−1

j=1 	Tj ≈ 0,

:

u0d = {u1, ū
tr
1 (t1), ū2(t2), ū

tr
3 (t3), · · · , ūtr

m(tm)} (23)

, u1(t) l
′′
1 (x(t1), y(t1), z(t1)) ,

t1 ∈ [0, tc1 ], ūtr
1 (t1) = utr

1 (t1 − tc1), t1 ∈(tc1 , tc1+T tr
1 )

l
′′
1 (x(t1), y(t1), z(t1)) l

′′
2 (x(t2), y(t2), z(t2))

.

u2(t) = u2(t− (tc1 + T tr
1 − tb2)),

t ∈ (tc1 + T tr
1 , tc1 + T tr

1 + tc2 − tb2],

utr
2 (t) = u2(t− (tc1 + T tr

1 + tc2 − tb2)),

t ∈ (tc1 + T tr
1 + tc2 − tb2, tc1 + T tr

1 + tc2 − tb2 + T tr
2 ],

u3(t) = u3(t− (tc1 + T tr
1 + tc2 − tb2 + T tr

2 − tb3),

t ∈ (tc1 + T tr
1 + tc2 − tb2 + T tr

2 ,

tc1 + T tr
1 + tc2 − tb2 + T tr

2 + tc3 − tb3],

...

un(t) = un(tn −
n−1∑
j=1

(tcj + T tr
j − tb(j+1))),

t ∈ (
n∑

j=1

(tcj + T tr
j )− tb(j+1)), Td]

, T = T ∗ −∑m−1
j=1 	T tr

j , T ∗

,
∑m−1

j=1 	T tr
j < 0 , ūm = um(T ∗) ,

tm ∈ [T ∗, T ].

4

XYZ

(24) [15].

Px(s) =
1.066

0.1876s2 + s

Py(s) =
1.1746

0.2687s2 + s

Pz(s) =
2.0523

0.3138s2 + s
(24)
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10(a) ∼ (f):

11: 1

12: 2

,

, ,

. 7

NURBS 10(a) ∼ (f) ,

.

11 12 ,

11 10 , 12

9 , . . 13(a) ∼ (j)

11

, 14(a
′
) ∼ (i

′
) 12

.

, ,

ld1(v)|v∈[0,1]
ε≈

10⋃
j=1

l”1j(v)|v∈[0,1],

ld2(v)|v∈[0,1]
ε≈

9⋃
j=1

l”2j(v)|v∈[0,1]

.

1

15 16 , , 17 18 ,

xd(t) 1 RMS

0.1096, 3 0.0048; 1

RMS 0.505, 5 0.0062;

yd(t) 1 RMS

0.018, 3 0.0065; 1

RMS 0.0633, 5 0.0069;

zd(t) 1 RMS

0.071, 3 0.013; 1

RMS 0.157, 3 0.031.

13(a) ∼ (j): 1

14(a
′
) ∼ (i

′
): 2

15: 1
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16: 1

17: XYZ RMS

18: XYZ RMS

5

,

,

,

. ,

,
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