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This paper introduces a new geometric error modeling approach for multi axes system (MAS) based on
stream of variation (SOV) theory, especially for multi-axis precision stage. SOV is used for measuring
product quality for some complicated multi operations system, which is widely used in error propagation
in engineering field. This paper introduces SOV concept into geometric error modeling for MAS. Instead
of different process in manufacture, the new error modeling approach regards each axis as a station in
MAS, and calculates the deviations after each station which is considered as upstream factor to next
station. It is clear to observe how geometric errors give influence and how deviations accumulate. Dif-
ferent with conventional methods which are only used for error compensation in machine tools, the new
error model is beneficial for sensitive error control and optimal configuration selection in design part. In
addition, the new error modeling has some merits such as debugging easily due to observe the devia-
tions after every station. A case study of new error modeling procedure for six-axis stage (SAS) in op-
toelectronic packaging system (OPS) is developed, and applications related to error reduction order and

optimal configuration selection are processed based on the new error model.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Multi axes system (MAS), such as multi-axis machine tool and
manipulators in high accuracy control, or aerospace engineering
for specific positioning tasks, plays an essential role in many re-
gions. There are several kinds of errors in MAS that contributes on
deviations, including geometric error, thermal error and servo
error etc. Among these errors, geometric error gives great impact
on pose accuracy [1-3]. In order to achieve high accuracy in MAS, a
comprehensive error model is necessary so that deviations can be
predicted. For five-axis machine, the geometric error model is
used to calculate the deviations of tool tip, so the application for
error model is only adopted in error compensation in most cases.
However, another kind of typical MAS, multi-axis precision stage
(MPS) is widely utilized in engineering regions such as in optoe-
lectronic packaging system (OPS). Because of small scale and good
environment, other errors are overwhelmed by geometric errors in
most cases in MPS. Conventional error modeling method only

* Corresponding author at: State Key Laboratory of High-performance Complex
Manufacture, Central South University, Changsha, Hunan 410083, China.
E-mail addresses: tanghao@umich.edu, tanghaocsu@csu.edu.cn (H. Tang),
duanjian@csu.edu.cn (J.-a. Duan), lans@umich.edu (S. Lan),
huanyis@umich.edu (H. Shui).
1 Research area: Error transferring and precision analysis for multi-axis system.

http://dx.doi.org/10.1016/j.ijmachtools.2015.02.012
0890-6955/© 2015 Elsevier Ltd. All rights reserved.

knows the deviation of one object fixed on MPS in final step but
cannot reveal how geometric error gives impact and how error
propagates in the whole procedure. Considering that current error
modeling approach is not suitable for many applications, a sys-
tematic and comprehensive error modeling method is required for
MPS.

Conventional tools, such as Homogeneous Transformation
Matrix (HTM) and Denavit-Hartenberg (D-H) methods, are used
to coordinate transformation from the object frame to global
system [4,5]. Suh [6] introduced an error modeling method and
measurement for five-axis machine tools with a rotary table. This
method divided the configuration into 3 translational axes and
2 rotational axes which was studied by many scholars, but this
method was too simple in location error identification. Because
the accurate value of errors is important for error compensation,
Rahman [7] presented an approach to implement in a processor
for data including modeling and measurement of real machine
tools. Zhu [8] introduced an integrated geometric error modeling,
identification and compensation for CNC machine, but his work
concentrated on the systematic error analysis procedure. Fan [9]
raised a universal modeling method for CNC machine tools. This
method developed a multi-body model and established precision
machining condition equation. Uddin [10] presented a simulator of
geometric errors on interference between tools and workpiece,
which was used to address how errors gave impact on accuracy of
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Nomenclature P name of CS
E matrix of homogeneous transformation

MAS multi axes system To/T
MPS multi-axis precision stage C matrix of CS
OPS optoelectronic packaging system M matrix of movement
HTM homogeneous transformation matrix L matrix of location error
SOV stream of variation K matrix of kinematic error
X, Y, Z U, V, W axis in MAS To' actual pose measured in Py
X, ¥,z U, v, w geometric error D matrix of deviation
X, y¥, Z uk, vk, w* kinematic error SAS six-axis stage

o, B, ¥ location error
CS coordinate system

Y, Z¢ coordinate offset between two adjacent CS
Xaxis» Yaxis: Zaxis» Uaxis, Vaxiss Waxis movement of each axis

machined cone frustum in five-axis machining center. However, it
was not readily adopted for other structures. Lee [11] focused on
influence of individual errors on volumetric error for general five-
axis machine tools configuration. However, the modeling proce-
dure was so complicated and applications were not conclusive. Tan
[12] used neural networks idea in geometric error modeling for
precision system. This method was a new attempt for non-linear
system, but limited in some simple configuration. Besides error
modeling, how to use error model in a proper way is also im-
portant. Some scholars [13-15] used error model to expand sub-
sequent applications, such as error compensation, error budget
analysis and sensitivity analysis etc., which also contributed to
error modeling and error theory for MAS.

Furthermore, there is another kind of literatures focusing on
developing general error modeling method. These studied to de-
velop approaches which were comprehensively adopted in dif-
ferent high-accuracy environments for MAS. Tian [16] introduced a
new error modeling method based on error separation in toler-
ance design and error compensation. However, some geometric
errors were not taken into account. In order to reduce computa-
tional effort, Lin [17] developed a new matrix summation ap-
proach in five-axis machine to break down kinematic equations
into several parts with clear physical meaning. However, this
method was only for five-axis machine tools, and its applicability
needs to be tested with more kind of configurations. Huang [18]
proposed a rigorous general and systematic procedure based on
generalized Jacobian Matrix. But this method was only developed
for lower mobility manipulator.

The literatures aforementioned have some limitations. Most
scholars concentrate on five-axis machine tools or machining
center, while MPS is adopted in many regions, such as magnet-
levitation stage [2]. Furthermore, there are some differences be-
tween MPS and machine tools. Thus, a new error modeling ap-
proach based on SOV is introduced in this paper. SOV is used for

Moving direction

measuring product quality in a complex system consists of mul-
tiple operations [19]. The deviations/variations of product quality
are contributed by the errors generated in each station, and the
accumulated errors transmitted from previous stations [20,21].
Unlike calculating deviations in final step, this method shows a
systematic procedure about how much deviation after every sta-
tion and how deviations accumulate. In this paper, for a given
MAS, a new error modeling approach based on SOV theory is in-
troduced to improve accuracy efficiently in design. Each axis is
regarded as a station, and deviation after each station is propa-
gated to next station as upstream impact. Thus, the MAS can be
transformed into a multi-station system. How errors propagate
and deviations accumulate can be observed to control these sta-
tions with significant variations. The new error model is sys-
tematic and easy debugging, and the error propagation process
can improve the efficiency of deviation reduction.

Section 2 describes some basic concepts about geometric er-
rors. HTM is adopted as mathematical tool to represent the pose in
different coordinate system. Section 3 introduces the new error
modeling approach based on SOV, and compared to conventional
approach. Section 4 gives a case study and corresponding appli-
cations about error modeling for six-axis stage (SAS) which is used
in controlling fiber array in OPS.

2. Geometric error definition

Generally speaking, in MAS with 6 axes, 3 translational axes are
named as X, Y, Z axes, and 3 rotational axes are U, V, W axes. The
geometric errors are divided into two parts: kinematic error and
location error.

For a moving component, there are six kinematic errors: three
translational errors (x, y, z) and three rotational errors (o, f3, Y).
Fig. 1 shows a translational axis moving along Y-axis and a

Moving direction

Fig. 1. Six kinematic errors in a motion axis.
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Table 1
Physical meaning of kinematic errors.

Axis Error components
Positioning error ~ Straightness error  Pitch Yaw  Roll
X-axis XK yk Zk vk wk uk
; k k k k k k
Y-axis y% X%, z{ \A;y u% vy’
Z-axis  z; X3, Vs u;y Vs w;
Axial error Radius error Angular error  Tilt error
U-axis  xK yk 2K uk vk, wk
V-axis  yk XK, 2K vk uf, wk
W-axis 25 XK, vk, wk, uk, vk,

rotational axis rotating around Z-axis (named W-axis), respec-
tively. On the left side of figure, the positioning error is y¥, the two
straightness errors are x%, z&, and pitch, yaw and roll errors are %,
ok, BX, respectively. On the right side, the angular error is Yk, two
tilt errors are o, B, and the axial error and two radius errors are
z&, xk. yk. Because error distribution of each error is different, it is
important to understand the physical meaning of each error
[22,23]. The superscript k denotes kinematic error. All errors in
other directions are listed in Table 1.

Moreover, location error, named as installation errors or as-
sembly errors, is existed between two units in installation process
resulted from non-strictly orthogonality. In most cases, significant
location errors are concerned as angular errors, such as verticality
and parallelism.

3. New error modeling method

Assuming that an object is placed on MAS for high-accuracy po-
sitioning control, there are deviations between actual and ideal status
due to geometric errors. For a given configuration of MAS, it is im-
portant to understand how error propagates from lower axis to
higher axis, which is beneficial for error accumulation and sensitive
error control. Thus, a comprehensive error model to connect geo-
metric error and deviations from all directions are needed. It is also
can be used for other applications besides error compensation.

In this study, SOV method is employed to solve these problems.
The SOV method is widely used in engineering regions, such as
modern manufacturing processes, information systems, and ser-
vice processes involving multiple steps [19], and some ideas and
formulas of SOV are very beneficial in error analysis, error pro-
pagation and error modeling for MAS.

For example, there is a very classic model of multi-station
manufacturing system to describe how deviations accumulate by
the impact of errors from upstream stations, as shown in Fig. 2.

Two corresponding formulas to describe:

Y = Gixi + v (2)

Here, x; denotes the quality characteristics of product after
station i, u; denotes the impact by error source, w; denotes un-
modeled factors, and v; denotes sensor noise. From this diagram,
how errors give impact on product quality and how deviations
accumulate can be known [20]. The SOV theory was developed by
Djurjanovic [24]. Considering this theory can be used for evalu-
ating the quality of product with multi-station process, this paper
adopts SOV theory in error modeling.

The new approach based on SOV considers axis as a station, and
calculates deviations after each station then adds the deviation as
upstream impact into next stations until final one, as Eq. (1)
shows. Because this paper only considers geometric error model-
ing, other irrelevant concepts like w; and v; are neglected in
modeling procedure. Thus, each axis can be regarded as a single
station, and the error model for MAS can be re-established com-
pare to conventional method.

All concepts in error modeling of new method should be
mapped to the parameters in Eq. (1). There are several essential
concepts in error modeling, including kinematic errors, location
errors, CS offsets, movement of each axis and the deviations after
each station. According to Nebot's research work and physical
meaning of each concept [21], a definition mapping of these
concepts from SOV to error modeling is processed. In machining
process, there are several errors impacting on quality of part, such
as machine deviations, fixture deviations and errors from up-
stream station. Machine-induced deviations is generated when
axis moves, which is similar to kinematic error; fixture-induced
deviations is similar to location error; the deviations by previous
CSs impact, can be regarded as upstream deviations; CS offsets and
movement of each axis are constant parameters according to the
distances between axes and required displacement of each axis.

So one MAS can be transferred into multi stations format (see
Fig. 3):

Here, P; denotes the CS i, C; denotes the coordinate offset matrix
from P; to P;_4, L; denotes the location error matrix when CS i is
installed on CS i—1, M; denotes the movement matrix of compo-
nent i, K; denotes the kinematic error matrix in CS i, T, denotes the
pose of object in Py ideally, D; denotes the deviation resulting from
the previous stations P; to P;, Considering that location error is
generated in installation, L, should post-multiply C, and K,
should post-multiply M,, because it is generated by motion, and
coordinate offset matrix should pre-multiply movement matrix
because it is existed before moving.

For example, the deviation could be derived after station 1 as
follows:

D1 = GLiMi1 K1 Po-Ci M1 Py (3)
D, denotes the deviations after station 1.

D; could be regarded as upstream impact on station 2. D, can
be derived as follows:

Yi ¥i
3 b
S D
Xi Xi-1 Xk
»| Station { P oo —p]  Station &k fr—

X = A,'_1X,'_1 + lelj + W; (1)
Xo X1 Xi2
—p] Station 1 > .o »| Station i-1
up Wi Hip Wiy

I ] I ]

u; Wy u; Wi

Fig. 2. Schematic of multi-station system.
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Py D, D; D;; D;; D; D, ; D,
— P, — ... — Dy sl P, — ... —>| P, —
C; 4W1 (&} M; Ci; |4 i1 | C; | M; C, | M, |

K; L, K> Li; K;q L; L, K,

Fig. 3. Schematic of MAS described based on multi stations.

D, = (D1 + P1)'Ey’P; — 'E,P; = (D1 + P1)C: LMo Ko Py — GMoPy  (4) Dy=(Dp_1+ Py_1)" 'E/Py_1 — " E, Py

= (Dn-1+ Py_1)CoLnMu K, Py_1 — CoMPy_4
Similarly, the deviations after each station could be derived

with the same procedure:

| | | | .
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i } al Pl Center
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Y, / ] Ve Ve
J / 5P e g
- 1 A Il’
e
Ye 7
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- I P
. . /:. —_
* 7/ >
e AP
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¥ // (Y
7/ Py
C (Z axis) (X axis) (W axis) (Y axis) (V axis) (U axis)
X9 D; D> D3 4 5 5
—’l Station 1 H Station 2 Station 3 Station 4 Station 5 Station 6

cs; |Mav,| cs, |Mov;| Cs; | Mov, | csy | wov,,l Cs;s | Movjl CSs | uov, |
L K L K L, Ls

L

(Chip) (Fiber array)
Do D; I I
Station « Station 7
CSo s
Lo L

Fig. 4. A typical configuration of SAS in OPS.
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4. Case study
4.1. Error modeling for six-axis stage in OPS

Fig. 4 shows a six-axis stage (SAS) controlling the pose of fiber
array which is aligned with the chip in OPS. It has 3 translational
axes (X, Y, Z) and 3 rotational axes (U, V, W). From low to high it is
F-Z-X-W-Y-V-U serial configuration. In order to calculate the six
directional deviations of fiber array, the new error modeling ap-
proach is employed.

Fig. 4(A) shows that SAS includes six axes motion units and
fiber array which is fixed on highest component. There is a chip
fixed on the ground frame.

Conventional method for establishing error model is to derive
the pose of object in ground coordinate system (CS, or named
global coordinate system). Kinematic errors should be considered
because each component is mobile, and there is also location error
between two adjacent CSs due to non-strict-orthogonality. A series
of homogeneous transformation is given:

Dn = Tb’ - TZ) = C1L1M1Kl"'CnLnMn’(n1;1 - ClMl"'CnMn'T;l (6)

T, and Ty’ denotes ideal and actual pose of fiber, respectively.
D, denotes the deviations in actual status measured in ground CS.

The above procedure of conventional error modeling method
has some disadvantages.

1. Difficult to know error propagation procedure.

2. Difficult to debug.

3. Can only be applied for error compensation in most cases, and
need to be expanded to other applications.

In Fig. 4(B), for computation convenience, all components of
axes are assumed as same scale. Due to rotation center is in middle
point at X directional sides, the X coordinate of origins are set in
same plate with rotation center. Location errors are in considera-
tion, so the Y coordinate of origins are set in installation plate. For
improving computational efficiency, all coordinate systems need
to be compact, then the Z coordinate of origins can be determined
(the component's right side). Thus, all coordinate systems are
setting as Fig. 4(B) above shows. There are differences between
coordinate system of each axis. These differences, Y., Y, Y,,, Y,5,
Z,5, Z,5, Z, should be compensated in error modeling procedure.
The subscript denotes which axis it belongs to, and the superscript
denotes these parameters in coordinate offset matrix.

The red CSs denote ideal CS of each axis, and fiber array CS P; is
overlapping U-body CS Pe. P, denotes the ideal CS of chip which is
fixed on frame. Location error should be considered due to im-
mobility. It is assumed that there is no offset between Pg and P
due to small scale of fiber fixture.

Due to lower component could affect higher component, the
upstream impact by lower component could be considered as
previous error. Thus, after movement processing by each axis, the
kinematic chain is shown in Fig. 5:

Fig. 4(C) is another type of flow chart based on SOV. After
station 1 impacts, the actual pose will be transformed into Yy, as
shown in Eq. (7):

Dy=(Dn1+ Py 1) "E/Py1 = "'E Py
= (Dn—l + Pn—l)CnLnMnI(nPn—l - CnMnPn—l(n
=1,2.6) (7)

Considering that there are location errors in installation of fiber
array and chip, D; and D, could be derived as follows:

D; = (Ds + P5)°E;'Ps — °E,Pg = (Dg + Ps)L7Pg — Pg (8)

D, =°E /Py - °E.Py=L,Py — Py (9)

Finally, the deviations D in alignment between fiber array and
chip can be derived by subtracting D, from D7:

D=D;-D, (10)

Due to this paper concentrates on error modeling of SAS, and
orientation errors cannot be affected by position error as well, the
impacts by location errors in fiber array and chip are omitted.

In error modeling, the new method provides a way to observe
how errors propagate and how deviations vibrate in whole pro-
cedure, which is also beneficial to understand how much per-
centage different errors take. These merits are helpful to decrease
error in design part. The details are introduced in Section 4.2.

The new error model based on SOV calculates deviations after
each station from lower to higher while has following advantages:

1. Easy to understand how errors propagate and accumulate in
the whole procedure.

2. Easy to debug.

3. Comprehensive and flexible for sensitive error control.

Fig. 5. Schematic of kinematic chain for SAS.
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Table 2
Value of each parameter in error model.
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D; = G, LiM; K Py — CiM; Py

100 0]|1 400
Value Error, offsets and movements ¢
_ 010Y;| yzl 1 00
0.1 pm uk, uJ’,‘, uk, uk, uk, vk, v’}i, vk, vk, v, wk, w‘y‘, wk, wk, wk 0010 0 0 10
0.5 ym aby aby @by, @, Bl B Bl Bl 1 T s 000 11 o o0 01
Tum X,k xl kXl v VE VK VS 9 2K 28, 2 2 2 [ 0 0 0
2 um Xk, vk, 2k 0 1 0 0
3 pm u[’f, V‘l/(, W\va O O 1 ngis
1 mm Movement of each translational axis: Xaxis, Yaxis, Zaxis L 0 0 0 1
20 . yC yC yC c 7C 7C r
o Movementof e etatonl i Us Vs W LowE v X 0000
- Yaxis, Vaxis, axis k k k
w; 1 —u; y, (0100
_vk ok 1 zk 0010
Table 3 0001
Distributions of different types of error term. Unit: pm L O 0 0 1
) ) 1 0 0 0
Translational axes Rotational axes
3 0 1 0 Y
Error Distribution Error Distribution 0 0 1 0
Position error (-2.0,2.0) Angular error (—-3.0 3.0) 0 0 0 1
Straightness error (-1.0,1.0) Radius error (-1.0,1.0) 100 O 1000
Pitch (-0.1,0.1) Axial error (-1.01.0) 010 O 0100
Yaw & Roll (-0.1,0.1) Tilt error (-0.1,0.1) 001 Z .
Static error (installation accuracy) (—0.50.5) wis |10 010
000 1 0001
L 0 —-0.0006 0.0001 0.001
42. A
pplications _| 00006 0 -0.0001 0.001
4.2.1. Sensitive stations control —-0.0001 0.0001 0 0.002 11
In order to describe the application of the new method based L0 0 0 0 (11)
on SOV theory more clearly, all offsets, movements and errors are
given a value to evaluate the results (see Table 2). These values are Db, = (_D] + P1)GLM Ko Py — M Py
considered as worst-case condition from the company handbook 0 -0.0007  0.0002  -0.009
(see Table 3) [25]. The superscript | denotes location error. _| 0.0007 0 -0.0007  0.0026
The pose of fiber can be calculated expanding Eq. (7), and all -0.0002  0.0007 0 0.0049
values are from Table 2: | 0 0 0 0 (12)
X axis deviation Y axis deviation Z axis deviation
01 0.1 0.06
p
£ 0.05 0.05
= p 0.04
[ —
=l
5
2 0.02
a -0.05 -0.05
0.1 0.1 s
4 2 3 4 5 6 7 1 2 3 4 5 6 7 1 2 3 4 5 6 7
8}( 10-3 U axis deviation " X 10-3 \ axis deviation 5 X 10-3 W axis deviation
(]
- 6 4 6 p 6 B
o
L]
o
= 4 4 4
o
F=}
K
@ 2 2 2
o
ol
1 2 3 4 5 6 7 1 2 3 4 5 6 7 1 2 3 4 5 6 7

Fig. 6. Deviations after each station in SAS.
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D3 = (D; + P)GL3M3KGP, — GGM3P

0 -0.0042 0.0008 -0.022
0.0042 0 -0.0013 0.0036
—0.0008 0.0013 0 0.0199
0 0 0 0 (13)
D4 = (D3 + P3)C4LsMy K, P3 — C,M4P3
I 0 —-0.0043 0.0014 -0.0932 ]
_ 0.0043 0 -0.0014 -0.0205
-0.0014 0.0014 0 0.0482
| 0 0 0 0 ] (14)
D5 = (D4 + P4)C5L5M5K5P4 - C5M5P4
[ 0 —0.0049 0.0049 -0.0642 ]
_ 0.0049 0 -0.0020 -0.0474
-0.0049 0.0020 0 0.0492
| o 0 0 o | (15)
D¢ = (D5 + P5)CsLsMsKPs — CsMgPs
[ 0 -0.0055 0.0055 0.0349
_ 0.0055 0 -0.0055 -0.086
—0.0055 0.0055 0 0.05
| o 0 0 0 (16)
D7 = (Ds + Ps)C7L7M;K7Pg — C; M7 Pg
[ 0 —0006 0006 0.0349
_ 0.006 0 -0.006 -0.086
-0.006 0.006 0 0.05
[ 0 0 0 0 (17)

D, shows the pose of fiber in SAS through Eq. (17). The new
error model has additional applications besides error compensa-
tion. First is sensitive error control. Due to process restriction and
economic consideration, not all geometric errors can be controlled
but only part of errors can be chosen. In order to make the re-
duction procedure more efficient, an optimal error control plan
based on the new error model is presented.

Fig. 6 is drawn to understand deviation propagation. It is clear
to show how deviations accumulate after every station. Station
1 to 6 stands for these axes from low to high components, Z-X-W-
Y-V-U, and station 7 stands for fiber fixture.

The deviations represent the effects through previous stations
impact. Taking Z directional deviation as an example, the value in
first point is 0.001 mm, which means there is 0.001 mm deviation
for the following CSs (P, to P;) after Z axis moved. This deviation is
regarded as an upstream impact to add to the rest CSs. After
consider other axes movement step by step, the Z axis deviation of
fiber is calculated. Similarly, other directional deviations of fiber
can be developed as well.

It has a dramatic increase for Z axis deviation from station 2 to
station 4 during whole process, so the errors in these stations
should be paid attention instead of full procedure as other sensi-
tivity analysis research shown [26].

Generally speaking, each error is given an initial value based on
distribution in Tables 1 and 3 randomly. Extreme value is better,
for considering the worst case. If we want to evaluate an error, set
it as variable, and other errors are constants by the given initial
value. Then the evaluated error is substituted into error model
with other errors simultaneously thousands of times. Notes that
the evaluated error is random every time and other errors are
constant. Therefore, thousands of deviations could be obtained as
well. There all 48 geometric errors in SAS (36 kinematic errors and
12 location errors, not considering location errors of fiber array

Table 4
Sensitivity analysis results for Z axis deviation.

Description  Error terms

Sensitive  uf uk uk, uk uk uk o, odyy of o,
Z8 2K 2K 2k 2K 2k,

Insensitive v v§ v vl vk vl B Bl Bl Phw

Kok ke ko ko ko ke ke ke ke ke ke
Xx Xy Xz Xu Xy Xw Yx Yy Yz Yu Yv Yw

Kok o0k K10k kol
Wx Wy WE Wy Wy Wy Yxu Yyv Yz Yw

and chip). All 48 errors can be analyzed as same steps. Thus, 48
groups of values for all errors and 48 corresponding groups of
values for deviations are obtained. For example, if the error Z¥ is
the evaluated error, then regard it as a variable. Giving other errors
a value randomly and keep them as constant. Put all values of 48
errors into model, a matrix for 6 directional deviations can be
obtained. Randomize Z¥ a great many of times and other error
values are not changed, then a big amount group of results for
6 directional deviations can be derived. Similarly, other errors are
evaluated through same procedure. Finally, we calculate the var-
iance of thousands groups of each error and the variance of
thousands groups of X, Y, U and V directional deviations from
matrix D; (1,4), D; (2,4), D; (3,2) and D; (1,3). Obviously, if the
variance of deviation is larger than the error's, it means this error
is sensitive, otherwise, if smaller, it means this error is not sensi-
tive. Thus, the error sensitive order for each direction can be
derived.

So there are 16 sensitive error terms for Z axis deviation in SAS,
as Table 4 shows:

z§, z¥, z§, uf, uf, uf, af, af, are sensitive errors from station
2 to 4. Thus, assuming if the 8 errors are reduced by 50%, Z di-
rectional deviation could decrease from 0.050 mm to 0.030 mm.
Similarly, if the other 8 sensitive errors are reduced by 50%, Z di-
rectional deviation could decrease from 0.050 mm to 0.045 mm.

The results indicate that 50% error reduction spending on sta-
tion 2 to station 4 is much more efficient than in other stations for
Z directional deviation.

Conventional method does not have capability to solve this
problem because the deviations after each station are unknown so
that sensitivity analysis is only adopted in full process to reduce
deviation. The proposed error model based on SOV is suitable to
derive the stations with great variations by observing how de-
viations accumulate, and control errors in these stations to de-
crease deviations. It can save cost and improve efficiency com-
pared to full process sensitive error control by conventional model.

Occasionally, there are different deviations need to be con-
trolled. According to Doerr's [27] research, X, Y, U and V directional
deviations are important in alignment between fiber array and
chip. From Fig. 6, for different deviations, there are various varia-
tions existed in different sensitive stations, as listed in Table 5.

Assuming that each directional deviation is equally important,
the errors with more appearances are selected as priority in sen-
sitive stations. For example, the error uX shows up in Y and U
sensitive station, so it should be controlled as first step. The error
uf shows up in Y sensitive station, and also in insensitive station,

Table 5
Errors in sensitive stations in OPS.

Axis Sensitive stations Corresponding errors

3-6 x5, 1, xl, v, vl v v Wl B3, B0 Bl Bhws 7

3-6 ulf, ub, uf, uly, of, aby, abw vE 9K vE 9K

>-6 ul, uf, af, ajy

vE, vk gl gl

g:-<><

5-6
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Fig. 7. Flow chart of error control order based on new error model.

so it should be controlled as second step. The full procedure is

shown in Fig. 7.

From Fig. 8 there are decent deviation reduction for X, U and V
directions after step 1. X directional deviation is close to 0, U and V
directional deviations have 2 prad reductions, which means the
8 sensitive errors control is more efficient. In addition, Y direc-

tional deviation also has 2 pm reduction.

Deviation / mm

Deviation / rad

X directional deviation

Deviation / mm

Station

x10° U directional deviation

0 s s L

Red line is blocked by

Deviation / rad

1 2 3 4

Station

The analyzing procedure above is an ideal situation that the
values of geometric errors and offsets are given in worst case and

4 directional deviations are equally important. In other environ-
ments, not all directional deviations are in the same level, which
means the weight function for different deviations should be taken
into consideration.

In some cases, the configuration is giving and unchangeable,

Y directional deviation === Original
— Step 1
m—— Step 2
= Step 3
2 3 4 5 6 7
Station
x10° V directional deviation
1 2 3 4 5 6 7
Station

Fig. 8. Accumulation of deviation at 4 directions.
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which only need to do error control to improve accuracy. The
station altering gives impact on the pose of object. Thus, for dif-
ferent configuration selection, there is discussion in next part.
The sensitive error control based on the new error model is
more efficient. Sensitivity analysis by conventional error model in
full procedure is too rough to reduce deviations. The error control
analysis above is developed that the errors existed in sensitive
stations with comprehensive vibration are selected, which is a
complement for sensitivity analysis for conventional approach.

4.2.2. Optimal configuration selection

Another application for new error model is optimal config-
uration selection. How to choose an optimal configuration for MPS
in OPS to keep high-accuracy is crucial. There are some clauses
need to be followed in OPS: X, Y, U and V directional deviations are
more important in alignment between fiber and chip [27]. The
translational axis does not affect rotational axis, while rotational
axis affects translational axis. So translational axis is set as lower
component in most case, and rotational axis is set as higher
component. The three configurations listed below are typical
structure from some enterprises [25,28].

Conventional approach can be used to establish error model for
current configuration, but difficult to understand why this type is
selected. For example, in a CNC machine, it is important to know
which position the tool tip is, as conventional error model does. If
there is a threshold for tool tip that the pose of tool tip should be
controlled in a certain range, like over-machining, it is necessary to
understand how error propagates and how deviations accumulate.
By observing the deviations after each station, a proper config-
uration is selected by the new error model.

As mentioned in Section 4, for a SAS used in OPS, the important
deviations are X, Y, U and V direction. The typical configuration
from low axis to high is Z-X-W-Y-V-U. Besides, there are two
configurations Y-W-V-U-Z-X and X-Y-U-W-V-Z, which are
adopted in other environments in optoelectronic industry [28].
Thus, a comparison is proposed to select an optimal configuration
for OPS requirements with the proposed error model.

Similarly, the deviations of the three configurations can be
calculated following the same procedure.

From Fig. 9 the first (Z-X-W-Y-V-U) has a less deviation at X
directional deviation, while the second (Y-W-V-U-Z-X) has a less
deviation at Y directional deviation, and the U and V directional

X directional deviation

Y directional deviation
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deviations are same in these three configurations. Thus, it is dif-
ficult to select an optimal one for SAS in OPS.

Another concept is used to choose among the three config-
urations. The square between curves of deviation and O can be
regarded to evaluate the accuracy in whole process. Traditional
concept for deviation is 1-D. In the new error model, the deviation
can be considered as a 2-D parameter related to station also. The
square in Fig. 10 does not have an actual physical meaning. It is
only used for comparison among different configurations. Simi-
larly, the square of the configuration Y-W-V-U-Z-X can be cal-
culated by same procedure.

From Fig. 10 that compared to the second configuration (Y-W-
V-U-Z-X), the first (Z-W-X-Y-U-V) has smaller square in X and U
directional deviations, almost equal in V directional deviation, and
bigger in Y directional deviation. Actually, in OPS industry, the first
one is widely used.

It is possible that there is a great spike or gap in deviation
during the whole accumulation procedure. Sometimes even
though the final deviation is good, the deviation is beyond given
threshold in one station, which is unacceptable. Based on the new
error modeling approach, the deviation status can be observed
throughout the procedure, which is beneficial for configuration
selection.

5. Conclusions

In this paper, a new geometric error modeling approach based
on SOV for MAS is introduced. It can evaluate intermediate de-
viations by regarding axes as successive stations. Instead of cal-
culating deviations in final step by conventional method, the
proposed error model calculates deviations after each station, and
added into next station as upstream impact. So it is easy to know
the deviations gradually, which can provide informative guide for
designers and engineers. The new error modeling approach based
on SOV the following advantages:

1. It can easily understand how errors propagate and how de-
viations accumulate. It is important to observe the accumula-
tion procedure to debug in design part.

2. It is systematic and comprehensive. The new error modeling
procedure is flexible with MAS configuration changing, when

Z directional deviation

0.2 0.05 0.25
£ E 0 g %2
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Fig. 9. Propagation of 6 directional deviations in 3 different configurations.



50

H. Tang et al. / International Journal of Machine Tools & Manufacture 92 (2015) 41-51

X directional deviation
0.15 . - .

011 Sx=0.2177 1
0.05+ =

-0.05} 1
-0}

Deviation / mm
o

1 2 3 4 5 6 7
Station

x10° U directional deviation

Su=0.0140

[=2]

Deviation /rad
N

Station

Y directional deviation

0.1
Sy=0.1980

€ 0.05¢
£
s 0
s
®
0 -0.05¢

e 2 3 4 5 ) 7

Station
x10° V directional deviation
8

Sv=0.0205

(2]

Deviation /rad

Station

L-X-W-Y-V-U

X directional deviation

0.15
£ 0.1+
£
~ 0.05¢
c
2
.g 0
= el Sx=0.2668
01 . ; i .
2 3 4 5 6 7
Station
o %107 U directional deviation
e Sx=0.0204
=
.2
©
>
[0]
(]

Y directional deviation

0.01

-0.01

-0.02

Deviation / mm

003l Sx=0.1343

-0.04 ;

Station

x10° V directional deviation

Sx=0.0254

Deviation /rad

Station

Y-W-V-U-Z-X

Fig. 10. Comparison between two configurations.

adding or deleting corresponding stations.

. Beneficial in sensitive error control. The new error model can

find sensitive station with great variation, so an efficient error
reduction order is developed, and the analyzing procedure is
important for MAS in other environments to improve accuracy.
Furthermore, through comparing the deviations of different
configurations based on the new error model by the concept
‘square’, an optimal configuration of SAS in OPS is selected.
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