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Tom tat

Khi tao dir liéu duong chay dao (CL data) cac hé
thdng CAM gia dinh 1a duong chay dao giita hai diém
miii dao lién tiép 1a duong thang. Tuy nhién didu nay
chi ding d6i voi may c6 ba truc chuyén dong thang
ddng thoi; d6i véi may nam truc, do ¢ thém hai truc
quay nén dudng chay dao giita hai diém lién tiép
trong chwong trinh NC s& khong tuyén tinh, vi vay
lam giam d¢ chinh xac khi gia cdng. Bai bao nay trinh
bay thudt toan tuyén tinh héa dudng chay dao va xay
dung bo hau xwr 1y (postprocessor) cho may CNC 5
truc nham giam sai sé dudng chay dao néi trén. Dya
trén phuong phap da tinh toan, cac tac gia xay dung
mot md dun phan mém trén nén windows bang ngdn
ngit 1ap trinh Visual Basic. Két qua md phong kiém
chting, 4p dung cho may phay CNC 5 truc véi hai truc
quay trén ban g& phdi (Deckel Maho DMU 70
eVoluion), chi ra rang bd hau xir Iy ¢6 tinh toan tuyén
tinh hoa duong chay dao 1am giam sai s6 duong chay
dao, bo hau xur Iy dang tin cay va co thé tuy bién dé
ap dung cho cac kiéu cdu hinh may CNC khéc nhau.
T khoa: Tuyén tinh héa duong chay dao; B hau xu
ly; May CNC 5 truc; Pong hoc nguoc; Lap trinh
CNC; CAD/CAM/CNC.

Abstract:

When cutter location (CL) data are generated by the
CAM system, it is assumed that the tool path between
two CL points is a straight line relative to the
workpiece. However, this is only the case for the
simultaneous motion in three linear axes, for the case
of five-axis machine, due to the rotary axes, the tool
path between two blocks in the NC program will be
non-linear relative to the workpiece, reducing the
accuracy of the tool path. This paper presents a tool
path linearization algorithm and a postprocessor for
five-axis CNC machine that allows to reduce the tool
path error. A windows-based software module written
in Visual Basic was developed according to the
presented method. The five-axis CNC milling
machine tool with two rotary axes on the table
(Deckel Maho DMU 70 eVoluion) was used to
demonstrate and validate the linearized CL data
generated by the proposed method and postprocessor.
The simulation result shows that the proposed method
can reduce the error of the tool path; the postprocessor
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is reliable and can be customized to apply for any
types of five-axis CNC machine configuration.
Keywords: Tool path linearization, Postprocessor,
Five-axis CNC machine, Inverse Kinematics, NC
Programming, CAD/CAM/CNC.

Abbreviations

CAM Computer-Aided Manufacturing
CNC Computer Numerical Control
CcC Cutter Contact

CL Cutter Location

MCS Machine Coordinate System
WCS Workpiece Coordinate System

1. Introduction

A five-axis machine is similar to two cooperating
robots, one robot carrying the workpiece and one
robot carrying the tool. The five-axis machine is used
for machining of complex sculptured surfaces because
they have advantages of reducing setup time, faster
material removal rate and improving surface finish.
Programming of the five-axis machining needs an
interface called postprocessor that converts the CL
data to the machine control data [1].

The CL data generated by the CAM software contain
the cutter locations as a sequence of tool vector
positions. These points are calculated in such a way
that the motion between two successive points is
within a certain tolerance. This tolerance is normally
specified just before the start of the tool path
generation with the CAM system. The selection of
this tolerance depends on the required accuracy. For
roughing we can select a large value, for finishing we
select a value corresponding to the required tolerance
on the machined part. All current CAM systems
calculate the CL points with the assumption that the
motion between two consecutive CL points is linear.
This is however only the case of simultaneous motion
in three linear axis, if the motion is in five-axis (three
linear and two rotational) simultaneous then the tool
path in between two CL points is a curve [2].
Post-processing for the five-axis machine is complex
due to the rotary axes. The problems are related to the
linearization of the tool path, the solution for forward
and inverse kinematics. There have been a lot of
research work are reported on a postprocessor method
for the five-axis machine. A five-axis postprocessor
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for the spindle-tilting type five-axis machine tool with ~ should be checked and compensated for, and this is
a nutating head has developed by She and Chang [1].  done in the postprocessor [10].

Lee and She [5] presented an analytical methodology

to develop a postprocessor for three typical 5-axis Real CLpath | Viey

machine tools. Jung et al. [6] developed algorithms
for NC-postprocessor for 5-axis milling machine of
table-rotating/tilting type. However, none of above
postprocessors has further investigated the tool path
linearization problem. Takeuchi and Watanabe [7]
presented principles for linearization. She and Huang
[8] developed a postprocessor for two five-axis
machines; the linearization problem was presented in
the research. An algorithm for calculating the inverse
kinematics of the five-axis machine close to singular
configurations was presented by Knut [9], the
linearization of the tool path was also discussed in the
paper. Fig. 1 Real tool paths between two CL points [10]
This paper focuses on the developing a five-axis

postprocessor with the tool path linearization. The . L . .
algorithm has been implemented in Visual Basic, Linearization of the tool p_ath is performed in t_he
demonstrated for the five-axis machine DMU 70  Postprocessor by interpolating new CL data point

eVoluion. The result shows that the proposed method ~ @long the ideal tool path and thereby adding new
can reduce the error of the tool path. blocks to the NC program. One command in the CL

The rest of the paper is organized as follows. Section ~ T11€ may result in several lines in the NC file, so the
2 presents the tool path linearization algorithm,  SiZ€ of the NC program increase. The final tool path

Section 3 presents the calculation of machine consists of positions that originate directly from the
coordinates. The software implementation and CL data file, and new positions that are generated by

verification is presented in Section 4, and the last ~the CL data interpolation in the postprocessor.
Section is the conclusion. Linearization will not provide perfect motion of the

tool, but the deviation of the ideal tool path can be
reduced to an acceptable level [9].

If the real tool path deviates more than tolerance T
from the piecewise linear CL path, the tool path will
be linearized. The linearization problem is solved in
the postprocessor by inserting intermediate points
between two successive CL points, when the
deviation is out of tolerance.

Vie2

Workpiece

Real CC path

2. Tool path linearization algorithm
In five-axis machining the real tool path between two
CL points is not linear but a curve. The solid curved
lines in Fig. 1 show the real CL and CC point path.
This curved real tool path clearly introduces an error
due to the five-axis linear interpolation. This error

—— Actual curved tool path

N; .V N — -- -— Interpolated tool path
- M — Ideal linear tool path
Vi N
Vn+1,t Nﬂ+l,t
\ e
Ny, = N
\'Ijlf/ - ~ - |>|I+2
Vi+1 Vi+1,t Ni+1,t Vi+2

Fig. 2 Tool path linearization

We assume that V;, Vi.1 and V., are three consecutive ~ 4]. Moreover, each point in the ideal linear tool path
points in the CL data (Fig. 2). The corresponding NC  can be determined as follows:
program of V; is N; = [X;, Yi, Z;, B;, Ci]. Each axis is .\ _ _
assumed to move linearly between the specified Vie= Vit (Vi — Vi) 2)
points. Therefore, each point in the actual curved path It can be seen from the Fig. 2, the distance between
can be expressed as: Vnt and Vi, forms a deviation, denoted as d;;. If the
_ N A maximum deviation (d;{)max €Xceeds the prescribed
Noe= Ni+ 1(Nivg — Ni) (1) tolerance, then the additional interpolated CL data Vi,
Where t is a dummy time coordinate (0 <t <1). should be inserted into the original CL data.
The corresponding CL data V;; for N,; can be Normally, the middle point, t = 0.5, is selected as the
determined by the forward Kinematics equations [3,  candidate point. After the intermediate point V;; has
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been inserted, the corresponding NC code can be
generated.
The tool path linearization algorithm is as follows:

1. Selectt=0.5

2. Read V,, Vi1 from the CL file

3. Calculate Vi = Vi + t(Vis1— Vi)

4. Calculate N,,, Ns; from V;, and V;,; based on
inverse kinematics [3, 4]

5. Calculate Nyt = Nj + t(Ni+g — Nj)

6. Calculate V,; from N,; based on forward
kinematics

7. Calculate the distance d;
8. Compare d;; with tolerance T
- If dj; < T, then read next CL point, i = i+1
- If diy > T, insert Vi, in between V; and Vi,
and repeat from step 2 to 8

The flowchart of the tool path linearization algorithm

is shown in Fig. 3.

Read CL point (Vi and Vi+1)
from CL file

!

I

‘ Vit =Vi+t(Vi+l - Vi) ‘

Vn,t

Calculate Ni, Ni+1
based on inverse kinematics

Vi; Vi+1

Nit = Ni + t(Ni+1 - Ni)

Vi

Calculate Vn,t

based on forward kinematics

Next CL point (i = i +1)

N
Yes
End of CL file?
Yes

END

Fig. 3 Flowchart of the tool path linearization algorithm

3. Machine coordinates calculation
The CL data are the cutter location (X, y, z) and
orientation (i, j, k) defined in the workpiece
coordinate system. This, X, Y, z, i, j, k, data must be
transformed to the machine coordinates X, Y, Z, and
(B, C) or (A, B) or (A, C) which control the motion of
the machine axes. By the inverse kinematics
transformation method, once the CL data are
obtained, three linear joint motions (X, Y, Z) and two
rotary joint motions (B, C) or (A, B) or (A, C) can be
calculated. This can be done by the geometric
transformation from the WCS to the MCS.

Fig. 4 shows the five-axis machine DMU 70
eVolution that used to demonstrate for the proposed
method, Fig. 5 is the kinematics chain diagram of the
machine. In order to calculate the machine coordinate
(X, Y, Z, B, C) from the CL data (x, V, z, i, j, k) we
have defined additional coordinate systems at some
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joints. These reference systems are defined in such a
way that the transformation from the workpiece
coordinates to the machine coordinates can be done in
simple steps. These intermediate reference systems
are shown in Fig. 6 and the transformation are
calculated as follows:

Fig. 4 Model of the five-axis machine -DMU 70 eVolution
Workpiece

Tool

Fixed machine frame

Fig. 5 Kinematics chain diagram
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Fig. 6 Intermediate reference coordinate systems

Op (XoYozo): located at the center of the table surface
C, when B = C = 0°. zy-axis coincides with the C-axis
centerline.

01 (X1y12;): Obtained by rotating (XeYozo) around z, at
an angle C.

0, (Xpy2Z,): Obtained by translating (x;yiz;) at a
distance d along z,

O3 (XaYsz3): Obtained by rotating (x,y»z,) around X, at
an angle +45°

04 (X4Y1z4): Obtained by rotating (XsYyszs) around z3 at
an angle B

Os (XsYs25): Obtained by rotating (X4Ysz4) around X, at
an angle -45°

Ow (XwYwZw): Obtained by translating (Xsyszs) at a
distance -d along z,

O: (XyiZy): The machine coordinate system fixed to
the tool spindle tip.

Step 1: Rotation around z, at an angle C
X, =X, c0sC —y,sinC
Y, =X,SinC +y, cosC @)
4, =1,

Step 2: Translation O; — O, along z, axis at a
distance d

X, = X+ X102
y2 = yl + yoloZ
L, =11+ 1y

Where zy0,=d 4

Step 3: Rotation around x; at an angle +45°
X3 = xz
Y3 = ¥,c0545° — z,5in45° (5)
Z3 = ,5in45% + z,c0545°
Step 4: Rotation at an angle B around z3
X4 = X3C0SB — y;sinB
V4 = X3SinB + y;cosB (6)
Z4 = Z3
Step 5: Rotation around x, at an angle -45°
xs = x4
Vs = V,c0545° + z,5in45° )
Zs = Y,5in45° + z,c0545°

Step 6: Translation at a distance -d along zs
X = X5 Xosow

yw = y5 + yoSow
Z,=12+1

Where g5 = -d (8)

050w

Xw, Yw» Zw €an be solved by the above equations (8) to
(3). The solutions for X, Y, Z of the NC data are
found by solving:

X=X=X,

Y = yt = yW (9)

Z=1 =250 — L t12

W

Where Z; is the tool length
With cosB =2k, -1, X, Y, Z can be expressed as:

X =[ Y42 ky—ky® —x0+2x0k0}cosC+[on2 k, —k,? +2y0k0—y0}sinC+ d-z, 4/2 k, —k,’ (10)
Yzixm/z ko — ko2 +y0k0}cosC +[y04/2 ky — ko2 —xoko}sinC—zOer—dk0+zok0 (11)
Z = %42 Ky — k¢’ +y0k0—y0}cosC+[yO,/2 ky —k,2 —xoko+x0}sinC+d—dk0+zk0 (12)

Where x,,Y,, Z,, 1y, Jo, K, are the tool tip position and the tool orientation given in the CL data.

i, =0

By the same method and noted that j, =0 the solutions for C-axis and B-axis can be found:

k, =1

VCCA-2015
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C:arctan[l—ko 12 K=K oy Ko =1 o +4[2 ko —Kg? io}

cosB =2k, -1 = B =arccos(2k, —1)

Based on the above inverse kinematics transformation
method the equations to generate NC data for other
types of five-axis machine tools can also be
determined.

4. Software implementation and

verification
A window-based software module for tool path
linearization has been developed in Visual Basic
language. The user interface of the program is shown
in Fig. 7.
To clearly show the efficiency of the tool path
linearization algorithm we first test for the case of

(13)

(14)
four CL points and plotted the tool path before and
after linearization on the graph. Table 1 shows four
CL data points for testing, and table 2 shows the CL
data after linearization by the proposed algorithm. In
the example we selected tolerance T = 0.1, the CL
data after linearization has 11 points instead of four
points; the bold lines in the table 2 are the inserted
points. Fig. 8 is the user interface to input the testing
CL data. Fig. 9 shows the graph of the tool path
before and after linearization, the straight lines are the
linear tool path, the curves are the actual NC tool
path, the distance from the peak of the curve to the
straight line is the deviation d .

Table 1. CL data before linearization

X y z i j k

Point1 | 20 0 -155 0.6327447124 | 0.465569252 0.6187742456

Point2 | 100 0 |-150 | 0.628284235 0.461387437 0.62640867

Point3 | 200 0 |-146 | 0.623829809 0.457180279 0.634039219

Point4 | 300 0 |-139 | 0.618938519 0.452948814 | 0.6416794216

Table 2. CL data after linearization
X y z i j k

Point 1 20 0 -155 0.6327447124 0.465569252 0.6187742456
Point 11 60 0 | -152.5 | 0.63051447415 | 0.4634771812 0.06225885563
Point 2 100 0 |-150 0.628284235 0.461387437 0.62640867
Point 21 125 0 |-149 0.62713392215 | 0.460335647825 | 0.628311955
Point 22 150 0 |-148 0.6259836048 0.45928385845 | 0.630221043
Point 23 175 0 |-147 0.62483329465 | 0.458232069075 | 0.632130131
Point 3 200 0 |-146 0.623829809 0.457180279 0.634039219
Point31 | 255 0 |-144 0.6224968656 0.45612241345 | 0.63594926965
Point32 | 250 0 |-1425 | 0.6213107503 0.4550645472 0.6378593203
Point33 | 275 0 | 140.75 | 0.620126435 0.45400668095 | 0.63976937095
Point 4 300 0 |-139 0.618938519 0.452948814 0.6416794216
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Tep [Congcu] Tro givp.
= Cai dat lai cac tham so chung
Chuyen 1 diem CL thanh NC

Chuyen CL file thanh NC file
Tinh toan Mo phong 4 diem

[VACHIN 7ONGA0T. 1
$$> CUTCOM_GEOMETRY_TYPE / DUTPUT_ON_CENTER
UNITS / MM

LOADTL /1
$$-> CUTTER /12.000000

MULTAX /0N
SPINDL / RPM, 2000.000000, CLW

FEDRAT /800.000000, MMFM

Duong dan file dang mo:

$3-> CSYS /1.0000000000, 0.0000000000, 0.0000000000, 0.0000000000,

00000000000, 1.0000000000, 0.000

R&FID GOTO /736120265610, 158 9067358506, 120.0000000000, 0.0000000000, 0.1027070216, 0.9347116505
RAPID GOTO /736120265610, 158 3067958506, 93.5916222263, 0.0000000000, -0.1027070216, 0.9347116505

IG\Ums\NPT\D&ddop\PﬂAN MEM\CHI TIET\nptncl 1

Fig. 7 User interface of the tool path linearization program

Nhap toa do dism P3:

Nhap toa do diem P4:

K= [200 i= [0BZIGNEN0E %= [300 i= [OETHSIEETE;
L ] |=  [04571802797 Yo Il I | = |n‘45294931 A7
zw |18 ke [0B340392180 zw [138 ke [0Ba1E7I421E

Nhap toa do diem P1; Nhap loa do diem P2
Wom |2n |- ID‘6327447'I FZ Mo ||nn | = In‘szazaazass X
Yow |u j=  |0.4B55EGI2D: Yo |El j=  |0.461387437:
RES kow  0E10774245¢ REQ kow  |0B26402067C |
Mo phong

Kat qua tuyean tinh cac diem CL:

200 155 0637447124 [ 4655
0205, 063051447415, 0,46 12,0, 6"25835553

5 50, U E 82842359, 0,461 3974372 (. 626402867

128. A9, 062713392215, 0460335647026, 0, hdil'lﬂ’i‘_h

160, 0, 146, 0, B,ESB‘IBOEM 0, 45926305645, 0.630221043 w.

! 0L B187 742456

Keat qua tuyen tinh thanh cac diem NC:

el 5627774040926 -0, 1L*.1'T2§ﬁ7z:‘1 v,".ea 2 S AUOG2 92606 01061 05260754606 C65, 27647240221 o
120 BEI7A2A72996 V-1, ARAZEE7 533233739395 614, N4BAGA2748453 CES 1531120854
#149.08821 8596646 .73, 3749340341 ss 3" 795503740993 B 4.484701 5349069 CE4. 9303810867
3164972061 940262 'v+93,21 78207731923 21 29.096334989023 B14.7041 235690281 C64,819496879¢
24181.0201 65320608 -1 2 9232632080637 21 26,301 06891 07682 B14.9231 104699651 Chd, 7087 712748 ¥

Fig. 8 User interface for inputting 4 CL data points

Fig. 9 The graph of the CL tool path and NC tool path before and after tool path linearization
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The linearized CL data is inputted into the
postprocessor. A window-based postprocessor for
five-axis with two rotary axes on the table has been
also developed in Visual Basic programming
language. The wuser interface of the developed
postprocessor is shown in Fig. 10. The linearized CL
file is opened by selectirlg the "File\Open" menu or

clicking the Open icon on the toolbar and the CL
data is displayed in the left below window corner. The
NC data are generated by selecting the "Run\Start"

menu or clicking the Run icon L on the toolbar and
the NC data is displayed in the right below window
corner. The generated NC file is saved by selecting

« PestProcessnr

“File\Save” menu or clicking the Save icon H (Fig.
10).

To demonstrate and confirm the correctness of the NC
data generated by the proposed tool path linearization
and postprocessor, an air-compressor turbine blade
(Fig. 11) was used. The CL data after linearization are
inputted into the proposed postprocessor to generate
NC data. The generated NC data are then verified by
the VERICUT® software with the model of five-axis
machine DMU 70 eVolution (Fig. 12).

The results of the cutting simulation of the CL data
and generated NC data are the same (Fig. 13 and Fig.
14). This proved that the tool path of the NC data
generated by postprocessor is correct.

Cac rang buoc

Vector tir goc woa do phol ol e €
Lx P Ly ]n

Lz [f‘u

Chiéu dai dao

ZTool”

Khoang cach tr mar ban ga 108 glao diem 2 true B,C

OO0MY / ON
RAFDSE0TO /5648 BOEEANZE, 11775330661 2059 10 0000000000, 0 4427353220, 4 A3BNSAHCER
APOE0T0 / 4m'wmm~zswmm D37DGA5. Q2427353000 N936E5N063 4 0005

S0, 0662 DAPEC0RI5, 0 067345
G070 /13 3012575, 38 P21 13372, DOITEETETTT. 5357243036, 09541351295, 0 0415050

'ﬁ Gm XMIIE1I VAT M AN 2T RN 050 C. 5105
P& E'%X!w?m Y00 71258 2226060656 BRSO 023 51052

m Al X000 225075 VIEATI0E 2N HENS B0 C5 510058
N3 GO1 XNG METE0 VI08 IS0RCE 2204 Y1778 BE0 C 24 BINSE
N0 GO0 XO0CSNAT Y100 0T8T 2229 267271 890 CO8 612308
NIt G 110283667 V102471058 2200 L6247 890 C41 005415
NIZ GOT X112365001 Y102 366373 22311052585 850 CMW
13 GO0 XTG4S V100 R0 2708 274 030 CAY 433407
N4 G0 X115 386550 V08 SS0005 227 464685 890 \‘.&) 18718

NI7 Gl X172 3403 11055561 23‘6&’9121 BN C57 06213
NIS GOT BTS2 Y712 55085 CA3 090337

NIY G000 N YIS0 Z'AZH“ -w cmwm
NG Q01 XHEAZERM v1184’m 22555084 RS0 CA2 BNGE
NIE 501 X 1B2SER Y121 08609 T8, 33157 BQ C64 5
N22 BN XNB2XGS vmmnw Z01 AR D0 CH4 ST
N23 S01 XY 1E35T263 YIEIE491 Z265 614356 89) CT7 50813
N24 GOT 1EEIS08 V116356618 T2 656334 £90 C88 77508

Fig. 10 Interactive user interface of the proposed postprocessor
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Fig. 11 Real air-compressor turbine blade and its 3D model

View 2 - Hase (MacteneCul Stock)

SR A-N-N-N-W-F- "X N NN

Fig. 12 In progress solid cutting simulation of the air-compressor turbine blade in VERICUT® software

Fig. 14 Cutting simulation by generated NC data

VCCA-2015

Fig. 13 Cutting simulation by CL data

S E—— e ® 0

T IT

5. Conclusion

In this paper, we have developed a five-axis
postprocessor with the tool path linearization. The
simple example of four CL points and the complex
air-compressor turbine blade surface to be machined
validated the efficiency of the proposed method. The
proposed methodology allows to reduce the error of
the tool path in five-axis CNC machine, the proposed
postprocessor is reliable and can be customized to
apply for any types of five-axis CNC machine.
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