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Abstract

In this paper, a geometric error modeling method is carried out on six-axis motion platform (SMP) in laser welding system
(LWS), and an optimized algorithm is proposed for the alignment in LWS based on the error model. First, the topological
structure of the given SMP is analyzed, and related homogeneous transformation matrices which are used for standing the
orientation of SMP are established. By these matrices, the geometric error model is developed mathematically. Then, the
error model is used for predicting the alignment deviations. A corresponding series of experiments for calculating the optical
power loss in alignment are employed, and the comparison between simulation and experiments results indicate the validation
of the error model. Furthermore, an optimized algorithm is applied to search the optimum aligning trajectory. Compared to
conventional method, this algorithm has a broader range in searching extreme value, which can reduce the computational
volume and improve the efficiency. It is also beneficial for improving the success rate of escaping from the local minimum
spot and finding the optimum alignment spot. The error model is helpful to analyze the error propagation process and improve
the alignment efficiency in LWS, which can be applied to other similar multi-axis precise system.
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LD Laser diode

SMF Single-mode optical fiber
PL Power loss

EMM Error modeling method
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1 Introduction

Optoelectronic devices (OD) [1, 2] manufacture, indis-
pensable to telecommunication industry and all-optical
communication network construction, are commonly uti-
lized in the advanced researches and engineering indus-
tries. Generally, the quality of OD device is relied on the
packaging accuracy. At present, the most common tool
to package OD is laser welding system (LWS) [2]. This
system is constituted by a detection unit and an alignment
unit, and the Alignment unit is the core unit of LWS. As
the most important component in this core unit, the multi-
axis motion platform (MMP) determines the accuracy of
optical devices’ packaging. To achieve high quality in OD
packaging process, errors produced during movements on
MMP need to be as lower as possible. There are some
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discussions and researches about efficiency improvement
through algorithm on alignment trajectory searching [3-5].
However, few studies have been made aimed at this issue
by using the error modeling method.

MMP is a special kind of multi-axis motion system
(MMS) [4, 5] which is extensively adopted in manufac-
turing industry and robotics research [6]. This system is
normally required of high precision and accuracy con-
trol. From micro perspective, inaccuracy of this system
is mostly resulted from geometric error, thermal error [7],
static and dynamic loading error and mismatches between
servo-loop parameters etc. [5, 8]. All error sources affect
the accuracy of MMS in complex ways. The contributions
of different error sources to volumetric errors of machine
tools had been discussed by Andolfatto [9]. MMP [10,
11] is widely utilized in engineering regions such as in
optoelectronic packaging system. In MMP, the impact of
geometric errors weight heavily on pose accuracy among
the abovementioned errors [11, 12]. To know it further,
a suitable way for analyzing multi-body system and for
developing an error compensation [13] scheme is intro-
duced named error modeling [14, 15]. Error modeling
method (EMM) can be used to predict deviations during
machine operation, which is closely related to the iden-
tification of precision level of MMP. Thus, by using this
method comprehensive error analysis can be constructed
to achieve high-accuracy in MMP.

EMM not only can calculate the conventional errors
which affect system’s precision, but also can be a useful
approach to assess the quality and efficiency for MMS. This
method is usually used in machine tools (a typical multi-
body system), such as CNC machine tools and 3-dimen-
sional measurement machine. For instance, an error model
[16] based on EMM for a four-axis machine tool is con-
structed to research the tool pose error with geometric error
parameters and to calculate error propagation, also the key
errors are analyzed. Cheng [17] proposed a novel analytical
method on the basis of EMM for geometric errors identifica-
tion of multi-axis machine tool, which can not only identify
crucial geometric errors, but the stochastic and intercou-
pling characteristics of the geometric errors are also con-
sidered. Lee [18] made analysis on a five-axis machine tool
with general orthogonal configuration and concluded that
the machining accuracy can be improved by adjustment of
each component’s size or by reduction of moving distance
on mobile axes. However, there are few researches about
using this method on MMP. This method has been proved a
feasible way to analyze the pose variation of CNC machine
tools. It should also be included when evaluating the MMP
in LWS. Therefore the EMM is tested in the analysis of the
accuracy of LWS in this paper. Besides, the results of this
analysis will be used as an auxiliary reference to developing
aligning algorithm for such systems.
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Conventional aligning algorithms [19], for example, the
hill climbing method, Hamiltonian path method, the adap-
tive optimization method and the pattern search method are
often used to find the optimized trajectory of alignment dur-
ing machine operation [20-22]. But few studies have been
done on using these aligning algorithms to predict optimized
trajectories for MMP. Besides, concerning the high accu-
racy of a control system, many scholars did experiments
on already build-up platforms to evaluate and compensate
errors based on EMM, but few considered used it to predict
the aligning trajectory for LWS. Chun [19] had compared
3 aligning algorithms in many different respects, like cou-
pling velocity and success rate, and utilized these algorithms
in laser welding operation. Aguado [23] not only identified
geometrical error parameters for machining tools, The distri-
bution of measurement points, mesh or cloud, and optimiza-
tion constraints of polynomial regressions which also affect
machine tools accuracy were studied. And a compensation
about these factors was applied. In a similar approach, a geo-
metric and thermal comprehensive error model was built and
an error compensation method was discussed by Zhang [24]
to improve the machining precision for four-axis polishing
platforms. However, these scholars did not consider using
these methods in a novel perspective. In this paper, a new
aligning algorithm based on error modeling is proposed and
explained. Also it will be evaluated with a comparison algo-
rithm, pattern search method. Simulations will be made by
using these two algorithms with EMM, the results of which
can predict the optimized trajectory for alignment and also
can be used as criteria for assessment of the quality of LWS.

2 Error Modeling Method

A mechanical system, which is called multi-body system
[25], consists of several multiple rigid bodies and flexible
multi-body interconnected to each other in a certain way. In
order to analyze the working state of multi-body system, a
mathematical description way is adopted. Topological struc-
ture, as a simulation approach for various connection and
structures of normal multi-body system, is widely used in
machine tools and CNC manufacture center. By building
topological structure, a traditional error modeling method
can be introduced into this paper to calculate the compre-
hensive systematic orientation error to assess if the deviation
has gone beyond the threshold. By doing further sensitivity
analysis, this method can be used to distinguish key errors
and design an error compensation system aimed at these
parameters.

The ideal coordinates of units installation of a MMS is
drawn in black in Fig. 1, the real coordinates is drawn in
red. The static errors which are derived from assembly error
[26] and coordinate offsets are illustrated in Fig. 1. From
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Fig. 1 Static errors generated during the platforms’ installation

Rotating around Z axis

(b)

Fig.2 Kinematic errors generated in two types of motion. a Kin-
ematic errors generated in rotational movement around Z axis, b kin-
ematic errors generated in translational movement along Y axis

this figure, B denotes body, subscript denotes the installation
serial number of different bodies. Superscript represents the
real state of various bodies. According to the lower body
array description for the topological structure of MMS, the
relation between B, and B; is L"(j) =i, which means B, is the
n-order lower body of B;. From Fig. 2, there are deviations of
6 degree of freedom generated in two types of motion. These
deviations are represented by kinematic errors. To describe
the motion propagation [27] and error flow of MMS in math-
ematical model, the lower body description is utilized and
associated with 4 X4 homogeneous matrix method.

Table 1 presents the typical transmission matrices for error
flow analysis, which is described in rigid body kinematics [4].
Where, subscript s denotes static phase, and k denotes kin-
ematic phase. Superscript is the axis of motion in kinematic
phase of each part. For instance, T3 means kinematic transfor-
mation matrix orientation movement around X axis. The matri-
ces in Table 1 are based on a rotation motion around X axis.

Table 1 Characteristic matrices between two adjacent units

Intersubject coordinate offset Static error matrix

matrix
10 0ux, [ 1 Ay, Af; 0
[ 01 0y Ay, 1 —Aa O
=100 12 Es=1 _Ap Aa, 1 0
00 01 | 0 0 o0 1

Motion transformation matrix Kinematic error matrix

1 0 0 0 [ 1 Ay AfY Ax]

T = 0 c9sa}: —sing; 0 B = Ay 1 —Aag Ay,

k 0 sing; cose; O k —AfS Aap 1 Az
0 0 0 1 | O 0 0 1

Taking the coordinate of B, to be the references coordinate
of Bj, Bj move along X axis, the ideal and actual pose matrices
of B; are presented:

Pp=T,-T; -V (1

Poy=T-E - Ti-E -V )

where V; is a vector that begins in a fixed point in B, and
ends in a fixed point in B; for pose measurement. Pj; denotes
the ideal orientation of B, Pp; denotes the real orientation
of B;. The deviation between the pose of physical operation
and the pose of ideal situation can be analyzed by the differ-
ence of Pj; and Pg;. The relative error matrix of B; generated
during displacement is shown below:

Ej = Pg; = Py A3)

Considering the ground coordinate which is set on By, as
reference coordinate, the deviation of Bj between ideal and real
routes is the difference of P; and Py. The orientation matrix
of P; and P should both be deduced by the combination of
preceding intersubject homogeneous transformation matrices.
P, and Py, are shown as follows,

M=1
PR = TLN(X)LN—I(X)S . ATLN(X)LN—I(X)S
M=N,LN(X)=0 (4‘)
’TLN(X)LN*I(X)K N ATLN(X)LN*I(X)K . Vj
M=1
P = Tvoor-100s * Tivov-100x + V; &)
M=N,LN(X)=0

3 Error Modeling on Six-Axis Motion
Platform in LWS

LWS is utilized for optical device manufacturing industry.
Generally, it consists of two modules, as Fig. 3 shows,
aligning sub-system and detecting sub-system. Aligning
sub-system is composed of lower and upper components
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Upper component
CCD camera

Fig.3 Model and schematic of SMP in LWS

Table 2 Spec of translational motion platform in LWS

Travel range (mm) 30
Resolution: full(pulse) (pm) 1
Resolution: half(pulse) (pm) 0.5
Resolution: micro step 1/20 split(pulse) (pm) 0.05
Lost motion (within pm) 1
MAX. speed (mm/s) 10
Uni-directional positioning accuracy (within pm) 5
Repeatability positioning accuracy (within +pm) 0.3
Backlash (within pm) 0.5
Table 3 Spec of rotational motion platform in LWS

Travel range (+°) 360
Resolution: full(pulse) (°) 0.006
Resolution: half(pulse) (°) 0.003
Lost motion (within °) 0.05
MAX. speed (°/s) 30
Uni-directional positioning accuracy (within °) 0.05
Repeatability positioning accuracy (within +°) 0.01
Backlash (within °) 0.1

which are controlled by 6-axis motion platform. Parameter
details of 6-axis motion platform in LWS are presented in
Tables 2 and 3, which are taken from the company hand-
book [28]. Detecting sub-system is composed of three
cameras to omnibearingly detect the poses of optical prod-
ucts. The geometric errors, a set of parameters generated
during the platform operation are overwhelmingly beyond
other errors. They will cause inaccurate alignment which
results in the loss of optical coupling efficiency to affects

M=1
Pa=[]
M=N,LN(5)=0
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the quality of OD. Therefore, the analysis based on error
modeling of alignment sub-system and research on how to
improve the coupling efficiency are the main topics in the
assessment of LWS.

In Fig. 3, this SMP consists of 3 translational platforms
named X, Y, Z and 3 rotational platforms named U, V, W
respectively, and a coupling unit which is made of 2 main
parts, the upper and lower component. Because of the ori-
entation of the coupling unit is controlled by the SMP, the
precision level of motion platform determines the aligning
accuracy. The topological structure of this system and gen-
eralized coordinates on every typical unit are illustrated in
Fig. 4. The pose deviation between coupling parts P5 and Py
is illustrated. P means part in Fig. 4.

In the alignment operation of single mode fiber (SMF)
and laser diode (LD), comprehensive errors are propagated
from ground unit to optical components. In this paper, SMF
is fixed in Ps part, LD is fixed in P, part. As Fig. 5 shows,
the alignment deviations between SMF and LD are illus-
trated in detail. In order to evaluate the accuracy of cou-
pling unit, firstly two fixed points are set on SMF and LD
respectively to observe the position variation. Then two fixed
vectors are set on SMF and LD separately as well to observe
the pose variation. The poses and positions of SMD and LD
can be deduced by Egs. (4) and (5). Therefore the differences
between the real poses, positions of SMF and those of LD
can be derived by differencing the actual state matrices of
two alignment parts.

Setting V as a vector in P coordinate, V as a point in P;
coordinate. Setting U as a vector in P, coordinate, U as a
point in Py coordinate. Therefore the real poses and posi-
tions of P5 and P, can be calculated, the space error model
between these 2 parts are given as follows:

—
TL”(S)LN*1<5>S : ATLN(s)LNflts)s : TLN(5>LN*1(5)1< . ATLN(S)LN*I(S)K -V (6)
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M=1
P 9R = H Tivoun-19 = ATiveun-195 = Tivoun-10 = AT veun-19x - U Q)
M=N,LN(9)=0
E = Pop — Psp ®)
M=1
P 5R = H TLN<5>LN*1(5>S . ATLN(s)I‘Nflts)s : TLN(5>LN*1(5)K : ATL”(S)LN*I(S)K -V ®
M=N,L¥(5)=0
M=1
Pyp = H Tivoun-19s * AT ivouv-10)5 = Tivoun-10x + AT vgun-10 + U (10)
M=N,LN(9)=0
E = Pop — Psp (I1) 4 A Novel Algorithm for Alignment

E denotes the pose deviation from i’—; to P_S,;, I—D—; denotes
the real pose of Py component, and P—5R represents the real
pose of P5 component. E denotes the position deviation
from Py to Psp, Py denotes the real position of Py compo-
nent, and Psp represents the real position of P5 component.
Both E and E can be the criteria to evaluate the accuracy of
alignment.

GROUND P,

Fig.4 Topological structure and generalized coordinates of SMP

In Chun’s [19] paper, 1 coarse registration algorithm and 3
fine registration algorithms had been discussed. He pointed

Fine alignment Pose deviation Position deviation

SMF

LD

e =

Fig.5 Coupling errors between laser diode (LD) and single mode
fiber (SMF) fixtures in alignment
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Fig.6 Trajectory searching concept of EMSM

‘ Initial deviations between tip units ‘
i Described by 4x4

homogeneous matrices

‘ Setting initial parameters ‘

v
Search minimum value of power
loss in 6 directions

Moving 1 step

Y
‘ If falling into local minimum spot ‘—
Error modeling

Power loss value

Accuracy
evaluation

If not qualified

If qualified

Trajectory
creation

Reduce searching step length
by half if power loss value ~——
cannot decrease

Comparison with power
loss result in last round

Fig.7 Flow chart of error modeling searching method

out that pattern search method not only saves time but also
has the highest success rate on the premise of high-precision
controlling system. Based on this, all the algorithms are
demonstrated based on the experiment results, which means
these algorithms were only utilized in trajectory searching
of actual operation.

In this paper, by using EMM, a novel aligning method
is proposed, named as error modeling searching method
(EMSM). This method can predict the optimized alignment
trajectory with given message of the initial orientations of
alignment parts or the initial deviations between the align-
ment parts in a reference coordinate. EMSM searches tra-
jectories in 6-degree of freedom, pattern search method also
search routes in multi-degree of freedom motion directions.
Also by using EMM, both algorithms can be utilized to do
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trajectory prediction. Therefore, to evaluate the performance
of EMSM, pattern search method will be compared with
EMSM in this paper.

The concept of this algorithm is shown in Fig. 6. Where,
R means a random vector, the initial state of R is R, R;
means the i state of vector R. This method has combined
coarse alignment functions with fine alignment functions,
which means this algorithm can be used in a broad range of
initial misalignment if the initial power loss value of align-
ment parts is detectable or computable. The algorithm pro-
cedure is depicted in Fig. 7,

1. Select a reference coordinate, and find the initial devia-
tion between alignment parts or the orientations of
alignment parts. Set initial 4 X4 matrices to describe
them.

2. Set an initial step length, and search 6-degree of freedom
directions and find the minimum value of power loss in 6
directions. Move SMP by one step in this direction, and
set this minimum value spot as moving part’s new origin
point. Then update the new orientations of alignment
parts.

3. Search the minimum value again in the new spot. If
the power loss values in 6 directions are larger than the
power loss value in its origin point without exception,
i.e. alignment parts have gone into a local minimum
spot, increase searching motion to 2 steps and search
again. If the results are still not satisfied, the searching
motion will be increased by 1 step at a time until the
moving parts escape from the local minimum spot.

4. If the power loss value cannot decrease but the deviation
is still below the standard, in this paper which means
the value of power loss is over 1 dB, reduce the initial
searching step length by half and repeat procedure 1 to
3 again until the result meets the threshold requirement.

5. If the final result has met the requirement, or the power
loss value is changed negative, stop searching. The last
minimum spot is the fine alignment location, and the last
poses of alignment parts are the fine alignment poses.

Emphasis The initial step length should be larger than
1 pum. In that case, the chance to fall into local minimum
will be lower and the number of increasing steps for jumping
out of the local minimum will be reduced. The angular step
length cannot be larger than 3°, usually set initial angular
step length in the range from 0.02° to 0.06°.

In the pattern search method, the motion stage move in a
certain sequence of multiple directions to search trajectory,
which means this method starts searching from X positive
direction, and then searches trajectory in Y and Z direc-
tions in order, and moves on to other directions. In con-
trast, EMSM only considers the fastest declining directions
of power loss. Pattern search method has applied blind test
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thought by introducing accelerated factor in algorithm to
raise aligning efficiency. Besides, in pattern search method,
aligning units escape from local minimum by reducing step
length. EMSM increases step numbers to achieve this task.
Also the initial step length should be a bit larger in EMSM to
realize coarse alignment. When the initial step length cannot
meet the iteration requirements, reduce the step length to do
fine alignment. Usually the initial step length is set under
10 pm when the initial power loss value of alignment units
is under 1000 dB.

5 Case Study
5.1 Verification of Error Modeling on LWS

In order to evaluate the feasibility of error modeling in LWS,
the results by using this method with given values of every
motions and errors will be compared with the lab experi-
mental results in this section.

To evaluate the quality of LWS, the extreme situation of
deviations need to be considered. Then the results can be
used to develop the assessment criteria. The extreme value
of each parameter are given by the company handbook [28]
(see Table 4), so that the simulated experiment referring
Egs. (6-11) is designed. In Table 4, Superscript R denotes
rotational state, C denotes offsets, 7" denotes translational
state, and P denotes position errors. Subscripts denote
motion stages.

Before these simulations are conducted, the transform
equations transforming from position and pose displace-
ments to coupling efficiency and optical power loss value is
given. PL denotes power loss.

n =, (12)

2
n=k- exp{ —k [% (1702 +1/a2, ) + 726 [0y + | 1227 - dez/mio] }

2
n, =k, - exp{ —k, [% (1 @l +1 /wj2.0> + 2 p? [wio(z) + w}o] /242 — yﬁz/wio] }

Table 4 Extreme value of each parameter

Value Error, offsets and movements
0.1 pm T L T T R N A T R TR TR TR TR T
P P P P pP pP pP pP P P P P
0.5 pm ax’au’ayv’azw’ﬂy’ﬂv’ xu’ zw’yw’yz’yxu’yyv
r r . T T ;T ;T - \T T ,T .-T .-T .-T .T
1 pm XX XXy XV Ve s Y Vs Y Tan By 0 4s 2y 5 %,
T T T
2 pm Xeo Yy Z,
R R
3 pm uu,vv,wﬁ
1 mm Movement of each translational axis: X7, Y7, zZ7
20 mm Offsets: Y€, Y¢, Y¢, Y, Z¢,Z¢, Z¢
22X Tw Ty Ty v Ty
1° Movement of each rotational axis: UX, VR, W

Optical power
meter

LCD display
SMF module
CCD
camera LD module

Fig. 8 Experimental installation of error modeling validation in LWS

quality. The CCD cameras are set vertically and horizontally.
Other modules have been mentioned above in this paper.
In order to verify the accuracy of Error Modeling on
LWS, a series of experiments are conducted on the laser
welding machine. The alignment quality is more sensitive
to the translational motions in X, Y directions and rotational
movements around U, V axes compared to other funda-

13)

(14)

2

k= 4w§0w]%0/ [(wio + coj%o)2 + /1212/7[] (15)
PL=-10-1Ign (16)
Figure 8 shows the general composition of experimental

devices. The Optical power meter is used to collect power
loss data which is to the criteria to assess the alignment

mental movements. This essay only involve evaluation on
translational displacements of X and Y axes. Also data of
translational movements on Z axis should be collected as a
contrast. Besides, the alignment tolerances for displacements
on X and Y axes are 2 pm and 2.5 pm respectively [1]. The
tolerance for Z axis is more than tenfold those of X and Y
axes. Then the experiment is designed. Recording the power
loss values at quintuple one pace and 8 sets of data in total.
Then changing the direction to negative side, repeating the
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The optical power loss at X negative direction
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Fig.9 The comparison between the experiments results and simulation results at Y and X stage

The optical power loss at Z negative direction

==experiment results
==simulation results

Power loss/dB

Displacement/pm

Fig. 10 The comparison between the experiment results and simula-
tion results at Z stage

procedures. Doing the same experiments on Y stage again.
The fifth experiment is performed in Z minus direction, and
the displacement is 10 pm a time. Only recording 5 sets of
data on that stage. The comparison between the results of
experiments and simulations is illustrated in the line charts
shown as Figs. 9 and 10.

It is noticeable that from the origin points of 4 graphs in
Fig. 9, the deviations between experiment values and simula-
tion values are negligible in the range of 2 pm displacement.
But with the increase of displacement, the differences appear
and become larger, while the trend of experiment results is
similar to that of simulation results in X direction as well
as in Y direction. In Fig. 10, for the experiment on Z stage,
the variation is growing slowly, with unit displacement as
tenfold the displacement on X stage and Y stage. It is also
noticed that from the early paces, the figures for experiment
overlap with the figures for simulation. By the comparison
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between the fifth chart and other 4 charts, the deviations for
Z axis are tinier than the figures for X and Y axes. Also the
trend of simulation value is generally the same to that of
experiment result in Z minus axis.

For all the fact that this simulation is under the worst
situation, the power loss gaps will be expanding with dis-
placement increasing, the results are useful in the predic-
tion of power loss pattern for different motion patterns.
Also the results can be controlled under the specified
amount to ensure the coupling accuracy in LWS. If more
consideration is given in the disposal of the known infor-
mation of different error values or more data is recorded
and compensated, the results will be more precise and
much nearer to each other. In another aspect, the power
loss of Y axis motion is bigger than that of X axis motion
under the same quantity of displacement. This case can
be interpreted to that X-axis motion is less influential to
the machine because the X-axis stage in this machine is a
lower body to the Y stage. Therefore, how the lower body
gives impact on the higher stages’ orientation can be esti-
mated effectively. These parameters accumulate part by
part, which forms a great deviation in the end. From the
final chart, it is deduced that the impact of movements
along Z minus direction is insignificant compared to the
impact of movements in other two axes.

Based on the discussions and conclusions, the further
work of this research would be using iterative algorithm
to search the optimum alignment trajectory and design the
movement pattern for the laser welding machine, or based on
a given trajectory to calculate the best installation sequence
of motion platforms.
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Table 5 Comparison between EMSM and pattern search method in several aspects

Trajectory planning algorithm Searching times Aligning time  Alignment quality Alignment range
S
Success times Failure times @)
Pattern search method 28 2 2-4 Under 1 dB Only fine alignment
EMSM 30 3-5 Under 1 dB Course alignment

and fine align-
ment

Power loss variation by using pattern search method

30

e EMSM
r5 s Pattern search method
20

Step number
(o

h

0 . ‘
10 5 0

20 15
Power loss/dB

19
n

Fig. 11 Alignment simulation results with large initial deviations by
using EMSM and pattern search method

5.2 Comparison of Performance Between EWSM
and Pattern Search Method

The result of Sect. 5.1 indicates that error modeling method
can be used for trajectory planning. Therefore the theory of
EMSM mentioned in Sect. 4 is supported, to evaluate the
quality of this method, pattern search method is introduced
as reference standard. Pattern search method is assessed
by many scholars and is demonstrated more efficient and
accurate than other conventional alignment methods, such as
mountain climbing method, parabola fitting method, etc. The
basic idea of pattern search method is approaching maxi-
mum value of optical power in an iterative sequence in mul-
tiple degree-of-freedom. The comparison of performance
between these two methods is given below.

This comparison is arrange by simulation experiments,
therefore the influences of environmental condition are
not considered, 30 random initial deviation matrices of
alignment parts were chosen and a reference coordinate
was selected to build 30 sets of orientations’ matrices for

Power loss variation by using pattern search method
20
mms== Pattern search method
e EMSM

15|

Step number
S

0.8 0.6
Power loss/dB

o

Fig. 12 Alignment simulation results with small initial deviations by
using EMSM and pattern search method

alignment parts. Pattern search method and EMSM were
utilized separately to do trajectory searching in 30 groups’
comparison. For the results (see Table 5), pattern search
method had successfully found the alignment path at 28
times, the searching procedure of 2 failure times have been
tapped in local minimum spot. In contrast, EMSM had no
failure in 30 simulations.

Beyond that, the results of this new method are very
stable and very accurate, the results are under 1 dB. The
results of pattern search method are mostly under 1 dB.
Although pattern search method costs less time than
EMSM when simulating, it is noticeable that this new
method is as accurate as pattern search method and have
higher success rate than pattern search method. Also with
large initial deviations EMSM costs less steps to find fine
alignment spot than pattern search method under the same
conditions (see Fig. 11). That means in real operations,
pattern search method will generate more errors when the
moving steps of pattern search method is much more than
that of EMSM. Because pattern search method is a fine
aligning algorithm, its result is more stable and accurate
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while the initial deviation is small. See Fig. 12, with small
initial deviations, although pattern search method costs
less steps than EMSM, EMSM is more accurate than pat-
tern search method. By contrast, EMSM can be utilized
in the condition with much bigger tolerance of errors than
pattern search method.

Overall, EMSM is an efficient and high-accurate
method to search alignment trajectory. This algorithm can
also be used to detect the sensitive movements and sensi-
tive errors on SMP. By doing this, the quality of LWS can
be evaluated and the errors can be compensated in a whole
different way.

6 Conclusion

In this paper, a geometric error modeling procedure for a
typical configuration SMP adopted in LWS is introduced,
which is also verified based on topology and multi-body
system theory associated with error simulation of mechan-
ical systems. Compared to other methods, a novel EMSM
aligning algorithm is proposed. Based on the calculation
and experimental results of alignment, some conclusions
can be drawn as follows:

1. Error modeling is a feasible method in analyzing the
orientation deviations in SMP, and the error propagation
pattern can be deduced as well.

2. Error modeling is an efficient way to predict the devia-
tions of different movements, and EMSM is developed
to search the optimized alignment trajectory on LWS.

3. This novel algorithm has better performance than pattern
search method in several aspects, such as success rate
and application range, which is an effective trajectory
searching method.

To further improve this error analysis process, sensitiv-
ity analysis and error compensation should be taken into
account, and EMSM should be developed more in depth in
future.
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