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Integration of advanced mechatronics systems and information 

intelligence to construct an open-structured controller�
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Abstract 

 

    To improve the motion accuracy, efforts 

were put mainly on reduction of contouring 

error and inaccuracy of the path command. In 

the past the integrated motion control system 

combines the zero phase error tracking 

controller (ZPETC) and the cross couple 

controller (CCC), to simultaneously reduce 

the tracking error and contouring error, to 

achieve high motion accuracy. On the other 

hand, the task coordinate frame (TCF) 

approach transfers the tracking error into the 

normal error and tangential error in a moving 

task coordinate frame. Then the contouring 

motion can be viewed as a regulation 

problem on the coordinate. The normal error 

is approximated to the contouring error to be 

reduced. Moreover, to reduce the tangential 

error will improve tracking performance. In 

this paper, performance of the  two different 

precise motion control laws is compared on 

the DYNA 1007 machining center. 

        Furthermore, the non-uniform 

rational B-spline (NURBS) interpolator in 

the motion control system is included. 

Results indicate that, the constant-speed 

NURBS combined with precise motion 

controller will achieve the highest tracking 

and contouring accuracy, and the least 

velocity variation. 

 

Keywords: integrated motion control system, 

task coordinate frame approach, 

non-uniform ratio B-spline (NURBS) 
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�¨2<����  ( Contouring Error ) 

(Koren and Lo,1992) #F©67����



 2

�����ª«¬��<���� 
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!	"#$%&'()��*+,-.�

��/0 (modeling error) 	12 ZPETC 

,��345�6��/0��789

:&;<,=��>?@>ABCD:&

EFG#�HIJ ZPETC (Yeh and Hsu, 

1998); 

    ,KLMN�OD	PQRS#T�

�UVW 1. XY/0�7�Z[; 2. \

]D�:&;^�OD��_�3 1`;

�ODabcd�efg�hi�jkX

Y/0�7lmn Cx , Cy 	2Po�p

qXY/0; 

����

����

���

E x

E y

Cy

Cx Cx

C y

Uy

Ux

+

_

_

+

+

+

Cross-Coupled
    Controller

��	
�����

�����

������

 

� 3 KLMN�OD�

�

�������	
��r

r

    <s1:&�tuvdesired contourw

xy	tuJz{|}{~�}{��1

�GJ��J��ef��vmoving task 

coordinatew	F��f/0��#z{

vtangentw��~}{vnormalw��;?

��/0��Mvde-couplew#���/

0jk���; 

R

P

n

t
desired contour

tool contour

E
t

E
n

ε

E

R : Reference Position
P : Tool Position
t : Tangent Vector
n : Normal Vector
   : Tracking Error
   : Tangent
   : Normal
   : Contouring Error
[ t  n ] : Task Coordinate
      Fram

E
t

E
n

E

ε

Task Coordinate Frame in R
�

 
� 4  ��ef���� 

    ,=�����-R������O

()	��F2����J���A~�

i��	EF�()��.�#��J 

P¡R�¢velementw���£ 

( ) ( )
( )x

x

x
p

pd

vd

t

t

t

=








    (1) 

¤s1:&�tuF2�¥¦�J�

�z{��~��}{��	# ( )t t ~ ( )n t ; 

( )t t ~ ( )n t #Q§K��	�J.�#

¨���()	E��F2�¥-R©�

��������vmoving coordinate 

framewF	ªJ#��ef��;���

�©«��J¬���	=��().

�#2�g�£ 

[ ]F t n=     (2) 

#-R 2 2× �®¯;s
 F#��°®

vunitaryw	12 F F
− =1 T	±s
 F �©

«��ef¬���	E²���~�

��³J���´���F2µ�¶·¸

`}¸`_�£ 

x

x

F 0

RF F

x

x

F

F

T

T T
d

dt
v

d

dt















=























 (3) 

,¹�º
( )

( )R =
−










0

0

k t

k t
	 ( )k t #tuJ»

¼	�#:&½�8¾�¼.�# ( )x
vd
t ;



 4

¿ÀÁ-���()	()��ÂÃ_�

�£ 

x Ax Bu

.

= +    (4) 

�º 

,� 4º	u# 2 1× J�A|�i~Ä@�
�	A

p
|A

v
~ B

in
# 2 2× J®¯	Å±s=

.�/0��#� 6£ 

( ) ( )
( ) ( ) ( ) ( ) ( )

( ) ( )e

e

e

x x

x x

x x

t

t

t

t t

t t

t t

p

v

d

pd p

vd v

=








 = − =

−
−









  (6) 

�º e
p
~ e

v
ÆÇ.�#Q���A/0~

�i/0; 

    s� 4~� 6	��F2�¥/0J�

�´�#£ 

( ) ( ) ( )& & &e x xt t t
d

= −  

    ( ) ( )( ) ( ) ( )= − − + −A x x Bu x Ax
d d d
t t t t&  

    = − +Ae Bu w
d
   (7) 

�� ( )w I A X
d d

s= − �� 7 ����	
�

����������� 

    ���������	
�����

�������� ����!��"

#�$%&'(�) 

( ) ( ) ( )e T e
T
t t t=    (8) 

�� 

( ) ( )
( )e

e

e
T

pF

vF

t

t

t

=








  

( ) ( )
( ) ( ) ( )T
F 0

R F F
t

t

v t t t

T

T T
=








  

�*���� ( )e
pF

t !+,-./�01�

"!��2+3-./�41�"!�

�� ( )e
vF

t 5� ( )e

.

pF t 6�01741"��

!89�5�:$;<= ������

�"#!<>� 

& & &e Te Te
T

= +  

        ( ) ( )= + + − +v
m d

R Te T Ae Bu w
2

∆  (9) 

�� R
R 0

0 R
2m

=








� ( )∆ =















0 0

0
d

dt
vR

���

9�?@$%��A���� �����

B��������(�) 

( )& .e TAT R e TBu Tw
T m T d

v= + + − +−1
2

∆  

     (10) 

    ?@&'�� ����CD45�

EFGB��!HI���%J!;

<�K?@�LM��������NO

PQR(� 

e A e

.

T
Td T

=     (11) 

�� 10ST� 11$& 

( )A e TAT R e TBu Tw
Td T m T d

v= + + − +−1
2

∆  

     (12) 

�:$%&'B!UT�J��VWX

�FYleast-squares solutionsZ 

( )$u B T TAT R A e B w= + + − ++ − − +1 1

2
v

m Td T d
∆        

( )
= +

= +

+ − +

+

B T K e B w

B Ke w

1

T T d

d

 

    �� ( )B B B B
+ −

= T T
1

�R:?@&':,

CD45� 

( ) ( ) ( ) ( )( )u B K e wt t t t
d

= ++  (13) 

[B�\]^]^_� 

( )K A T R T T T T A T= + + −− − −
v

m Td

1

2

1 1∆  (14) 

[�:$&BCD45�:CD`a

bc,-deCD`7,-\fCD`g

�J��w
d
����hTcij��!k

l����:CD`!deCD`�[ K

6�:CD`� PD \fCD`g�CD

`!mn*���?@opq���rs

ij2hij7tu�vwxy$���

z{!*��|}�[�d]~�!�

9�pq��e��!,�73�89�

�:?@!��p�*h�i�%�=�

�$89!����� K7w
d
�p�'

B�3����$%�B������

�����;<�&� 

 

��������

    NURBS � CAD/CAM !��hL

B���i���!���O����

NURBS ���|}`!O�J� �¡

¢!£¤�¥�� NURBS p¦§¨©#

!ªn�«¬p7®M!��|}`[

¯�,°±²!¦§��:³
 NURBS

�´µ!¶·����|}`!¸�J¹

�º»�¼d% FANUCE½�¾� 15

¿�16¿ÀÁ:°ÂÃ��Ä�Å��Æ 

  G06.2 X_Y_Z_R_K_; 

���X, Y, Z�CD·�e��ÇR�È

² (weight)ÇK�É· (knot)� 



 5

    � NURBS ¸���|}`!PlJ

ÊËÌÍ�{*�!ln#��ÎÏÐ�

?@�ÑÒÓ NURBS t1!>Ô�Õ�

Ö×�
ØÙ¸� NURBS ��|}`¹

�ÚÛª�CD`��O�� 

    �ÜÝ9Þ NURBS t1!ln�

���:� NURBS !>Ô�ÕÑßÒÓ

R( (L. Piegl, 1991)Æ 

 C u

w PN u

w N u

i i i p

i

n

i i p

i

n
( )

( )

( )

,

,

= =

=

∑

∑

0

0

  

      (18) 

���n �h4×àá!J� (upper index 

of sum) �(n+1) �CD·!->� w
i
 â

��È² (weight)�[È²ã>ä�å!

"#æç� [ ]W w w w
n

T=
0 1

.....  â��

È²"# (weight vector)� P
i
 �CD·�

,è�"#��� p  �! NURBS t1!

é>  (degree)� N u
i p,
( )  �êÎë>(basis 

function)�¹�ì�(��>ÔÅ�Æ 

N u
u u u

i

i i

,
( )

0

1
1

0
=

≤ <



+     if 

     otherwise      
 

N u
u u

u u
N u

u u

u u
N u

i p

i

i p i

i p

i p

i p i

i p, , ,
( ) ( ) ( )=

−
−

+
−

−+
−

+ +

+ + +
+ −1

1

1 1

1 1
�

� ui  â�É· (knot) ��É·ä�å!

"# [ ]U u u u
m

T=
0 1

.....  ��â�É·"

# (knot vector)� 

 

��������

�v,É�?@�rß�íCD`Ú

jî¨7 NURBS O�!¸ï�ðÑ?@

«?@!¸ïXñM,-òó��Ø?@

ô«��ª�CDõö7 ����4�

UT�¢�ij!÷��Ø�øùúû�
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%é!-&��J�BCD��!'(
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B+���e\�!,-.� 9 

rad/sec ( 1.5Hz )��/0�1i��(CD

`�2Ã�39�UT456� 10mm �

h�i��-�¢ij�7÷���ij
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rad/sec ( 4/3Hz )�E#/���ª�CD`
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æ 1 �¢CDõö�2Ã IYTE: tracking 

error�CE: contouring error�;�<mZ 
1.25 m/min 2.5 m/min 5 m/min  
TE CE TE CE TE CE

P 305.18 40.54 556.46 70.61 1030.44 132.00 

ZPETC+P 40.58 19.58 34.51 18.39 30.97 22.21 

CCC+P 298.26 2.09 543.58 4.39 1006.06 12.69 

Integrated 35.84 1.65 29.60 2.45 21.08 3.64 

TCF 11.56 6.93 7.99 6.40 30.14 10.18 

DYNA  7.93  11.54  21.08 

æ 2 �¢CDõö�2Ã IIYVV: velocity 

variance�;�<m/ secZ 
1.25 m/min 2.5 m/min 5 m/min  

VV VV VV 

P 225.66 410.38 1103.80 

ZPETC+P 202.56 271.44 283.72 

CCC+P 267.11 656.50 2203.10 

Integrated 203.01 300.06 364.14 

TCF 105.2952 143.8484 258.3305  

DYNA 427.40 436.78 536.56 
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!���«ª�CD��N�H�ô«�

� � ä | } ! i j : � Y velocity 

varianceZg�áCD`�������7

CD`äIå!ij:��M,î¨�ä


�!���5�45 10 mm !÷��
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�� 

m 

���� 

m 
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Integrated 67.64 4.08 18583 

TCF 91.40 15.39 18305 

P 1141.06 152.86 18688 
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�� 

m 

���� 

m 

���� 

m/s 

Integrated 22.66 3.55 360.95 

TCF 25.64 12.37 258.33 

P 1018.00 132.88 1103.8 

NURBS ������� 
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�� 

m 

���� 
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����
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Integrated 32.63 2.38 270.19 

TCF 8.93 7.56 143.85 

P 552.40 71.00 410.38 

NURBS ������� 

(���1.25m/m) 

 

	
�� 

m 

���� 

m 

����
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Integrated 39.37 1.66 169.35 

TCF 9.97 6.90 105.30 

P 303.43 40.78 225.66 
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