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Abstract In this paper, a convenient way to detect machining
precision of five-axis CNC machine tool is suggested in the-
ory. In a general way, NAS979 is cut to test machine tool;
however, it fails to evaluate the combination motions of rotary
axes sufficiently. Therefore, a novel S-shape test part, called
‘S’ test piece, has been presented to demonstrate the machine
tool’s capabilities. As a new test specimen, ‘S’ test piece has
some advantage to exhibit the machining precision of five-
axis machine tool. There are some visible marks related to
performance of machine tool experimentally, however, the
reasons for these abnormal marks are uncertain theoretically,
the performance of the servo system may be one of the causes.
In order to figure out the definite cause of the abnormal mor-
phology, a simulated platform with the servo system is set up
to amplify and the normal errors that come from the tracking
of axes are presented. The simulation results of the abnormal
morphology of ‘S’ test piece is provided. And the surface
quality is evaluated by the peak-to-peak value (Vpp). There
are obvious marks in four special regions of ‘S’ test piece that
simulated with poor performance servo system, and these
marks are invisible in the surface of ‘S’ test piece that simu-
lated with good performance servo system. Vpp in these four
regions changes greater than the other regions of ‘S’ test piece.
The Vpp that simulated by the poor performance servo system
is about 15 times larger than the error simulated by the opti-
mized performance servo system in these four special regions.
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While, Vpp of other regions is essentially invariant. Then, the
machining experiments of ‘S’ test piece are conducted with the
standard suggested process. The abnormal morphology of ma-
chined ‘S’ test piece is so obvious that it can be observed by the
naked eyes, without any test equipment. And the result of the
experiment is consistent with the simulation result, which
means that tracking errors of servo system have direct influence
on surface morphology abnormality, and the surface quality of
‘S’ test piece could display the dynamic performance of the
servo system intuitively in theory. As a standard comparison
object, the surface quality of NAS979 test piece is analyzed
through the same platform with the poor performance servo
system, the largest Vpp is about 0.00022 mm, one eighticth
smaller than S’ test piece at least. And machining experiment
is also carried out with the poor performance machine tool, the
surface is so smooth that unexpected texture cannot be observed
by the naked eyes, it should be test by the special measurements.
The simulation results and experiment results both show that the
surface quality of ‘S’ test piece is hugely worse than NAS979.
Besides, there are several special regions of ‘S’ test piece to
exhibit the surface texture waving with certain parameters. In
a word, ‘S’ test piece is high effectively to exhibit the dynamic
performance of the servo system of five-axis machine tool.

Keywords Five-axis CNC machine tool - Dynamic
performance - Servo system - S’ test piece - Surface
morphology abnormality

1 Introduction
The machine tool industry have developed rapidly in recent
years, and there are tremendous demands in machine process-

ing precision and quality, especially in the aerospace field [1].
The machining accuracy of CNC machine tools will directly
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affect the performance of the processed products. Unknown
precision of machine tool will lead to uncertain machining ac-
curacy and surface quality. Hence, how to effectively exhibit
the CNC machine tool error and effectively improve precision
has become a very important and meaningful research field.

According to the references [2], there are four types of error
sources that mainly influence the accuracy of machining sur-
face, which are categorized as geometric error, control system
error, thermal error, and deformation under cutting forces. For
these error sources, there are two classical methods to detect
the accuracy of CNC machine tools fast and efficiently.
Firstly, special instrument is used to detect static error of ma-
chine tool. Secondly, standard specimen is cut to show dislo-
cation. The common detection instruments are laser interfer-
ometer, Double Ball Bar (DBB), R-Test tester, etc. The meth-
od for measuring geometric error of CNC machine tool by
DBB has been included in the revised edition of the interna-
tional standard ISO 10791-6 [3]. Renishaw has developed a
mature DBB product including the measurement equipment
and software [4]. R-Tester will also be included in internation-
al standard as a new precision detection method of CNC ma-
chine tool. And IBS [5] and Fidia [6] have developed and
commercialized a mature R-Test device.

All above detection instruments only can exhibit the static
performance of the machine tool, that is, the detection is prac-
ticable unloaded. Thus, these methods can not accurately re-
flect the actual machining performance of machine tool. The
machining precision of the machine tool is important to the
machining quality of parts. Therefore, the acceptance of part
precision becomes a key section in evaluating a machine tool.
The best known part is NAS979 [7]. The geometry of
NAS979 is a combination of a circle, a square, a diamond
shape contour, and a 3°sided quadrilateral. Once a NAS979
part is machined, the results are used to define a series of
measurements, such as square, parallelism, and circularity.
NAS979 was developed in 1969 as a basis of the workpiece
in ISO 10791-7. But it is seldom used to evaluate the coupled
motion between two rotary axes or the combination of linear-
rotary axes. Nowadays, many users demand high precision in
3D contouring application for a five-axis machine. A five-axis
machine tool qualified by NAS979 often has some other ma-
chining problems such as unsmooth profile or poor surface
quality at certain position as shown in Fig. 1. Since the de-
mand for a five-axis machine is increasing rapidly, a test part
or validation tests for this complex machine is essential.

Therefore, a novel S-shape test part, called ‘S’ test piece,
has been presented to demonstrate the machine tool’s capabil-
ities [8]. There are some successful applications in many fairs
or showrooms. The new international standard test piece—‘S’
test piece was brought into ISO 10791-7 criterion group as an
additional test piece in the 78th ISO conference in 2015. It
shows some effect on dynamic precision detection of the ma-
chine tool experientially. However, the relationship between
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Fig. 1 The fault position of workpiece

the surface quality of ‘S’ test piece and the machine’s perfor-
mances is still undiscovered theoretically.

For the research of the formation mechanism of surface
morphology abnormality, some researchers suppose that the
source of surface morphology abnormality is the unstable
low-frequency milling chatter between the tool and work-
piece. From the relationship analysis of the waviness interval
and feed rate, Claryssea F and Vermeulena M pointed out that
the frequency range is mainly limited to 10-50 Hz [9]. Many
researchers have also investigated the machining dynamics
about it, involving tool vibration model and cutting force
model. Based on these models, some researchers focus on
controlling spindle speed to decrease the milling chatter excit-
ed by transient cutting force [10, 11]. Some other researchers
focus on controlling feed rate to suppress milling chatter
[12-19].

The machining processes of ‘S’ test piece is a multi-
segment processing along the sweeping line. There are eight
machining layers. If the surface morphology comes from the
vibration, the vibration amplitude, and phase of the eight
layers is hardly the same, because the vibration is stochastic.
The real surface of ‘S’ test piece is shown in Fig. 2. It is clearly
that the wave profiles are substantially identical at every layer,
which means the vibration may not be the main sources. Since
the servo system has a good consistency during the same
processes; therefore, the imperfection of the servo system
may be one of the main sources.

In this paper, a simulation platform with servo system
model and mechanical transmission model is set up. And
the simulation of machining error caused by the servo
system has been performed. Besides, some experimental
tests have been completed to verify simulation. Finally, a
comparative analysis between the NAS979 specimen and

. — - 2
Fig. 2 The real surface of ‘S’ test piece
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Table 1 (a) two sets of control points of ruled surface A

Table 1 (b) two sets of control points of ruled surface B

P X Y Y4 Q X Y Y4 M X Y Y4 N X Y Y4
PO | 12 2.5 40 Q0 6 2.5 0 MO 22 2.5 40 NO 16 2.5 0
P1 21 57 40 Ql 9 57 0 Ml 32 69 40 N1 19 69 0
P2 12 121 | 40 Q2 5 121 0 M2 22 128 | 40 N2 15 128 0
P3 27 176 | 40 Q3 25 185 0 M3 36 166 | 40 N3 35 174 1 0
P4 92 175 | 40 Q4 95 182 | 0 M4 81 165 | 40 N4 81 172 1 0
P5 | 123 142 | 40 Q5 | 130 ] 145 | 0O M5 | 112 145 | 40 N5 | 120 ] 149 | 0O
P6 | 142 67 40 Q6 | 137 65 0 M6 | 132 66 40 N6 | 126 63 0
P7 | 170 18 40 Q7 | 168 10 0 M7 | 164 10 40 N7 | 160 3 0
P8 | 246 17 40 Q8 | 255 14 0 M8 | 238 7 40 N8 | 243 1 0
P9 | 259 85 40 Q9 | 262 85 0 M9 | 272 56 40 N9 | 275 52 0
P10 | 250 141 40 Q10 | 261 141 0 MI10 | 259 126 | 40 NI10 | 270 125 0
P11 | 258 | 1975 | 40 QI1 | 264 | 1975 | 0 MI1 | 268 | 197.5 | 40 NI11 | 274 1 1975 | 0

{

Fig. 3 Geometric definition of the test part. a Inner ruled surface A. b Outer ruled surface B. ¢ Final shape

‘S’ test piece has been presented, and the comparative
result shows that ‘S’ test part piece is valuable to exhibit
the dynamic performance of servo system of five-axis
machine tool clearly and intuitively.

2 The geometric feature of ‘S’ test piece

2.1 Geometric definition of ‘S’ test piece

The surfaces of ‘S’ test piece are modeled as follows. First, the
boundary curve of S part is constructed, which is a three-order

uniform rational B-spline curve. The equation of B-spline
curve is expressed in Eq. (1).

u) = PiNip(u) (1)
=0

P:5122-006mm-
p.002mm-15g

$940.028mm- 1]

, .133e-004mm-1] I
0.018mm-
0.017mm-

xﬁm

Fig. 4 Variable curvature on upper boundary line

Where, P;(i=0,1,---,n) and N, ,,(u) are the control
points and the base function affecting the shape of curve
respectively. m is the order of spline curve. The base
function references to the De Boor-Cox method [20].
Each segment is composed with four control points and
has four base functions. The base functions on the first
two segments and the last two segments are different. The
other segments have the same one. They are expressed as
Egs. (2)-(6),

The first segment,

Nys(u) uw + 3u2—3u +1
N _ 3 20
3,3(“) 1 12 u + 2
N473(u) = gu3
Generatrix
P

Baseline

Fig. 5 The ruled surface diagram
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The second segment,

Nis(u) = —% (u3 + 3’ 3u+ 1)

Nojs(u) = % (70=150% + 3u + 7) 5
Nss(u) = —% (307 -3u3u + 1)

Nys(u) = %lﬁ

1
Nis(u) = g(l_u)B
1
Nas(u) = 5 (3’ 61" + 4)
1 , s (4)
Ni3s(u) = 3 (=3u’ +3u* +3u+1)
1
N473(u) = gu3

1
Nys(u) = Eu3 u? —|—§
(5)
Nis(u) =— 0 (7’61~ 6u—2)
Nas(u) = 7
43U) = 4 u
The last segment,
1
Nis(u) = o (P =3u* + 3u-1)
Nas(u) = — (11’ -15u*-3u + 7)
(6)
1
Nis(u) = 7 (7’ —3u-3u—1)
N473(u) = u3

Fig. 6 Normal curvature of ‘S’ test piece
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Fig. 7 Model of five-axis machine tool

Two sets of control points Pi and Qi are given in Table 1
(a). Thus, two boundary B-spline curves are created by these
sets of points. The inner surface of S part is composed by
sweeping the bus bar along the boundary curves, as shown
in Fig. 3a.

Second, another two sets of points Mi and Ni are shown in
Table 1 (b). Similarly, the outer surface of S part is composed
as shown in Fig. 3b. Finally, two ruler surfaces are constructed
into S part as shown in Fig. 3c.

2.2 The geometric characteristics of ‘S’ test piece

Suppose that the curve L:u=u(f),v=w(¢), is a curve through the
point Py(ug,vo) on ‘S’ test piece, the equation of curve L can be
got as

r=r(u(t),v(t)) (7)

So the tangent line of curve L at point Py(uo, Vo) is

du dv
w0 = Fu(to, o) (E) 0 + 1v(u0,v0) (E)

The curvature of curve L at point Po(uo, Vo) is expressed as
Eq. 9):

!

7

f (8)

dal = "’ o)

|7

k =

Figure 4 shows various curvatures in up boundary curve. In
the beginning, the curvature is very small, approximately as a

Fig. 8 Machining tool paths of ‘S’ test piece
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Fig. 9 Commands of machining = 400 2
‘S’ test piece. a Commands of X-, E spof———— <
Y-, and Z-axis. b Commands of 4- < g 10
and B-axis 2 200 2
1<) 2
Q o)
o 100 ©
= £
B 0 ] -10 — A-axis ||
3 8 B-axis
O -100 : : : -20 ‘ ‘
0 200 400 600 800 0 200 400 600 800
Length of curve/(mm) Length of curve/(mm)
(a) (b

straight line. Then the curvature changes its bending direction
and increases quickly. After passing the maximum circle, the
curvature gradually decrease. Subsequently, the curvature re-
verses the bending direction again at the cross-point of two
boundary projection curve. The curvature plot at right side is
the mirror symmetry through the cross-point. With so many arcs
pieced together, ‘S’ test piece can show the machining perfor-
mances as a complex surface with rapid change of curvature.

Curvature continuity is another important feature of a ruled
surface. The boundary curve of ‘S’ test piece is a three-order
B-spline curve, which means the curve has two order continu-
ity, geometric continuity, tangent continuity, and curvature
continuity. However, it does not mean the surface has the
corresponding continuity, which needs to satisfy the continu-
ity along every possible curve. Usually, the normal curvatures
of the surface are calculated to show the changes at different
directions. As shown in Fig. 5, the ruled surface vector equa-
tion is expressed as Eq. (10):

r(u,v) = a(u) + vb(u) (10)

Where a=a(u) is the movement traverse line, v is running
parameter of the generatrix which its unit vector is b(u). The
vector equation of the ruled surface is modeled as Eq. (11):

ry = a,(u) + Vb/(l/t)

ry = b(u)

ru = a”(u) + vb"(u) (11)
Fuy = b' (1)

Fyw =0

Then, the unit normal vector of certain point on the twisted
ruled surface is represented as Eq. (12).

h T XTy _d xb+vb xb (12)
VEG-F? VEG-F?

Where, E,F,G is the first basic scalar function respectively,
they can be calculated as Eq. (13).

E=r2=(d+w)
F=r,r,=(d +vb)b (13)
G=r’="p

Similarly, the ruled surface second fundamental equation
can be obtained by the Eq. (14).

L= _a’ X b+ vb Xb[a”+vb”]
uu /——————'EG_FZ
' B by 14
M:nruv:(axb)b:(a,b,b) (14)
VEG-F? VEG-F?
N=r,n=0

The principal curvatures k; on the ruled surface anywhere
can be gained by the Eq. (15):

(EG-F)k{~(EN-2FM + GL)k; + (LN-M?) =0 (15)

Fig. 10 Velocity of each axis. a 20
Translation axis velocity. b
Rotary axis velocity _ 10
E o
Z 10
220 . . . _ . . .
0 200 400 600 800 0 200 400 600 800
Length of curve/(mm) Length of curve/(mm)
— X-axis Y-axis Z-axis A-axis B-axis
(a) (b)
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Fig. 11 Acceleration of each 100
axis. a Translation axis i
acceleration. b Rotary axis <« 50 ]
acceleration Y o,
E 0 1 N 1
E <
< 50 1 |
-100 . . . . . .
200 400 600 800 0 200 400 600 800
Length of curve/(mm) Length of curve/(mm)
X-axis Y-axis Z-axis A-axis B-axis
(a) (b)

The two main directions of g; and g, corresponding to the
main curvature are as Eq. (16)

g = du o le_M
o _kFM

dv L*k]E

_du_khGN 1o
827 v T Mk F

Where, ki,k, is the first main curvature and the second
main curvature, respectively.

Then, the normal curvatures of the surface %, can be
expressed as,

kp = kicos*p + kzsin2<p (17)

Where, ¢ is the angle between the principle direction and
any tangent direction. Substituting the include angle from 0 to
2, the normal curvature along different curves may be calcu-
lated. Another way to exhibit the continuous area is the Isolux.
Choosing a light projected on S part surface, the strips on
surface could display the continuity. If the strips change the
shape or jump sideway as they cross the connection, there is
geometric discontinuity GO at the surface. If the stripes go
cross the connection but turn sharply, there is tangent discon-
tinuity G1. If the stripes match and continuously go smoothly
over the connection, there is curvature discontinuity G2. The
Isolux figure of °S’ test piece is shown in Fig. 6. The strips at
the first and last area turn sharply, where G1 continuity exists.
The most of area on ‘S’ test piece has the same finest strips,
where G2 continuity is exhibited.

Fig. 12 Servo system block

. Feedforward
diagram

2.3 Kinematic characteristic in machining ‘S’ test piece

In order to figure out the kinematic characteristic in machining
‘S’ test piece, ‘S’ test piece model is input into CAM software
such as UG and CATIA. The type of five-axis machine tool is
selected. Then, the post processing file including the position
of each axis, the feed rate, and the spindle speed is given by
the CAM software. In this paper, the type of machine tool with
two rotary axes in the spindle head is taken as an example. The
machine tool model is shown as Fig. 7. The structural code
can be described as [w X b'Y Z B A(C) t] by connecting the
motion axes from the workpiece side to the tool side. In this
description, the workpiece side and the tool side are distin-
guished by naming the workpiece by ‘w’, the tool by ‘t’, and
the bed by ‘b’; (C) stands for the spindle axis without numer-
ical control for angular positioning.

The machining processes of ‘S’ test piece is a multi-
segment processing along the sweeping line, and there are
eight machining layers. The machining tool paths of ‘S’ test
piece are shown in Fig. 8.

The tool paths of each machining layer are very simi-
lar. The motion commands of one layer are shown in
Fig. 9.

From Fig. 9, the motions of all axes except Z-axis change
during the machining, and the motion of each axis changes in
anon-linear way. Thus, all axes will not have a constant speed
during the machining. Furthermore, each axis reverses the
direction for several times, for example three times for 4-axis
and four times for B-axis. As we all know, the motion

IN TL%TL Position

TLg Speed | Power Servo mechanical OUT
controller controller amplifier motors transmission
Speed
detector
Position
detector
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Fig. 13 Dynamic model of translational axis

direction reverses of axis will lead to a larger tracking error.
Therefore, the multi-reverse will bring strong effect on dy-
namic error.

Assuming the tool moves from one point P(X3, Yi, Z;, 41,
By) to another point P»(X5, Y2, Z,, 45, B>), the feed rate is V. In
a very short time, the speed of feed can be considered as a
constant. So the moving time AT is

AT, = (Py-P))[V (18)

During the process, five axes coupled move and have the
same moving time. In a short moving time, the axis speed can
also be assumed to be constant. Thus, the ideal speed of each
axis can be calculated by the displacement dividing the time,
as follows:

Va = (X2—=X1)/ AT,
Vi = (Ya-Y1)/ AT,
Voo = (Zo-21)) AT) (19)
Vi = (42-41)/ AT,
Vg1 = (By—B1)/ AT,

When the feed rate is 1200 mm/min, the velocity of each
axis is shown in Fig. 10. The acceleration can also be calcu-
lated by the speed difference dividing the moving time again
in Fig. 11. Except Z-axis, all axis speed has an irregular fluc-
tuation. The difference between the peak and the bottom is
obvious. It requires the machine tool has a good acceleration
and deceleration ability. The poor acceleration and

deceleration ability of machine tool will lead to the motion
response delay, which causes the contour error of workpiece
larger. On the other hand, S part would easily show the poor
surface quality if the machine center does not have a good
dynamic performance at certain position.

3 Cutting simulation modeling for ‘S’ test piece
3.1 Cutting simulation model of machine tool

For a five-axis machine tool, each axis has an independent servo
and mechanical system. The system on the linear axis or the
rotary axis has the similar control diagram including the position
loop, the velocity loop, the motor loop, and the mechanic struc-
ture, seen in Fig. 12 [9]. Furthermore, the feedforward loop is
added to the servo system for greater accuracy.

Inputting the commands of each axis, the actual po-
sition would be off the ideal position that is called
tracking error due to the hysteresis effect of each axis.
The error can be simply expressed as Eq. (20), which
indicates that the tracking error is proportional to the
speed of axis and inversely proportional to the position
gain K,,. Based on this principle, decreasing the speed
while increasing the position gain would significantly
reduce the tracking error. However, decreasing speed
would lead to low machining efficiency, and too large
position gain may causes system instability. Therefore,
there must be a compromise, reasonable parameters of
servo system. In order to describe the dynamic behavior
of the machine tool accurately, it is necessary to set up
the whole model.

V(X,Y,Z,A,B)

e = Xideal_Xreal ~ X
pp

(20)

The translational axis is driven by the motor, where the ball
screw is used to transform the rotate movement to the recti-
linear motion. The mechanical system includes the motor, ball
screw, the workbench, and the guide, seen in Fig. 13. The
structure component is consist of the motor torque, the fric-
tion, the damping, and inertia force between bodies. There are
two degrees of freedom as shown in Fig. 13, the rotating
motor and the moving workbench. The dynamic equations

Table 1 Meaning of symbols in

dynamic equations of Symbol Physical meaning Symbol Physical meaning

translational axis
I Moment of inertia of the motor Tn Torque of the motor
0, Rotation angle of the motor Cn The damping coefficient of the motor
K Equivalent axial stiffness cp Damping coefficient of ball screw
I Screw lead T Friction torque of ball screw
M, Equivalent mass of workbench X; Displacement of the translation axis
¢ Damping coefficient of guide ¥ Friction of the guide
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Fig. 14 Simulation model of
servo system for the translation
axis

T
X Ly
" 1
- M,s*+(c,+¢)s+K B Jy
—»c. s+ K—
are expressed as Eq. (21) and Eq. (22). The meaning of sym- Jh 4+ Ch T LC ( R O—p ) 25
bols is shown in Table 1. et Cb A w o G (Bt (25)

- . / ! / [
IinOm + cpOn +fb + ZK<E Hm_xt> + EQ(E em_xt> =T (21)

M +cexi+f, = %K(% Gm—x,) + %ci (% ém—fc,> (22)

So the transfer functions of mechanical system can be ob-
tained by taking the Laplace transformation on the above dy-
namic equations. Other loops, such as position loop and ve-
locity loop can describe with classical functions [21, 22]. In a
word, the whole servo control system of the translational axis
can be expressed in Fig. 14.

The output of rotary axis is the angular displacement. In the
mechanical system, the worm gear transform is used to connect
the motor to the workbench. There are three degree of freedoms,
the rotating motor, the rotating worm gear, and the rotating work-
bench, seen in Fig. 15. The dynamic equations are expressed as
Eq.(23)-Eq.(25). The meaning of symbols is shown in Table 2.

Tl + Confly + RyCig (Rgémféw) =T, (23)

T+ Cuby + RuCi (Rwéw— (9,) +fy=Tw+Cy (Rgém—é‘w) (24)

Cm , fm w> f;r

Fig. 15 Dynamical model of rotary axis

@ Springer

In a similar way, by coupling the position loop, veloc-
ity loop, and the mechanical system together, the whole
servo control system of the rotary axis is expressed in
Fig. 16.

After the commands are input to the simulation model of
servo system, the tracking error of each axis would be simu-
lated as shown in Fig. 17. It is obvious that the tracking error
graph of each axis is similar to the axis velocity, it is verified
that the tracking error is proportional to the speed of axis.

Each driving movement of the machine tool cannot elimi-
nate the tracking error due to the servo controller dynamics. In
Fig. 18, Piqeql is @ command position in two-axis machine tool.
P 1s the actual position delivered by CNC unit. The tracking
errors Ax, Ay exist on two axes independently. These errors
are transformed to the tool tip, resulting in tool center point
(TCP) errors e between the ideal tool path and actual path. So
the tracking error of each axis cannot represent the TCP errors.
Therefore, it is necessary to integrate the tracking error of each
axis to tool center point.

The tracking error of each axis is defined as (AX, AY, AZ,
AA: AB)) and (Xaxisiia Yaxisiia ZaxisiiaAaxisiiaBaxisii) is defined as
the ideal commands of each axis. The transformation principle
between the tool center point and the rotate center point is
shown in Fig. 19. The length between the tool center point
and the rotate center point is L. From Fig. 19, the practical
trajeCtory (XToolin Y; ToolinZToolimATooliraBToolir) can be calcu-
lated in method of coordinate transformation as shown in
Eq. (26). With the compensation of tool radius, the practical
contour of ‘S’ test piece is achieved.

XTooLr = (Xaxis,i + AX)fL'[COS(AaxisJ + AA)'Sin<BaXis,i + AB)]
Yroor = (Yais + AY) + L{sin(Auws s + Ad)] (26)
ZToolr = (Zaxis,i + Az)fL'[COS(Aaxis,i + AA)'Sin(Bz\xisJ + AB)]
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Table 2 Meaning of symbols of
rotation axis

Fig. 16 Simulation model of
servo system for rotation axis

3.2 Error process to exhibit waves of ‘S’ test piece

The actual contour can be simulated in the aforemen-
tioned simulation model, thus, the contour error can be
calculated by comparing with the ideal contour defined

Fig. 17 Tracking errors of each
axis. a Tracking errors of
translation axis. b Tracking errors
of rotary axis

Symbol  Physical meaning Symbol  Physical meaning

I Moment of inertia of the motor O Angular displacement of the motor

Cp Damping coefficient of the motor R, Gear ratio

T, Output torque of gear transmission Ciq Damping coefficient of between motor

and gear transmission

Jm Friction torque of the motor T, Output torque of the motor

Jw Moment of inertia of worm gear 0., Angular displacement of worm gear

C, Damping coefficient of worm gear R, Worm gear ratio

Ciw Damping coefficient between the workbench ~ J, Moment of inertia of workbench
and worm gear

0, Angular displacement of workbench C, Damping coefficient of workbench

fr Friction torque of workbench T, Output torque of workbench

by geometric. And the contour error would be expressed

as the profile error, waviness, and roughness after error

Tracking error of translation axis

0.02
X
Y
0.01¢ —H
Y TN —
£
?
e
g -001f 1
-0.02f q
0.03 . . . . . .
0 100 200 300 400 500 600 700
Length of curve/(mm)
(a)

errors( °)

0.02

0.015

0.01

0.005

-0.005

-0.01

-0.015

combination. Since profile error is always much larger
than the other two surface texture, the real surface quality
may not be presented cleanly. Therefore, it is necessary to

Tracking error of rotation axis

—A
[ B 1
0 100 200 300 400 500 600 700
Length of curve/(mm)
(b)
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Fig. 19 The transformation principle graph

pick up the real surface information from the workpiece
profile.

The filtering method has been provided in the international
standard ISO 12085:1996[23] to pick up the useful surface
information. High pass filter method is widely used to remove
the trend of the error curve. As an example, there is a profile
error shown as the solid line in Fig. 20a. It is a similar parabola
line with fluctuations. It is clear that the fluctuations are much
smaller than the trend curve of the profile error. If the error is
only expressed by the original error like the solid line in
Fig. 20a, there may be one large mark on the surface; thus,
many details that are more likely to be the surface problem
may be ignored. Comparing with the trend curve of the profile
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Fig. 21 Simulation flow of the servo system

error, the fluctuations are the high frequency components.
Thus, a high pass filter is used to pick up the useful surface
information, and the high frequency components are shown in
Fig. 20b. Since the detail information of ‘S’ test piece surface
is the major concern, high pass components is adopted to
exhibit the surface quality of workpieces.

4 Simulation

4.1 Simulation of error on ‘S’ test piece

In order to ensure the similarity of the simulation and the
practical machining, simulation flow is planned according to

the machining flow of ‘S’ test piece.
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0.05F 1

0.05 1
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01} 4

. . .
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Length of curve/(mm)
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Fig. 20 Error-filtering result diagram. a Original error and trend curve. b High frequency components
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Fig. 22 Simulated contour of ‘S’ test piece
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Fig. 23 Simulated surface of ‘S’ test piece machined by different performance machine tool a Machined by poor performance machine tool. b Machined
by optimized performance machine tool

Table 3 The peak-to-peak value

(Vpp) of S’ test piece ‘S’ test piece Region A Region B Region C Region D Other regions
(millimeter)
Poor performance 0.0055 0.0075 0.0184 0.0094 0.0019
Optimized performance 0.0006 0.0063 0.0008 0.0008 0.0016
As shown in Fig. 21, the contour error can be calculat-  error information effectively, these high frequency compo-

ed with five steps: First, the coordinate of the tool tip is  nents are magnified 50 times and added to the ideal outline
fetched from the NC post instruction, and the coordinate  as continuous line in Fig. 22. The ideal contour is expressed as

is transformed into positional instruction of each axis.  dashed line.

Second, the practical cutting speed and runtime of instruc- In Fig. 22, it is clearly that there are obvious ripples at the
tion is calculated with the S-shaped acceleration and de-  arc part and obvious tool marks at the middle area of ‘S’ test
celeration algorithm. Then, the positional instruction of  piece. In order to verify that the performance of servo system
each axis is recalculated through linear interpolation algo-  is the main error sources, which cause the wave profiles that

rithm. After that, the practical trajectory of the tool tip can  are substantially identical at every layers, the simulation with
be calculated by simulating with the recalculated position-
al instruction and the simulation model of the servo sys-
tems. Then, the contour error is calculated by comparing
the ideal contour and the contour calculated from the sim-
ulation trajectory. Finally, the high frequency components
are obtained by separating surface texture.

According to the simulation flow proposed above, simula-
tion of one layer of ‘S’ test piece has been carried out. The

(b)
contour error is obtained, and the high frequency components Fig. 24 Geometric characters of NAS979 test piece. a Curvature of
are obtained by separating in band. In order to express the =~ NAS979 test piece. b Normal curvature of NAS979 test piece
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Fig. 25 Motion characters of 4
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the input of every layer of the finish machining NC instruction
of ‘S’ test piece has been carried out. And each high frequency
components of every layer is magnified 50 times. The simu-
lation result is shown in Fig. 23a.

Figure 23a shows that the surface of each layer is similar.
There are obvious ripples at the circular part and obvious tool
marks at the middle area of ‘S’ test piece. Besides, there are
obvious ripples at the beginning part and ending part of ‘S’
test piece. These four regions are named as regions A-D as
shown in Fig. 23a. If the parameters of servo system are op-
timized, the surface quality of ‘S’ test piece is shown in
Fig. 23b. The error is also magnified 50 times. The simulation
surface obtained by the optimized performance of servo sys-
tem is far smoother than the poor performance one. Since the
error in these four regions are ripples, the peak-to-peak value

@ Springer

(Vpp) is used to characterize the surface quality. The Vpps of
four regions of two ‘S’ test pieces shown in Fig. 23 are

Fig. 27 The finished ‘S’ test piece
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Fig. 28 Surface quality of ‘S’ test
piece machined by poor
performance machine tool. a
Region A. b. Region B. ¢ Region
C. d Region D

(@

calculated as shown in Table 3. Comparing with other regions,
Vpp in regions A—D increases with performance of servo sys-
tem worse. Therefore, the performance of servo system is the
main error sources of surface quality of ‘S’ test piece, which
cause the wave profiles that are substantially identical at every
machining layers.

Actually, these phenomenon are caused by the geometric
characters of ‘S’ test piece. From Fig. 4, the curvature of
region A, C, and D all cross the zero point, and there is a peak
in region B, which would cause the motion and velocity of
each axis change rapidly. From Fig. 6, the normal curvature of
region A, C, and D are all GI continuity. When machining
these connection areas, the position and orientation of cutting
tool would dramatically change as shown in Figs. 9, 10, and
11, which would cause the larger tracking error. Eventually,
these characters lead to the synchronous motion performance
of five axes deteriorates and there is the poor surface quality.
In other words, the variation of surface quality of ‘S’ test piece
could exhibit the dynamic performance of the machine tool.

4.2 Comparing ‘S’ test piece with NAS979

Up to now, the most popular test part for five-axis machine
center is NAS979. Thus, the superiority of ‘S’ test piece would
be found by comparing with NAS979.

The geometric characters and motion characters of
NAS979 is shown in Figs. 24 and 25.

From Fig. 24, curvature in boundary line of NAS979 is
constant, and the surface of NAS979 is G2 continuity. From
Fig. 25, the velocity and accelerated acceleration is much
smoother than ‘S’ test piece. Therefore, NAS979 may be eas-
ier to be machined than ‘S’ test piece.

Then, the simulation of NAS979 test piece using the poor
performance servo system has been carried out. The simula-
tion outline of NAS979 is shown in Fig. 26. In Fig. 26a, the

(d)

high pass component is also magnified 50 times and added to
the ideal outline to display, the ideal outline is expressed as
dashed line and the calculated outline is expressed as solid
line. The real outline is almost the same, and the high pass
component is very small. The simulation results with the input
of all layers are shown in Fig. 26b. The results show that the
error of each layer is the same small. The simulation outline of
NAS979 is smoother than the outline of ‘S’ test piece, and the
largest peak-to-peak value (Vpp) is about 0.00022 mm, one
eightieth smaller than the value of ‘S’ test piece machined by
poor performance at least. So, it may be difficult to observe the
error without the special equipment.

Based on comparative analysis of ‘S’ test piece and
NAS979, it is obviously to result that the surface texture of
the ‘S’ test piece could exhibit the dynamic performance of the
servo system than NAS979 more directly.

5 Experiments

In order to verify the above results of the simulation and
analysis, the cutting experiments of S part are carried out
on two five-axis machine tools with different perfor-
mance. The machined workpiece is shown in Fig. 27,
and the surface quality in regions A—D machined by the
poor performance and improved performance is shown in
Figs. 28 and 29, respectively.

It is obvious that the surface quality machined by the im-
proved performance machine tool is better than the poor per-
formance. The difference in machining surface may be con-
firmed without the special equipment, because it can be ob-
served by the naked eyes. The comparison result of the exper-
iment is consistent with the simulation result, which means
that performance of servo system has direct influence on sur-
face morphology abnormality.

(d)
Fig. 29 Surface quality of ‘S’ test piece machined by improved performance machine tool. a Region A. b Region B. ¢ Region C. d Region D
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Fig. 30 Surface quality of
NAS979 test piece machined by
poor performance machine tool a
The finished NAS979 test piece.
b Surface of NAS979. ¢ Surface
detail of NAS979

NAS979 test piece is machined by the poor performance
machine tool with the similar processing technique. The sur-
face texture is display as shown in Fig. 30. The result of the
machining NAS979 test piece shown in Fig. 30 is similar with
the result of simulation. The machining quality of NAS979 is
much better than ‘S’ test piece machined by the same machine
tool.

Based on the comparative analysis of the experiment of
‘S’ test piece and NAS979, for the same performance
servo system, the surface texture of the ‘S’ test piece
could exhibit imperfect dynamic performance of the servo
system than NAS979 more directly and intuitively.
Because the surface textures of four special regions would
degrade significantly with the performance of servo sys-
tem, the shift in surface quality becomes obvious without
the special equipment so that it is a convenient way to
detect machine tool.

6 Conclusions

For the purpose to ensure the cause of surface morpholo-
gy abnormality at machined ‘S’ test piece, the geometric
and machining features of ‘S’ test piece have been ana-
lyzed. The discontinuity of the curvature of complex sur-
face would require a higher performance five-axis ma-
chine tool to machine the ‘S’ test piece, and the changing
of the speed and acceleration needs a better performance
servo system. Then, a simulated platform is set up to
amplify normal errors from tracking of axes. The simula-
tion analysis of the unsmooth marks of ‘S’ test piece is
performed. Then, the machining experiments of ‘S’ test
piece are conducted under the suggested process. The re-
sult of the experiment is consistent with the simulation
result, which means that the performance of servo system
has direct influence on surface morphology abnormality.
Finally, the comparative analysis of ‘S’ test piece and
NAS979 is conducted. Both of the analysis results and
experiment results show that the surface quality of ‘S’ test
piece can exhibit the dynamic performance of the servo

@ Springer

(b) (c)

system of five-axis machine tool more directly than
NAS979. Therefore, ‘S’ test piece can be used to improve
the machining precision fast and convenient by the sur-
face morphology state.
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