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Abstract The existing interpolation algorithm cannot meet
the need of high-speed and high-accuracy machining of a
free-form surface. So this paper proposed a correcting and
compressing interpolation algorithm. Depending on the dis-
tance and angle evaluated from the adjacent command
points, the machining path of free form can be divided
into two machining types. For those regions where the
accurate figure is critical such as corners, the conven-
tion linear interpolation is performed exactly between
the adjacent command points. For those regions having
a large radius of curvature where the smooth figure is
critical, firstly, the interior point selection method based
on circle transition is derived to reduce the tolerance
between the machining path and the original surface;
secondly, the interior point correction method based on
the least-square method is proposed to reduce the cal-
culation error and round-off error in the interior point
and estimate the first- and second-order derivative vec-
tors of the interior point; thirdly, the shape-defining
point is selected by the bend direction of the machining
path and fitted to a quintic spline curve which has the
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C2 continuity; fourthly, the fitting accuracy controlling
method is proposed to ensure the machining accuracy;
lastly, the curve interpolation is performed on the fitted
smooth curve. Machining tests carried out on a vertical
machining center show that the proposed algorithm can
improve the machining efficiency and machining quality
of a free-form surface.

Keywords High-speed machining - Interpolation
algorithm - Free-form surface

1 Introduction

Free-form surface is extensively applied to a wide range of
industries such as automotive, aerospace, and dies/molds,
but free-form surface computer numerical control (CNC)
machining is still difficult. In order to mill an entire free-
form surface and check collision in real time, the computer-
aided manufacturing (CAM) system generally converts the
free-form surface generated by computer-aided design
(CAD) system into a polyhedron as shown in Fig. 1 and
overlays this polyhedron with machining paths within the
specified tolerances, finally generating CNC codes com-
posed of many command points [1-3]. At this time, if the
linear interpolation is performed between the adjacent com-
mand points, it can lead to many small planes mapping on
the workpiece surface as shown in Fig. 13a and acceleration
jumping in the machining axis, which in turn can cause
resonance in machining elements [4, 5]. To describe the
above algorithm easily, this paper defines the linear
interpolation algorithm as the convention interpolation
algorithm.
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Fig. 1 The original plane and approximated plane

To overcome the above disadvantages, many interpola-
tion algorithms have been proposed by investigators. In
technology, FANUC [5] proposed that for those portions
of free-form surface having a large radius of curvature,
spline interpolation is performed on the smooth curve which
is calculated from the polygonal lines specified by com-
mand points (defining G-code as G05.1). In theory, Li et
al. [6] proposed a non-uniform rational B-spline (NURBS)
pre-interpolator for five-axis machining. Its feasibility has
been evaluated only by simulation. Ye et al. [7, 8] presented
an interpolation of continuous micro-line blocks based on
the look-ahead algorithm, but strictly speaking, this algo-
rithm still uses linear interpolation. Yau et al. [9] developed
a real-time cubic Bezier interpolator with look-ahead func-
tion to deal with continuous micro-line blocks, but the slope
discontinuity might still occur at the junction of the fitted
curve blocks. Lin et al. [10] applied NURBS curve fitting
technique to convert the continuous micro-line blocks to the
smooth curve with NURBS format. Yeh et al. [11-13]
developed a NURBS curve fitting and interpolation with a
look-ahead function to handle continuous micro-line blocks,
but NURBS curve fitting and interpolation require a large
computational time; it cannot meet the real-time require-
ments of interpolation. To describe above algorithm easily,
this paper defines the above interpolation algorithms as the
smooth interpolation algorithm.

F. original curve
"o / )
. \‘\ r.
P program command point

i+2

Fig. 2 The desired curve and command point
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The existing works all assume the command points from
the CAM system are just on the desired curve as shown in
Fig. 2, but practically, the command points from the CAM
system are placed on the boundary of tolerance [14, 15] as
shown in Fig. 3. For this reason, if generating a curve with
the existing algorithms capable of C2 continuity, the gener-
ated curve would depart from the desired curve and the
machining accuracy and quality would be reduced.

Based on the above research and analysis, this paper
proposed a correcting and compressing interpolation
algorithm. By using the bi-chord error test method, the
machining path was divided into two machining regions.
For those regions needing the accuracy, the linear inter-
polation is performed between the adjacent command
points. For those regions needing the smoothness, it
can create multiple interior points between adjacent
command points, which are closer to the original curve
than the command point from the CAM system. And
the position of each interior point was corrected in a
unit smaller than the least input increment of CNC
within tolerance; the impact of rounding error is re-
duced. So the machining accuracy of the free-form
surface can be improved compared to the existing
method.

This paper is organized in details as follows. Section 2
presents the design of the machining path analysis method.
A region criterion method, interior point selecting method,
and interior point correcting method are discussed in
Sections 2.1, 2.2, and 2.3, respectively. Section 3 describes
the design of the smooth curve generation and interpolation
method. The shape-defining point selection method, shape-
defining point fitting method, fitting accuracy controlling
method, and smooth curve interpolation method are dis-
cussed in Sections 3.1, 3.2, 3.3, 3.4, respectively. Section 4
shows the machining tests on the vertical machining center.
Section 5 concludes this paper.

tolerance

program command point
tolerance

Fig. 3 The desired curve and command point in the actual CAM
system
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2 Analysis of the machining path
2.1 Criterion of the machining region

When a desired sculptured free-form surface is approximat-
ed by numerous command points, the distance between
adjacent command points and the angle between adjacent
segments are different between those regions that need
accuracy machining and those regions that need smooth
machining. For those regions that need accuracy machining,
the distance is longer or the angle is greater; for those
regions that need smooth machining, the distance and angle
are both smaller. So the machining regions can be deter-
mined by distance and angle between continuous three
adjacent command points. The bi-chord error criterion
method [9] can quickly determine if the machining regions
need the linear interpolation or smooth interpolation.

As shown in Fig. 4, if the distance L,_;,, L;+ between
three adjacent command points P, ;, P;, and P, ;, the angle 0
between two line segments P, 1P; and P;P;.,, and the bi-
chord error 97, d, which can be calculated by formula 1 are
all smaller than the critical length L.y, critical angle 6,,.y,
and critical contour error d..,,x Which are as CNC system
input parameter, it means that the machining region consist-
ing of three command points needs smooth interpolation. In
this work, the critical length L., is 0.01 mm, the critical
angle 6.« is 45°, and the critical contour error J.max 1S
0.01 mm.

61 = R(1 —cos ¢,)
82 = R[1 — cos ¢@,] = R[1 — cos(f — ¢,)]
R = ~Li-u (1)

T 2sing,
_ —1 Li_y;sin(6)
¢ = tan (Li—licos(e)""LiHl

o
Fig. 4 Schematic diagram of the bi-chord test

where R is the circular radius consisting of three adjacent
command points P,_; P;and P, ¢, and ¢, are half of the
angle /P;_1OP; and /P,OP;,,. By applying the existing bi-
chord error criterion method [9] for all command points, the
machining path can be divided into two regions.

2.2 Selection of the interior point

For every region needing smooth machining, the method
based on circle transition is proposed to calculate the interior
point as shown in Fig. 5, where P; |, P;, and P, are the
three adjacent command points, and Q;0;, is a circle which
is inserted in a corner as the transition circle between the line
block P;—P; and P,P;.,. Supposing the inserted circle Q;0;
is tangent to the line block P, P; and P;P;., O; and Q; are
the tangency points, and 0, is the tolerance between the
corner point P; and the circle Q;0;.1. The geometrical rela-
tionship between the two line blocksP;_P;, P;P;.; and the
circle Q;0;+ can be expressed as:

I — sin‘z—’() :
1—cos 5 (2)
_ cos¥
R 7 6[

where L is the transition distance from the tangency point Q;
or Q;i1 to the corner point P;, 6 is the included angle

between the two movement vectors P;_;P; and P,T,H) , and
R is the radius of the inserted circle Q;0;+;. Comparing
Fig. 5 with Fig. 3, it is easy to see that if the ¢, is equal to
the tolerance in the CAM system, the tangency points Q; and
QOi+1 are much closer to the original curve than the
command point P;. So this paper takes the two points

Fig. 5 The circle transition
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Fig. 6 The crossing of two adjacent interior points

0O; and Q,.; as the interior points corresponding to
command point P;. At this time, the coordinate of Q;
and Q;+; can be calculated as:
__L Liii—L p.
Or =g P v ogE P 3)
Oip1 = =P+ 5= Pipy

where L;_; and L, are the length of line blocks P;_P;
and P;P;.;. The coordinate of P,;, P;, and P, can be
acquired from the CNC code. In order to avoid the
cross of two interior points as shown in Fig. 6, where
O;_jand O; are the two interior points corresponding to
the command point P,_;, Q; and Q;; are the two
interior points corresponding to the command point P;,
O, 1and O;,, are the two interior points corresponding
to command point P,.,. The transition distance L is also
confined by the length of two adjacent line blocks, as
shown in Eq. 4:

Li1; Ly
L< min< ! H) (4)

2 72

For every region needing smooth machining, all interior
points except the start and end can be calculated by the
above circle transition method. The start and end command
points can be directly adopted as interior points.

2.3 Correction of the interior point

In order to reduce the calculation error and round-off error in
the interior point, the interior point correction method is
proposed. Before correcting the interior point, the paramet-
ric value must firstly be assigned to each interior point. The
centripetal method [16] is adopted in this paper. Equation 5
describes centripetal method to calculate the parametric
value for each interior point.

(lQi*thD
L

(i=2,3,---n) (3)
(lo-191)
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where u; is a parametric value corresponding to interior
point Q;, |Q;—10;| is the distance between the interior point
0O; 1 and Q;, and |Qj, 1 Qj| is the distance between the interior
point O, and Q;. When all interior points have their own
parametric value, the orthogonal basis u3, uz, u, 1 is used to
approximate continuous five interior points. For arbitrary
continuous five interior points Q;, Q;+1, Oj+2, Oi+3, and Oj4,
the approximation curve can be written as:

Oi(u) = au’ + bu* + ciu+ d; (; <u<upg) (6)

where a;, b;, ¢;, and d; are coefficient vectors of Q,(u) (The
dimension of those coefficient vectors are the same as the
number of movement axis), u; and u,,4 are parameter values
corresponding to interior points Q; and Q4. The square sum
of distances J; from the interior point Q;, O;+1, Qi+2,0:+3, Ojva
to the respective curve point which is on the curve O{u) and
corresponds to the parameter value u;, w11, Uio, U3, Uirg CAN
be written as:

i+4
Ji =Y 10iur) = Oul* = Jix + Iy + i (7)
k=i
where
i+4 X
Jix = kz: ‘Qix(uk) - xk|
Sy = 1; |0 (k) — i (8)
P :
Je = 2 10:(u) ~ =

Onur), Opuy), and Q(uy) are the coordinate values of
point O,(uy) at x, y, and z directions; x4, )4, and z; are the
coordinate values of interior point Oy at x, y, and z direc-
tions; and J,, J,, and J, are square sum of distances at x, y,
and z directions. In order to minimize the square sum of
distances J;, the partial derivative of J, J,, and J. must meet
the following requirements:

Ve W _ D _ O )
day — Oby — Oci — Ody

Wy _ Wy 0y Dy

Ba,y (‘)b,y - E - ad,‘y - O (9)
Wy _ My _ 0 _ 0z _

Oai — Obi — Oci. — Odi —

By substituting the coordinate value and parametric value
of the five interior points Q;, O;+1, Oz, O3, and Q,4 into



Int J Adv Manuf Technol (2012) 62:1179-1189

1183

Eq. 9, the coefficient vectors of curve Q,(u) at x, y, and z
directions can be represented as :

-1 -

rid oo i it4 7 i+4 i+4
doup youp dup o1 DXk 2ok
k=i k=i k=i k=i k=i =i

a e a i+4 i+4 i+4 i+4 i+4 i+4

b b b Yup Youp Yup Yu Do UkX D Ukk

ix Oip iz | | k=i k=i k=i k=i k=i k=i

Coo Gy Ci | | i i

d- d. d. Uy doup dup D uj D UpXe YUYk

iz k=i k=i k=i k=i k=i k=i
N N = R
JUp dup dup Yo D Uik D URVk
Li=i k=i k=i =i 1 Li=i k=i

it4
>z
k=i
it4
>z
k=i
itd
> upzy
k=i

i+4
Z uizk
k=i i

Once the coefficient vectors of Q,(u) are calculated, the
coordinate, first- and second-order derivative vectors on the
curve Q,(u) at parametric value u;, u; 1, Ui, U3, Uir4 CaN be
calculated as:

Oi(w) = aju} + b + cauy + d;
Q' () = 3aui + 2bay + ¢;
Q,,[(uk) = 6a,~uk + 2[),

(i<k<i+4)

(11)

For all interior points except for the first three and last
three interior points such as O, 0», Oz and O, », O,—1, Oy,

O1=01(u1), 02 =5 05 =3
0y = 04(). 03 =3(0)(w) + % (1)), 0y =5
0, =0,(um),0, :%(Ql (2) + 05 (u2)), O; :%

the corrected interior point, first- and second-order deriva-
tive vectors can be estimated as the following:

Or=1% (Qi,(uk) + Qi () + QiJ,rZ(uk))
O = % (Q,-,(uk) + Qi# () + Qi,-r—z(uk))
0"y = 5 (Qi(w) + Qi (wi) + O ()

(1<i<n-—4)
4<k<n-—-4)

(12)

where O is the corrected interior point of the interior

point Q,, and 0}( and O}; are the first- and second-order
derivative vectors at the point O;. Due to the lack of the
extra neighboring interior point, the first three interior points
can be corrected as follows:

(O1(u3) + O2(u3) + Q3(u3))
(Q/l/(us) + Qé/(u3) + Q;//(”s))
(01 (u3) + Oy (u3) + O3 (u3))

(13)

The last three interior points can also be corrected by
replacing Q; with Q,,, O, with Q,,_;, and Q3 with O,,. With
the above method, the interior point can be corrected, and
the derivative vector can be estimated.

3 Generation and interpolation of the smooth curve
3.1 Selection of the shape-defining point

Considering the estimated first- and second-order derivative
victors, the quintic spline is chosen to fit the corrected
interior point. But if each two corrected interior points are
fitted to a curve, much more computation time and memory
space are needed. In order to reduce the computation time
and compress the interior point, the interior point where the
machining path bends to the different direction is defined as
the shape-defining point. Because in practical application, if

the machining path specified by more than three interior
points bends to the same direction, the fitted quintic spline
curve with first and end points will meet the accuracy
requirement. For the machining path specified by corrected
interior pointsO;, O;..., O,—; and O, as shown in
Fig. 7, the shape-defining points can be selected as
the following steps:

1. Mark the start corrected interior point as the shape-
defining point, and calculate the normal vector vy, with
the first-order derivative vector O\, and0), at points O,
and O, as follows:

vio = 0, x 0, (14)

Judge whether the values of j and n are the same (j
starting from 3). If j<n, calculate the normal vector v; y;
as Eq. 14 and jump to 3; else, mark the point O; as the
shape-defining point and jump to 6.
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Shape-defining point ‘ ,

Shape-defining point n-
Shape-defining point

Fig. 7 Schematic diagram of the shape-defining point

3. Calculate the intersection angle ; between the vector v; ;-
and v;-y;, and judge whether the value of ¢ is greater than
90°. If o;;<90°, jump to 4; else, jump to 5.

4. If 0;<90°, it shows the machining path at points O; and
O bends to the same direction. Jump to 2 with j+ +.

5. If ;<90°, it shows the machining path at points O; and
O;-, bends to the different direction. Mark the point O;
as the shape-defining point, use O, as the new starting
point, and jump to 1 with j+ +;

6. Exit this shape-defining point selection.

3.2 Fitting of the shape-defining point

In the shape-defining point fitting, the objective is to con-
nect n shape-defining points with n—1 fifth-order spline
curves Oy,..., O,_1.These spline curves are fitted in such a
way that continuity up to the second derivative is preserved
along the overall composite curve. For the arbitrarily adja-
cent shape-defining points O; and O, the polygonal line
machining path defined by corrected interior points O;,...
O; and the smooth curve machining path O(u) fitted by
geometry information of shape-defining points O; and O; are
shown in Fig. 8. The curve Ox(u) can be expressed as:

Ok(u) = Aku5 + Bku4 + Cku3 + Dku2 + Eju + F (15)
15

(u € [u;, u]])

where A;, By, Ci, Dy, E;, and F are coefficient vectors of
curve Oi(u) (the dimension of those coefficient vectors are

Fig. 8 The fitted machining path
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the same as the number of movement axis), u; and u;
are parameter values corresponding to shape-defining
points O; and O;. In order to make the curve O(u) pass
through the shape-defining point and ensure second-
order continuity, the coordinate, first- and second-order
derivative vectors at the shape-defining points O; and O;
are used as boundary conditions. The boundary condi-
tions can be written as:

uw wl w o ul w1 [ 4 O;
Suf 4wl 3ur 2w 1 0| B 0,
20u; 1207 6u; 1 0 Of|c, o; 16
u]5 uj‘.‘ u]3 uj2 w 1| (D |~ O_{ (16)
Su_? 414;’ 3u_]2 2up 1 0| | Eg o
200 1207 6u; 1 0 0| |Fk o

where O,, O;, O;-/, 0, O}, and O] are the coordinates,
first- and second-order derivative vectors at the shape-
defining points O; and O;, which have been calculated
in Section 2.3. By substituting these values into Eq. 16,
the Ay, By, Cy, Dy, E;, and F coefficients vector can be
calculated.

3.3 Controlling of fitting accuracy

Although the fitted curve passes through the shape-defining
points and has C2 continuity along the overall composite
curve, it does not ensure the accuracy at all corrected interior
points between the two adjacent shape-defining points. In
order to solve this problem, the distance from the corrected
interior point to the fitted spline curve is calculated to judge
whether the fitted spline curve meets the accuracy require-
ment at the corrected interior point. Considering the real
time of the CNC system, the above distance is replaced
by the distance between the interior point and the fitted
curve point which is on the fitted curve and corresponds
to the parameter value of the interior point. If the fitted
spline curve does not meet the accuracy requirement,
the shape of the fitted curve is amended by increasing
the shape-defining point. For the fitted curve Oy(u) and
corrected interior points O;yq Oj- between the
shape-defining points O; and Oj, the fitting accuracy
controlling can be carried out by the following steps
as shown in Fig. 9.

1. Calculate the distance L,, from the corrected interior point
Oy, (m starting from i+ 1) to the fitted curve point Oy(u,,),
where u,, is the parameter value corresponding to the
interior point O,,,. Judge whether the value of L,, is larger
than e max, Where e.max 18 the maximum allowable
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< start >

\4
Input the point and the fitted
curve Ox(uy,) between the =
shape-defining point O; and O;
|

\J

Calculate the distance L from
the point O,, to point Oy(u,,)

N y
Keep m and| _ no //I: - \\?\\__
L,, records < <\\'"\— emax>_— | Replace the curve Oy(u) by
\/yes two new curve Og(u) and

v O, (u) fitted by three shape-

L m—m+1 defining point O;, Oy, ,and O;

A

Find the point O,, point

m<j? and make this point as
shape-defining point
& ‘

Record empty" e

yes

S A
‘/ End \

‘ )

Fig. 9 Flowchart of the fitting accuracy controlling method

contour error in CNC machining. If L,,<
else, jump to 3.

If L,,<e.max, it shows the fitted curve Oy (u) meets the
accuracy requirement at the interior point O,,. Judge
whether the values m and j are the same. If m<j, jump
to 1 with m + +; else jump to 4.

€cmax> jump to 2;

Fig. 10 SMTCL VM650 CNC machining center

(ww)sixe 7

—
o
L

Fig. 11 The actual machining process

If L,,>e.max, it shows the fitted curve Oy(u) does not
meet the accuracy requirement at interior point O,,.
Keep the current m and L,, values as record, and judge
whether the values of m and j are the same. If m<j, jump
to 1 with m++; else jump to (4).

Jude whether there are m and L,, values in the record. If
not, it shows the fitted curve O(u) meets the accuracy
requirement at all the interior points and jump to 6; else,
it shows the fitted curve Oy (u) does not meet the accu-
racy requirement at some interior point; find the interior
point which is the farthest from the curve Oy(u) accord-
ing to the values of m and L,,, and mark it as new shape-
defining point; jump to 5.

According new and old shape-defining points be-
tween the shape-defining points O; and Oj, generate
two new curves Oy 1(u) and Og(u) to replace curve

/ —— GOl path
, -------- GO path

machining regions composed of 39

Do =
S

Fig. 12 The actual machining path
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O (u) as the new fitted curve between the shape-
defining points O; and O;. Repeat the above process,
until the fitted curve meets the accuracy requirement
at all the interior points between the shape-defining
points O; and O;.

6. Exit fitting accuracy controlling.

3.4 Interpolation of the smooth spline curve

In this paper, the spline curve interpolation algorithm based
on the second-order Taylor expansion [17] is adopted to

calculate the interpolation point on the fitted spline curve.
At this time, the value of parameter u at i interpolation cycle
can be expressed as:

VieT — T?

,74__
0 ()| 2

» Aiq
2|0 (ui-1)|

where 7 is the interpolation cycle, V;—; and 4, are feedrate
and acceleration at i interpolation cycle, and O'(u;—1) and O"

up=ui—1 +

VRO (i) |40 (i) |
210 (i) ) 47

Fig. 13 Comparison diagram 3000w it

of feedrate. a The conventional Sl el e i , : _
interpolation,bthesmooth 3 e oo | YPTAIIGRGAENPRRORpe LRGN KT PR eRIRne | PEPARIY) | R e e
2250 kg -0}

interpolation, ¢ the proposed
interpolation
1750

1500

Feedrate v/(m*s7)

1250
1000
7H0|- -7
500

250

soooH|-f--:- - - n

L 1 1 L L 1

3000 o
2750} -
2500

2250

1750
1500

1250

Feedrate v/(m+ )

1000
750

o I

2000kt 8- .- g )i

L L
0.6 0.9 1.2 1.5 1.8 2.1 2.1 2.7 a
Time t/s

(a) The conventional interpolation

3000,

2750

2500

2250

2000

{n lsl]

I,
\

1750

iF:OO .

Feedrate v/

1250H - - -
lnool
750K
500

250

0. 6 0.9 1. 2 1.5 1.8 2.1 2.4 2.7
Time t/s

(b) The smooth interpolation
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(c) The proposed interpolation
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Fig. 14 Comparison results
with the original surface. a The
conventional interpolation, b
the smooth interpolation, ¢ the
proposed interpolation

(u;—1) are the first- and second-order derivative vectors of
the spline curve O(u) at u;. Based on our previous work
[18], the feedrate V,—; and acceleration 4, ; can be
planned. By substituting the planned parameter value
into Eq. 17, the interpolation point which is as reference
command of the servo motion control system can be
calculated.

4 Machining tests and discussion

To evaluate the proposed interpolation algorithm, the algo-
rithm has been implemented in SMTCL VM650 CNC ma-
chining center as shown in Fig. 10, which comprises an
industrial PC, a Mechatrolink-III communication card,
Mechatrolink-III filed bus, and a mechanical system with
three 3-phase Yaskawa AC servo packs. The industrial PC
with a Pentium M 1.6-GHz CPU and 512-M RAM is used to
run the open CNC system based on RTLinux (Real-Time
Linux) operating system which is developed by us [19]. The
tasks in the open CNC system are divided into the HMI task
for human and machine operations, the interpreter task for
interpreting CNC codes and generating smooth curve, the
motion controller task for interpolating trajectory point and
generating motion command, the PLC task for controlling I/O
status, and the field bus driver task for receiving and sending
communication card date. In terms of task cycle time, HMI is

AITO-DIFF Solid Report AITO-DIFF Solid Report
Comparison Type: Gouge and Excess
Gouge Tolerance: 0.01
Excess Tolerance: (.01

Gouge Tolerance: (.01

Excess Tolerance: 0.01

DESION COPONENT(S) - DESIGH CORPONENT (5)

. Component Hame: Design
Conponent Name: Design Component Type: Design
Component Type: Design Wodel Type: POLYGON
Hodel Type: POLYGON

SUNMARY SUMMARY

Maxinum gouge of 0.518336 occurred at record 4550
Humber of Gouges: 273

Maxinum excess of 17, 472083 occurred at record 12401
Humber of Excesses: 1021

Nusber of Gouges: 480

Number of Excesses: 786

(a) The conventional interpolation

(a) The conventional interpolation (b) The smooth interpolation

Comparison Type: Gouge and Excess

Maximum gouge of 0.91569 occurred at record 8373

Maximum excess of 17. 513253 occurred at record 11564

(b) The smooth interpolation

(c) The proposed interpolation

20 ms, interpreter 5 ms, motion controller 2 ms, PLC 4 ms,
and field bus driver 2 ms. The Mechatroline-III communica-
tion card is used to control the three AC servo packs at a
sampling period of 2 ms.

The free-form surface as shown in Fig. 1 is used as a
machining example. Figure 12 shows the machining
path which is generated by CAD/CAM soft UG with
tolerance of 0.01 mm. The number of CNC blocks is
12,416. The machining parameters used in this example
are as follows: the interpolation cycle 7T is 2 ms, the
feedrate limit F is 3,000 mm/min, the acceleration limit
A 18 500 mm/s?, the tolerance limit &y, is 0.01 mm, the
contour error limit dpmay 8 0.01 mm, and the tool is ball end
mill with diameter 6 mm; the machining process is
shown in Fig. 11.

In order to show the feedrate change for the conven-
tional interpolation algorithm, the smooth interpolation
algorithm, and the proposed algorithm expressly, an
arbitrary machining path composed of 39 line blocks
is adopted as shown in Fig. 12. The feedrate profiles
for different algorithms are shown in Fig. 13. For the
conventional interpolation algorithm, the machining time
is 3.294 s. Comparing with the conventional interpola-
tion algorithm, the machining times of the smooth in-
terpolation algorithm and proposed algorithm are respectively
reduced to 2.634 and 2.689 s. This is mainly because for
smooth interpolation algorithm and proposed interpolation

AUTO-DIFF Solid Report

Coaparison Type: Gouge and Excess
Gouge Tolerance: 0,01
Excess Tolerance: 0.01

DESIGN COMPONENT (S) :

Coaponent Name: Design
Coaponent Type: Design
¥odel Type: FULYCON

SUNMARY :

¥aximun gouge of 0.734206 occurred at record 6866
Nusber of Gouges: 124

Maximum excess of 17. 450889 occurred at record 11965
Nunber of Excesses: 703

(c) The proposed interpolation

Fig. 15 The auto-diff solid report. a The conventional interpolation, b the smooth interpolation, ¢ the proposed interpolation
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Fig. 16 The workpiece actual
machining results. a The
conventional interpolation, b
the smooth interpolation, ¢ the
proposed interpolation

(a) The conventional interpolation (b) The smooth interpolation

algorithm, the interpolation is performed on the smooth spline
curve; the transition feedrate between the adjacent blocks is
much increased.

Besides interpolation algorithm, there are many outside
factors affecting actual machining accuracy and quality such
as machine rigidity, servo system, and so on. Therefore, the
actual workpiece machining results cannot directly distin-
guish interpolation algorithm good or bad. In order to rule
out other outside factors, the interpolation points in the
actual machining process were sampled to compare with
the designed surface from the UG software in VERICUT
software within tolerance of 0.01 mm. The experimental
results for different interpolation algorithm were shown in
Fig. 14, and the compared reports of VERICUT software were
shown in Fig. 15.

For the conventional interpolation algorithm, the numb-
ers of over-cut and owe-cut points are, respectively, 273 and
1,021 as shown in Fig. 15a, and there are a large number of
uneven corners and small planes mapping on the machining
surface as shown in Figs. 14a and 16a which is the actual
machining result. This is due to the fact that (1) the com-
mand points from the CAM system are not just located on
the target original curve, and (2) the tool movement
precisely follows the line segment which is used to
approximate a target original curve. Although this effect
is caused by high-accuracy machining which precisely
follows the command point, the uneven corners that
result will be judged unsatisfactory when smooth sur-
face is required.

After applying the smooth interpolation algorithm which
is the existing algorithm capable of C2 continuity, the
numbers of over-cut and owe-cut points are, respectively,
480 and 786 as shown in Fig. 15b. Comparing with the
conventional interpolation algorithm, the over-cut points
were reduced, but the total numbers of over-cut and owe-
cut points are not reduced. And it is easy to see that the
number of small planes mapped on the machining surface is
reduced, and the machining surface is much smoother as
shown in Figs. 14b and 16b. This is mainly because, for the
smooth interpolation algorithm, the interpolation is performed

@ Springer

(c) The proposed interpolation

on the smooth curve fitted by the command point, but the
tolerance, calculation error, and round-off error in the com-
mand point are not corrected.

After applying the proposed algorithm, the numbers
of over-cut and owe-cut points are all reduced as shown
in Fig. 15c, and the numbers of small place mapped on
the machining surface are reduced as shown in Figs. 14c
and 16c¢. This is mainly because the tolerance, calcula-
tion error, and rounding error in the command point are
corrected.

5 Conclusions

This paper proposed a correcting and compressing interpo-
lation algorithm for high-speed free-form surface machin-
ing. According to the command point, the algorithm can
automatically determine whether the accurate figure or
smooth figure is required for the current machining region.
For the machining region needing the accuracy, the tradi-
tional linear interpolation is performed exactly as specified
by the command points. For the machining region needing
the smoothness, the curve interpolation is performed on the
smooth curve which is calculated from the polygonal lines
specified by the command point. The proposed algorithm
can ensure that the fitted curve has the C2 continuity and
meets the requirements of machining accuracy. As a result,
smoother machining and better surface quality can be
obtained. The machining tests are performed on a three-
axis vertical machining center for testing the proposed al-
gorithm. The machining results show that the proposed
algorithm can reduce the machining time and increase the
machining quality.
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