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New Model-Based Method to Improve the
Moving Performance of the Planar
Near-Field Scanning Frame
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Abstract: A new model-based method is proposed to improve the moving performance of the
planar near-field scanning frame. First, the geometric error model of the planar near-field scanning
frame is established based on homogeneous coordinate transformation and multi-body system the-
ory. Then, 21 underdetermined parameters in the geometric error model are derived by using the
laser interferometer measurement system with unique light path and configurations. Based on the
established error model, online error compensation in combination with structural optimization are
proposed to reduce geometric errors efficiently. Finally, the proposed method is utilized to derive a
novel planar near-field scanning frame. Scanning planeness in XY plane with z = 10 mm is calcu-
lated by using the Monte Carlo simulation method, results show that the calculated scanning plane-
ness satisfies demands for the planar near-filed scanning frame, which validates the effectiveness of

the proposed method.
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As multi-axis motion systems are getting
widely used in industrial robots, coordinate meas-
uring machine and auto-test equipment, require-
ments for their high precision and high efficiency

04 As a typical system

continuously increase
composed of multiple physical fields, positioning
accuracy of the multi-axis motion systems is de-
teriorated mainly by geometric errors, dynamic
responses, thermal deformation and random
noises, in which the geometric errors contribute
about 40%"°. How to reduce the geometric er-
rors efficiently is a critical problem and have
drawn attentions of quite a few authors. One
common approach is error avoidance!'* which
aims to avoid errors by improving precision in

the process of design, manufacturing and as-
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sembly. This approach could reduce errors from
the resource thus has great potential in theory.
Nevertheless, the cost of avoiding errors in the
process is usually unacceptable, which makes this
approach practically low-valued. The approach of
error compensation”'” on the other hand, com-
pensates for errors generated from design, manu-
facturing and assembly. In this approach, a geo-
metric error model in the motion system is estab-
lished through analysis and measuring. Based on
this principle, a fictitious error resource is con-
structed to cancel out existing errors. Compared
to the approach of error avoidance, the approach
of error compensation could reduce errors effi-
ciently at a low cost. Meanwhile, this approach
could improve the moving performance of multi-
axis motion systems after ‘error avoidance’ has
reached its limits. To fully explore the approach

of error compensation, geometric error model
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with high accuracy is essential. From this re-
spect, various methods have been studied in er-
ror modelling, which include trigonometry, vec-
tor method, mechanism theory, homogeneous co-
ordinate transformation method and multi-body
system theory® %4 in which the homogeneous co-
ordinate transformation method is widely used
due to its simplicity and efficiency.

Based on the transformation from the fourth
order square matrix to three-dimensional homo-
geneous coordinates, the homogeneous coordin-
ate transformation method could describe the
complex structure by using the coordinates trans-
formation matrix of adjacent objects. Through
dynamic integration of motion and matrix calcu-
lation, this method exhibits unique advantages in
modeling errors in multi-axis motions syste-

24-25

ms?*?]. After the geometric error model is estab-

lished, error compensation can be realized

through two approaches. One is the offline com-

2628 In this approach, errors

pensation approach!
are derived through direct or indirect measuring
of the motions system. Compensation of errors is
estimated in every position of interest. Due to
the lack of real-time information, the offline com-
pensation approach could only compensate for
systematic errors and have poor abilities to ad-
apt to the time-varying working condition. The
online compensation approach measures and cor-
rects errors while the motion system is working.
Due to its real-time capability, this approach
could compensate for both systematic errors and
random errors. Meanwhile, errors caused by time-
variant working condition can be effectively re-
duced.

Multi-axis motion systems have various
types of structural configurations. Typical ex-
amples are coordinate measuring machines and

2931 Different struc-

numerical control machines!
tural configurations correspond to different trans-
formations of coordinates in the motion chain,
thus correspond to different kinematic models

and geometric error models. To facilitate error

compensation in different structural configura-
tions, some commercial controllers are equipped
with error compensation unit. Nevertheless, in
most of the commonly used multi-axis systems,
controllers are sealed out of the need for busi-
ness competition®® in which the typical ex-
ample is the planar near-field scanning frame
(PNFSF) ¥*% The PNFSF is an important test
equipment widely used in antenna measurements
and radiation measurements. The moving per-
formance of the PNFSF has great effects on pre-
cision and confidence of the near-filed measure-
ment results. How to improve the moving per-
formance of the PNFSF is crucial in the develop-
ment of the near-field measurement technology.
However, traditional methods commonly used to
improve the moving performance of multi-axis
motions systems may be insufficient when ap-
plied in the PNFSF. The reasons are as follows.
First, the PNFSF usually has long strokes, which
makes the motion performance more easily de-
teriorated by geometric errors, thus has higher
requirements for accuracy of geometric error
modelling. Second, the geometric error model of
the PNFSF is characterized by a large number of
underdetermined parameters related to geomet-
ric errors, which makes it extremely complicated
to establish a geometric error model with both
high precision and high real-time capability. How
to improve the moving performance of the PNF-
SF is not only urgent to impel the development
of the near-field measurement technology, but
also crucial for development of multi-axis motion
systems with long strokes and requirements for
high moving performance.

In this paper, a new model-based method is
proposed to improve the moving performance of
the PNFSF. First, the geometric error model of
the PNFSF is established based on homogeneous
coordinate transformation and multi-body sys-
tem theory. Then, a large number of underde-
termined parameters related to geometric errors

are determined by using the laser interferometer
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measurement system. Based on this, a new meth-
od in combination of online error compensation
and structural optimization is proposed to re-
duce geometric errors. Finally, a novel PNFSF is
designed on the basis of the proposed method
and the Monte Carlo simulations are conducted

to verify its effectiveness.
1 Establishment of the Geometric
Error Model in the PNFSF

A schematic sketch of the PNFSF de-
veloped by the Aerospace Research Institute of
Materials and Processing Technology is illus-

trated in Fig. 1.

/ Holder for probe

Sliding sleeve

/ Vertical shaft

/ Horizontal base

Schematic sketch of the PNFSF developed by the

aerospace research institute of materials and processing

Fig. 1

technology

The structure configuration of the PNFSF is
composed of a horizontal base, a vertical shaft, a
sliding sleeve and a holder for probe. The hori-
zontal base is fixed on the ground, the vertical
shaft could move in X direction along the hori-
zontal base, the sliding sleeve could move in Y
direction along the vertical shaft, the holder for
probe could move in Z direction along the slid-
ing sleeve. The probe is equipped at the tip of
the holder and moves in XYZ directions to meas-
ure any position of interest. The positive direc-
tions of XYZ coordinates satisfy definitions of the
right-handed Cartesian coordinates, as shown in

Fig. 2. Gear and rack drive systems are adopted

in X and Y directions to provide long strokes,
screw and nut drive system is adopted in Z direc-

tion to derive a compact layout.
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Fig. 2 XYZ coordinates of the PNFSF

As shown in Fig. 3, right-handed Cartesian
are established on each moving
component, labeled as O0,X,Y.Z,, 0,X,Y,Z,
O X Y Ze, O,X,Y, 7, respectively. O, is fixed at

the initial position of probe and does not move

coordinates

during motion. Origins denoted by O, O, and O,
are fixed at the meshing points of the driving

system and move along with them.
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Fig. 3 Relative motions of components in the PNFSF
Due to the low velocity during motion, the
PNFSF is assumed to be a rigid body. Based on
the multi-body system theory, motion of each
moving component is described by using the ho-
mogeneous coordinate transformation method.
The position of O, (origin of 0,X,Y,Z,) in
0,X.Y.Z, is described by

ISPO:[LEA Ya ZA]T (1)

94



Fan Zhi et al. / New Model-Based Method to Improve the Moving Performance of the Planar Near-Field ...

where x,, y, and z, denote distances from the
meshing point of the gear and rack drive system
in X direction to the centroid of the horizontal
base under the condition that the probe is loc-
ated in the zero position.

The position of O, (origin of O.X.Y.Z.) in
0:X; Y3 Z; is described by

Py =z ys )" 2

where 23, ¥, and 2z, denote distances from the
meshing point of the gear and rack drive system
in Y direction to the meshing point of the gear
and rack drive system in X direction under the
condition that the probe is located in the zero
position.

The position of O, (origin of 0,X,Y,Z,) in
O.X.Y.Z. is described by

oPo=1[rc Yozl &)

where 2., y. and 2z denote distances from the
meshing point of the screw and nut drive system
in Z direction to the meshing point of the gear
and rack drive system in Y direction under the
condition that the probe is located in the zero
position.

The position of sensitive part of the probe in
0,X,Y,Z, is described by

PPy =[xy Yo 2| 4

where ,, y, and 7z, denote distances from the
sensitive part of the probe to the meshing point
of the screw and nut drive system in Z direction
under the condition that the probe is located in
the zero position.

In ideal conditions, no geometric errors in
positons and orientations would exist between
oX.Y.Z,, O.XpYsZ,, OX.Y.Z. and O0,X,Y,Z,.

Assume the command of motion is (z,7,2), then

we have
s Pi(2) = [zatz yy 2] 5
Pi(y) = [xB Yty ZB}T (6)
ER = [xc Ye ZC]T (@)

PP(z) =[zo Yo 2+ 2| (8

According to the homogeneous coordinate
transformation and the multi-body system the-
ory, positions and orientations of O,X,Y,Z, with
respect to O,X,Y,Z, are described by a three
factorial square matrix denoted by 4R. Positions
and orientations of O.X.Y.Z. with respect to
0,X;Y,Z; are described by a three factorial
square matrix denoted by ?R. Positions and ori-
entations of O,X,Y,Z, with respect to O.X.Y.Z.
are described by a three factorial square matrix

denoted by SR. In ideal conditions, we have

1 00
R, ="R,=SR,= |0 1 0 (9)
00 1

Based on Eq.(5)-Eq.(9), the homogeneous
coordinate transformation matrix from O,X;Y;Z;
to 0, X,Y.Z, is derived as

Ti(z) = [BRi BP"("T)} (10)
0 1
The homogeneous coordinate  transforma-

tion matrix from O X.Y.Z. to OxX;YpZ, is de-
rived as

5 ER. BR(y)]
T (y)=|¢ c (1D
Ti(y) { 0 1

The homogeneous coordinate  transforma-
tion matrix from O, X,Y,Z, to O.X.Y.Z. is de-

rived as

(12

0 1

Denote the position of the sensitive part of
the probe in O,X,Y.Z, as *P, (z,y, z). By combin-
ing Eq.(10)-Eq.(12) and Eq.(8), *P, (z,y,2) is
derived by solving the following equation.

[AR (ﬁ’y’z)} = \T(2) Ty T, [DRl(Z)] (13)

In practice, geometric errors in positions
and orientations between O,X,Y,Z., O0,X,Y,Z;,
O.X.Y.Z, and O,X,Y,Z, are inevitable during
motion. In this case, Eq.(5)-Eq.(8) have to be
restated. By neglecting the high order compon-
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ents, Eq. (5)-Eq. (8) are turned into
Tata+9,(x)
sP(z) = [ ya +9,(x) ] (14
za+9.(x)

o+ 8.) + (5~ ) v

»Pi(7) = Yo + Y +0,(y) (15
Zp + 6z(y)
oP = ze ye 2] (16)
Zp +0,(2) + (g — a”> z
"P(z) = (17

2

Yo +0,(2) + (E - Oéyz) z
Zp + 2z 4+ 52(2)

where ¢ denotes the geometric error in positions
between O,X,Y.Z,, 0, X;Y;Z;, O X.Y.Z., and
0, X, Y, Z,, subscripts z, y and z denote its direc-
tion. a,, denotes the perpendicularity of X and Y
axes, o, denotes the perpendicularity of Y and Z
axes and o, denotes the perpendicularity of Z
and X axes.

To improve real-time performance of online
compensation based on the error model, the cal-
culation of the error should be simplified. To this
end, the three factorial square matrix in Eq. (9)

is approximated as

i 1 —e,(x) e,(x)
WBi(z) = Ri(z)= [ e.(z) 1 —e.() ]
—e,(z) e.(x) 1
(18>
1 —e.(vy)  &,(y)
cRi(y) = (Ri(y)= [ e.(y) 1 —&.(y) ]
—&,(y) ey 1

(19

—.(2)  &,(2) ]

(200
where ¢ denotes the geometric error in orienta-
tion between 0,X,Y.Z,, 0, X, Y7, O.X.Y.Z. and
0, X, Y, 7y, subscripts z, y and z denote its direc-
tion. Based on Eq.(14) and Eq.(18), the homo-

geneous coordinate transformation matrix from

0 X, Y7, to O, X,Y,Z, is calculated to be

0 1
1 —e.(x) e,(x) Tata+9,(x)
e.(z) 1 —%(33)] { Ya +6,(2) ]
—e,(x)  e,(x) 1 za +9.(x)
0
QD

The homogeneous coordinate  transforma-
tion matrix from O.X.Y.Z. to O, X,;Y,Z; is calcu-

lated to be

1 —aey) &) | [mtow+ (G0 ) v
A | BRI A0)
—&,(y) e.(v) 1 Zo + 6. (y)

0 1
(22)
The homogeneous coordinate  transforma-

tion matrix from O, X,Y,Z, to O.X.Y.Z. is calcu-
lated to be

cp — |oB(2) B
= [ 1 ]
1 —e.(2)  g,(2) Tptaz+0,(x)
e.(2) 1 61(2)] [ Ya + 6, (2) ]
—,(2)  e.(2) 1 zp + 0. ()
0 1

(23)
Combining Eq.(21)-Eq.(23) and Eq.(17),

the position of the sensitive part of the probe in
0, X,Y.,Z, denoted by *“P.(z,y,z) is derived by
solving the following equation as

Ap R

R L permsre |

1
(24

Through *P,(z,y,z), the geometric error

model is established as

Ax
Ay — |:A1)i (xaywz):l _ |:A_PT({E,y7Z):| (25)
Az 1 1
0
From the equations established above, the

following expressions can be derived.
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w | Y — (g—au)z (26>

) 2 27

( ( .
e, () +&,(y) +&,(2)] zp—
e () + e.(y) + €.(2)] Yot
e, () +&,(y)] me—
e (y) + . (2)] yet
e, (2)1y — £.() (Yo + v) (28)

2 Combined Method to Improve
the Moving Performance of the
PNFSF Based on the Geometric
Error Model

Eq.(26)-Eq.(28) are complex expressions of
geometric errors. To realize online error compens-
ation, these geometric errors need to be meas-
ured precisely during motion. From this aspect,
the advanced laser interferometer measurement

(36-38] is adopted. To determine each ele-

system
ment in the geometric error model, a unique con-
figuration of laser components and a unique light
path are essential. To determine 21 elements in
Eq.(26)-Eq.(28), it may require a few days. To
save the cost, an XD-6D laser interferometer
measurement system is adopted to improve the
efficiency.

The measuring light path of the measure-
ment system is illustrated in Fig. 4. Due to its
exclusive hardware and unique design in light

path, the XD-6D laser interferometer measure-

ment system could measure errors in six ele-
ments in one axis at one time. By inserting a
retroreflector of 90 degrees, this system could
measure geometric errors in Y and Z axes. By re-
placing the retroreflector with a pentaprism, this
system could measure geometric errors in perpen-
dicularity of axes. Trough proper design, it only
requires several hours to determine 21 elements
in the error model, which increase the efficiency
to a great extent.

Measuring precision of the XD-6D laser in-
terferometer measurement system are listed in
Tab. 1. In the measuring range of 20 m, the mea-
suring precision in positions is higher than 10 um,
the measuring precision in orientations is higher
than +5 um, which is sufficient in determining
the error model of the planar near-field scanning
frame with the stroke of 14.5 m and the position-
ing accuracy of 150 um.

After measuring all the elements in the er-
ror model, a magnetoscale with the resolution of
5 um is adopted for online compensation of er-
rors during motion of the PNFSF. The closed-
loop system of the PNFSF is given in Fig. 5, in
which C denotes the controller, P denotes the
plant, E denotes geometric errors, P, denotes the
reference input, P, denotes the feedback signal
measured by using the magnetoscale and P, de-
notes the actual positions.

As illustrated in Fig. 5, P, — P, when steady
state is achieved within several control intervals.
However, due to existence of the geometric er-
rors, the actual positions of the probe P, can not
be equal to P,, and this will deteriorate the mov-
ing performance of the PNFSF. To solve this
problem, the feedforward U, is introduced based
on the error model, as illustrated in Fig. 6. Ac-
cording to the design rule, P, should be equal to
P, to realize the high moving performance of the
PNFSF, which means

P,-E=P, 29
Given enough control intervals, we will have

(P-U-P)-C-P=0 (30)
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Fig. 4 Light path of the XD-6D laser interferometer measurement system
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Tab. 1 Measuring precision of the XD-6D interferometer laser

measurement system

positions/ orientations/ yaw and pitch/ roll/ perpendicularity/
("M m? @ ((Mm?h
+1.0+0.1 +1.0 +1.0+0.2

(pmm?')  (pmm")
0.5 +1.04+0.2

P

P, oi or
it % c P E

Fig. 5 Closed-loop system of the PNFSF with geometric errors

Fig. 6  Closed-loop system of the PNFSF with feedforward

Combining Eq. (29) and Eq. (30), it can be
derived that U, = E', where 1 denotes the pseudo
inverse of the error model. The pseudo inverse
operation is the generalized form of the inverse
operation and is calculated by singular value de-
composition®. Theoretically, with U, = E', the
feedforward can eliminate the geometric errors
entirely.

In practice, precision of the error model is al-
ways limited, which is mainly contributed to the
simplification in modeling. Furthermore, feedfor-
ward can only deal with observable input signal.
For unobservable disturbances such as random
disturbances and time-variance of the working
condition, the feedforward can not reduce their
influences on the moving performance. From
these aspects, the feedback control is introduced
to suppress responses caused by the imperfection
of the error model and the unobservable disturb-
ances. As illustrated in Fig. 7, U, is located in
the feedback loop. Given enough control inter-
vals, P — P,-U, — 0. To make the output P,=
P, P.= P, U, should hold. Since P,=P, - E,
the feedback U, should be equal to E. It should
be noted that precision of the error model is still
limited, as mentioned above in the feedforward
design approach. Nevertheless, the feedback con-
trol has more closed-loop robustness than the
feedforward control, which makes the imperfec-
tion of the error model less crucial. In contrast,
the feedforward control does not depend on the

existing closed-loop errors, thus has great advant-

age in real-time performance compared to the
feedback control. When put in use, feedforward
and feedback control can be combined to make

their effectiveness fully explored.

Fig. 7 Closed-loop system of the PNFSF with feedback

Even though online compensation could ef-
fectively reduce errors during motion of the PNF-
SF, feedforward and feedback control are subject
to the accuracy of the error model and the real-
time performance of the closed-loop system. To
further improve the moving performance, struc-
tural optimization is conducted to reduce geo-
metric errors from the resource.

As a key moving performance of the PNFSF,
the scanning planeness in XY plane is typically
quantified by a comprehensive function that re-
flects the moving errors in Z direction. Based on
the error model established above, the scanning
planeness in XY plane with z = z is defined as

Az (2,y, %) = = [0.(x) +0.(y) + 0. (2)] +

ey (z) +&,(y) +&,(20)] Tp—

e.(z) +e.(y) +e.(20)] Yot

e, (@) + e, ()] e — [e.(y) + ea(2)] yet

e, @)z — e, (x) (ys + v) 1)

As can be found in Eq. (31), Az(z, y, 2) is
composed of geometric errors and z,, ¥, T, Yo, T,
ys. As described above, geometric errors have
been reduced through online compensation. To
further improve the scanning planeness in XY
plane, ||, |wl, 2|, |vel|, ||, |vs| are minimized
through structural optimization.

3 Numerical Validation through

the Monte Carlo Simulations

Based on the design rules proposed above, a
novel planar near-field scanning frame is de-
signed, the stroke in X direction is 14.5 m, the
stroke in Y direction is 7 m. Main structural
design parameters are given in Tab. 2. Accord-

ing to the error model and the manufacturing
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capability, error budget is conducted to estimate
the maximum of geometric errors, which are lis-
ted in Tab. 3.

Tab. 3

Tab. 2 Main structural design parameters
Z/mm  y,/mm  Z/mm  y./mm 2/ mm /MM
-100.5 4.5 -186.0 353.5 -1163.0 282.0

Maximum of geometric errors

Max(|6,(z)|) /mm  Max(|6,(y)|) /mm  Max(|e,(z)]) /mrad

Max (|¢, () ]) /mrad

Max (le, () ) /mrad ~ Max (|g, () |) /mrad

0.15 0.10 0.03

0.08 0.05 0.02

For further proof, the scanning planeness in
XY plane with z = 10 mm is calculated by using
the Monte Carlo simulation method. 377 samples
are tested with the interval of 500 mm in X and
Y direction. 10000 simulations are conducted to
calculate the errors in Z direction at these
samples, the results are given in Fig. 8. The con-
fidence interval (3c) is [0.116 m, 0.199 m], which
indicates that the scanning planeness in XY
plane with z = 10 mm satisfies the demand
(RMS of the scanning planeness in XY plane

should not exceed 0.2 mm) .

0.22

error (rms)

0 2 000 4000 6 000 8 000 10 000
Simulations

Fig. 8 RMS of errors in Z direction in 10000 simulations by

using the Monte Carlo simulation method

4 Conclusions

The PNFSF is an important test equipment
widely used in antenna measurements and radi-
ation measurements. How to reduce the geomet-
ric errors—the main contributor to the moving
errors of the PNFSF is a crucial problem not
only in the near-field measurement technology
but also in the multi-axis motion system with
long strokes and high requirements for precision.
In this paper, a new model-based method is pro-

posed to improve the moving performance of the

PNFSF. First, the error model of the PNFSF is
established based on homogeneous coordinate
transformation and multi-body system theory.
Then, the advanced laser interferometer measure-
ment system is adopted to determine 21 ele-
ments in the geometric error model. Based on
this, online error compensation is conducted from
both feedforward and feedback control. Besides,
structural optimization is studied to reduce geo-
metric errors from the resource. Finally, a novel
PNFSF is designed on the basis of the proposed
method. The Monte Carlo simulations are con-
ducted for validation, the results show that the
scanning planeness in XY plane with z = 10 mm
satisfies the demand.

Since the proposed methods are highly de-
pendent on the accuracy of the geometric error
model, future research will aim to improve the
model accuracy while retaining its real-time capa-
city. To further improve the performance of the
motion system, the future work will include more
structural design parameters such as structural

topology.

References:

[1]  Zhang G X, Zhang H Y, Guo J B, et al. Error com-
pensation of cylindrical coordinate measuring ma-
chines [J]. CIRP Annals - Manufacturing Techno-
logy, 2010, 59 (1): 501-504.

[2] Ni J. CNC machine accuracy enhancement through
real-time error compensation [J]. Journal of Manu-
facturing Science and Engineering, 1997, 119(4):
T17-725.

[3] Pereira P H, Giacomo B D. Thermal error evalu-
ation and modelling of a CNC cylindrical grinding
machine [J]. Metrologia, 2008, 45 (2): 217-222.

[4] Abuaniza A, Fletcher S, Mian N S, et al. Thermal

error modelling of a CNC machine tool feed drive

— 100 —


https://doi.org/10.1016/j.cirp.2010.03.126
https://doi.org/10.1016/j.cirp.2010.03.126
https://doi.org/10.1016/j.cirp.2010.03.126
https://doi.org/10.1088/0026-1394/45/2/011
https://doi.org/10.1016/j.cirp.2010.03.126
https://doi.org/10.1016/j.cirp.2010.03.126
https://doi.org/10.1016/j.cirp.2010.03.126
https://doi.org/10.1088/0026-1394/45/2/011

Fan Zhi et al. / New Model-Based Method to Improve the Moving Performance of the Planar Near-Field ...

(5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

system using FEA method [J]. International
Journal of Engineering Research and Technology,
2016, 5(3): 118-126.

Lei W T, Hsu Y Y. Accuracy enhancement of five-
axis CNC machines through real-time error com-
pensation [J]. International Journal of Machine
Tools and Manufacture, 2003, 43(9): 871-877.
Raksiri C, Parnichkun M. Geometric and force er-
rors compensation in a 3-axis CNC milling ma-
chine [J]. International Journal of Machine Tools
and Manufacture, 2004, 44 (12-13): 1283-1291.

Du Z, Zhang S, Hong M. Development of a multi-
step measuring method for motion accuracy of NC
machine tools based on cross grid encoder [J]. In-
ternational Journal of Machine Tools and Manufac-
ture, 2010, 50 (3): 270-280.

Mekid S, Ogedengbe T. A review of machine tool
accuracy enhancement through error compensation
in serial and parallel kinematic machines [J]. In-
ternational Journal of Precision Technology, 2010,
1(3/4): 251.

Lee J H, Yang S H. Statistical optimization and as-
sessment of a thermal error model for CNC ma-
chine tools [J]. International Journal of Machine
Tools and Manufacture, 2002, 42 (1): 147-155.
Ouafi A E, Guillot M, Bedrouni A. Accuracy en-
hancement of multi-axis CNC machines through
on-line neurocompensation [J]. Journal of Intelli-
gent Manufacturing, 2000, 11(6) : 535-545.

Shuhe L. Improving accuracy of CNC machine
tools through compensation for thermal errors [J].
Chinese Journal of Mechanical Engineering, 1997,
4: 71-75.

Donmez M A, Blomquist, D S, Hocken R J, et al.
A general methodology for machine tool accuracy
enhancement by error compensation [J]. Precision
Engineering, 1986, 8(4): 187-196.

Breaz R E, Bologa O C, Racz G S. Improving CNC
machine tools accuracy using modeling and com-
puter simulation techniques [J]. IFAC Proceed-
ings Volumes, 2007, 40 (18): 881-886.

Abdulshahed A M, Longstaff A P, Fletcher S. The
application of anfis prediction models for thermal
error compensation on CNC machine tools [J].
Applied Soft Computing, 2014, 27(7): 158-168.

Zhu S, Ding G, Qin S, et al. Integrated geometric
error modeling, identification and compensation of
CNC machine tools [J]. International Journal of
Machine Tools and Manufacture, 2012, 52(1):
24-29.

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

— 101 —

Khan A W, Chen W. A methodology for systemat-
ic geometric error compensation in five-axis ma-
chine tools [J]. The International Journal of Ad-
vanced Manufacturing Technology, 2011, 53(5-8):
615-628.

Jiang X, Cripps R J. A method of testing position
independent geometric errors in rotary axes of a
five-axis machine tool using a double ball bar [J].
International Journal of Machine Tools and Manu-
facture, 2015, 89: 151-158.

Miao E M, Gong Y Y, Niu P C, et al. Robustness
of thermal error compensation modeling models of
CNC machine tools [J]. International Journal of
Advanced Manufacturing Technology, 2013, 69 (9-
12): 2593-2603.

Ouafi A E, Guillot M, Barka N. An integrated
ANN-based
thermal error compensation on a CNC turning cen-
ter [J]. Advanced Materials Research, 2013, 664:
907-915.

Liao T T. Modeling and analysis of laser shaft

modeling approach for real-time

using 4x4 homogeneous coordinate

Measurement, 2009,

alignment
transformation matrix [J].
42(1): 157-163.

Tsutsumi M, Tone S, Kato N, et al. Enhancement
of geometric accuracy of five-axis machining cen-
ters based on identification and compensation of
geometric deviations [J]. International Journal of
Machine Tools and Manufacture, 2013, 68: 11-20.
Lee R S, She C H. Developing a postprocessor for
three types of five-axis machine tools [J]. Interna-
tional Journal of Advanced Manufacturing Techno-
logy, 1997, 13(9): 658-665.

Cruz-Hernandez J M, Hayward V. Phase control
approach to hysteresis reduction [J]. IEEE Trans-
actions on Control Systems Technology, 2001,
9(1): 17-26.

Ouafi A E, Guillot M. A comprehensive approach
for thermal error model optimization for ANN-
based real-time error compensation in cnc machine
tools [J]. Applied Mechanics and Materials, 2012,
232: 639-647.

Aguado S, Samper D, Santolaria J, et al. Identific-
ation strategy of error parameter in volumetric er-
ror compensation of machine tool based on laser
tracker measurements [J]. International Journal of
Machine Tools and Manufacture, 2012, 53(1):
160-169.

Yao X P. Positioning error of feed axis decouple-

separating modeling and compensating research for


https://doi.org/10.1016/S0890-6955(03)00089-0
https://doi.org/10.1016/S0890-6955(03)00089-0
https://doi.org/10.1016/j.ijmachtools.2004.04.016
https://doi.org/10.1016/j.ijmachtools.2004.04.016
https://doi.org/10.1016/j.ijmachtools.2009.11.010
https://doi.org/10.1016/j.ijmachtools.2009.11.010
https://doi.org/10.1016/j.ijmachtools.2009.11.010
https://doi.org/10.1016/j.ijmachtools.2009.11.010
https://doi.org/10.1504/IJPTECH.2010.031657
https://doi.org/10.1504/IJPTECH.2010.031657
https://doi.org/10.1016/S0890-6955(01)00110-9
https://doi.org/10.1016/S0890-6955(01)00110-9
https://doi.org/10.1023/A:1026500422130
https://doi.org/10.1023/A:1026500422130
https://doi.org/10.1023/A:1026500422130
https://doi.org/10.1016/0141-6359(86)90059-0
https://doi.org/10.1016/0141-6359(86)90059-0
https://doi.org/10.3182/20070927-4-RO-3905.00146
https://doi.org/10.3182/20070927-4-RO-3905.00146
https://doi.org/10.3182/20070927-4-RO-3905.00146
https://doi.org/10.1016/j.ijmachtools.2011.08.011
https://doi.org/10.1016/j.ijmachtools.2011.08.011
https://doi.org/10.1007/s00170-010-2848-3
https://doi.org/10.1007/s00170-010-2848-3
https://doi.org/10.1007/s00170-010-2848-3
https://doi.org/10.1016/j.ijmachtools.2014.10.010
https://doi.org/10.1016/j.ijmachtools.2014.10.010
https://doi.org/10.1016/j.ijmachtools.2014.10.010
https://doi.org/10.1007/s00170-013-5229-x
https://doi.org/10.1007/s00170-013-5229-x
https://doi.org/10.4028/www.scientific.net/AMR.664.907
https://doi.org/10.1016/j.measurement.2008.05.001
https://doi.org/10.1016/j.ijmachtools.2012.12.008
https://doi.org/10.1016/j.ijmachtools.2012.12.008
https://doi.org/10.1007/BF01350824
https://doi.org/10.1007/BF01350824
https://doi.org/10.1007/BF01350824
https://doi.org/10.1007/BF01350824
https://doi.org/10.1109/87.896742
https://doi.org/10.1109/87.896742
https://doi.org/10.1109/87.896742
https://doi.org/10.4028/www.scientific.net/AMM.232.639
https://doi.org/10.1016/j.ijmachtools.2011.11.004
https://doi.org/10.1016/j.ijmachtools.2011.11.004
https://doi.org/10.1016/S0890-6955(03)00089-0
https://doi.org/10.1016/S0890-6955(03)00089-0
https://doi.org/10.1016/j.ijmachtools.2004.04.016
https://doi.org/10.1016/j.ijmachtools.2004.04.016
https://doi.org/10.1016/j.ijmachtools.2009.11.010
https://doi.org/10.1016/j.ijmachtools.2009.11.010
https://doi.org/10.1016/j.ijmachtools.2009.11.010
https://doi.org/10.1016/j.ijmachtools.2009.11.010
https://doi.org/10.1504/IJPTECH.2010.031657
https://doi.org/10.1504/IJPTECH.2010.031657
https://doi.org/10.1016/S0890-6955(01)00110-9
https://doi.org/10.1016/S0890-6955(01)00110-9
https://doi.org/10.1023/A:1026500422130
https://doi.org/10.1023/A:1026500422130
https://doi.org/10.1023/A:1026500422130
https://doi.org/10.1016/0141-6359(86)90059-0
https://doi.org/10.1016/0141-6359(86)90059-0
https://doi.org/10.3182/20070927-4-RO-3905.00146
https://doi.org/10.3182/20070927-4-RO-3905.00146
https://doi.org/10.3182/20070927-4-RO-3905.00146
https://doi.org/10.1016/j.ijmachtools.2011.08.011
https://doi.org/10.1016/j.ijmachtools.2011.08.011
https://doi.org/10.1007/s00170-010-2848-3
https://doi.org/10.1007/s00170-010-2848-3
https://doi.org/10.1007/s00170-010-2848-3
https://doi.org/10.1016/j.ijmachtools.2014.10.010
https://doi.org/10.1016/j.ijmachtools.2014.10.010
https://doi.org/10.1016/j.ijmachtools.2014.10.010
https://doi.org/10.1007/s00170-013-5229-x
https://doi.org/10.1007/s00170-013-5229-x
https://doi.org/10.4028/www.scientific.net/AMR.664.907
https://doi.org/10.1016/j.measurement.2008.05.001
https://doi.org/10.1016/j.ijmachtools.2012.12.008
https://doi.org/10.1016/j.ijmachtools.2012.12.008
https://doi.org/10.1007/BF01350824
https://doi.org/10.1007/BF01350824
https://doi.org/10.1007/BF01350824
https://doi.org/10.1007/BF01350824
https://doi.org/10.1109/87.896742
https://doi.org/10.1109/87.896742
https://doi.org/10.1109/87.896742
https://doi.org/10.4028/www.scientific.net/AMM.232.639
https://doi.org/10.1016/j.ijmachtools.2011.11.004
https://doi.org/10.1016/j.ijmachtools.2011.11.004

Journal of Beijing Institute of Technology, 2021, Vol. 30, Suppl.1

[27]

[28]

[29]

[30]

[31]

[32]

CNC machine tools [J]. Journal of Mechanical En-
gineering, 2016, 52(1): 184.

Yang J, Yuan J, Ni J. Thermal error mode analys-
is and robust modeling for error compensation on a
CNC turning center [J]. International Journal of
Machine Tools and Manufacture, 1999, 39(9):
1367-1381.

Ramesh R, Mannan M A, Poo A N. Error com-
pensation in machine tools A review: Part I
geometric, cutting-force induced and fixture-de-
pendent errors [J]. International Journal of Ma-
chine Tools 2000, 40(9):
1235-1256.

Lin W, Fu J, Xu Y, et al. Thermal error predic-

tion of numerical control machine tools based on

and Manufacture,

least squares support vector machines [J]. Journal
of Zhejiang University, 2008, 42 (6) : 906-908.
Eladawi A E, Gadelmawla E S, Elewa, et al. An
application of computer vision for programming
computer numerical control machines [J]. Proceed-
ings of the Institution of Mechanical Engineers
Part B Journal of Engineering Manufacture, 2003,
217(9): 1315-1324.

Soori M, Arezoo B, Habibi M. Tool deflection er-
ror of three-axis computer numerical control
milling machines, monitoring and minimizing by a
virtual machining system [J]. Journal of Manufac-
turing Science and Engineering, 2016, 138(8):
081005.

Jywe W, Hsu T H, Liu C H. Non-bar, an optical

[33]

[34]

[36]

[37]

[38]

[39]

— 102 —

calibration system for five-axis CNC machine tools
[J]. International Journal of Machine Tools and
Manufacture, 2012, 59: 16-23.

Hansen T B, Yaghjian A D. Planar near-field scan-
ning in the time domain. 2. sampling theorems and
computation schemes [J]. IEEE Transactions on
Antennas and Propagation, 1994, 42(9): 1292-1300.
Zhao J, Lu H, Deng J. Application of the planar-
scanning technique to the near-field dosimetry of
millimeter-wave radiators [J]. Bioelectromagnetics,
2015, 36 (2): 108-117.

Capozzoli A, Curcio C, Liseno A. Gradient-based
near-field antenna characterization in planar geo-
metry [J]. Applied Computational Electromagnet-
ics Society Journal, 2018, 33(1): 119-122.

Lau K, Hocken R J, Haight W C. Automatic laser
tracking interferometer system for robot metrology
[J]. Precision Engineering, 1986, 8(1): 3-8.

Lee D M, Lee H H, Yang S H. Analysis of square-
ness measurement using a laser interferometer sys-
tem [J]. International Journal of Precision Engin-
eering and  Manufacturing, 2013,  14(10):
1839-1846.

Grishin S G. An analysis of the polarization com-
ponent of the measurement error in heterodyne
systems [J].
Measurement Techniques, 2012, 54 (12): 1378-1387.
Xu H. A numerical method for computing an SVD-

laser interferometer measurement

like decomposition [J]. Siam Journal on Matrix
Analysis & Applications, 2005, 26 (4) : 1058-1082.


https://doi.org/10.1016/S0890-6955(99)00008-5
https://doi.org/10.1016/S0890-6955(99)00008-5
https://doi.org/10.1016/S0890-6955(00)00009-2
https://doi.org/10.1016/S0890-6955(00)00009-2
https://doi.org/10.1016/S0890-6955(00)00009-2
https://doi.org/10.1243/095440503322420241
https://doi.org/10.1243/095440503322420241
https://doi.org/10.1243/095440503322420241
https://doi.org/10.1115/1.4032393
https://doi.org/10.1115/1.4032393
https://doi.org/10.1115/1.4032393
https://doi.org/10.1016/j.ijmachtools.2012.01.004
https://doi.org/10.1016/j.ijmachtools.2012.01.004
https://doi.org/10.1109/8.318650
https://doi.org/10.1109/8.318650
https://doi.org/10.1002/bem.21889
https://doi.org/10.1016/0141-6359(86)90002-4
https://doi.org/10.1007/s12541-013-0246-0
https://doi.org/10.1007/s12541-013-0246-0
https://doi.org/10.1007/s12541-013-0246-0
https://doi.org/10.1007/s11018-012-9899-9
https://doi.org/10.1016/S0890-6955(99)00008-5
https://doi.org/10.1016/S0890-6955(99)00008-5
https://doi.org/10.1016/S0890-6955(00)00009-2
https://doi.org/10.1016/S0890-6955(00)00009-2
https://doi.org/10.1016/S0890-6955(00)00009-2
https://doi.org/10.1243/095440503322420241
https://doi.org/10.1243/095440503322420241
https://doi.org/10.1243/095440503322420241
https://doi.org/10.1115/1.4032393
https://doi.org/10.1115/1.4032393
https://doi.org/10.1115/1.4032393
https://doi.org/10.1016/j.ijmachtools.2012.01.004
https://doi.org/10.1016/j.ijmachtools.2012.01.004
https://doi.org/10.1109/8.318650
https://doi.org/10.1109/8.318650
https://doi.org/10.1002/bem.21889
https://doi.org/10.1016/0141-6359(86)90002-4
https://doi.org/10.1007/s12541-013-0246-0
https://doi.org/10.1007/s12541-013-0246-0
https://doi.org/10.1007/s12541-013-0246-0
https://doi.org/10.1007/s11018-012-9899-9
https://doi.org/10.1016/S0890-6955(99)00008-5
https://doi.org/10.1016/S0890-6955(99)00008-5
https://doi.org/10.1016/S0890-6955(00)00009-2
https://doi.org/10.1016/S0890-6955(00)00009-2
https://doi.org/10.1016/S0890-6955(00)00009-2
https://doi.org/10.1243/095440503322420241
https://doi.org/10.1243/095440503322420241
https://doi.org/10.1243/095440503322420241
https://doi.org/10.1115/1.4032393
https://doi.org/10.1115/1.4032393
https://doi.org/10.1115/1.4032393
https://doi.org/10.1016/j.ijmachtools.2012.01.004
https://doi.org/10.1016/j.ijmachtools.2012.01.004
https://doi.org/10.1109/8.318650
https://doi.org/10.1109/8.318650
https://doi.org/10.1002/bem.21889
https://doi.org/10.1016/0141-6359(86)90002-4
https://doi.org/10.1007/s12541-013-0246-0
https://doi.org/10.1007/s12541-013-0246-0
https://doi.org/10.1007/s12541-013-0246-0
https://doi.org/10.1007/s11018-012-9899-9

	1 Establishment of the Geometric Error Model in the PNFSF
	2 Combined Method to Improve the Moving Performance of the PNFSF Based on the Geometric Error Model
	3 Numerical Validation through the Monte Carlo Simulations
	4 Conclusions

