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Abstract: It is necessary for large aperture space telescopes to achieve high measurement accuracy
for mechanical reference mounting surfaces, complex deformation conditions, and difficulty in
describing spatial geometric properties. In this manuscript, we propose a measurement method for
evaluating the deformation of the trusses structure by fusing multiple sources of data. The multi-
source data are obtained from the theodolite, laser tracker, and photogrammetry systems. The datum
alignment of the laser tracker and photogrammetry coordinate systems is achieved by establishing
the transition coordinate system method of the datum platform, and the alignment accuracy (30) is
about 8.8”,5.1” and 4.2”. Using the laser tracker to establish the relationship between the cubic mirror
coordinate system and the geometric coordinate system of the mounting part, the fast and high-
precision measurement of the mounting angle of the cubic prism is realized, and the measurement
accuracy reaches 2”. The data from multiple sources are fused through datum transfer and alignment
to establish a cosine matrix transfer chain between the mechanical characteristic coordinate system of
each component and the transition coordinate system of the datum platform, and the Eulerian rotation
angle is obtained to describe the angular relationship between the components after solving. Based on
the Monte Carlo mathematical error modeling analysis, the datum transfer and alignment simulations
were carried out, and related experiments were conducted. The experiments show that the transfer
error (30) of the XYZ rotation angle is less than 20.6” after the datum transfer, the maximum error
is within 3” compared to the simulation results, and the deviation of the comparison photographic
measurement data is less than 7.6”. The datum transfer method combined with photogrammetry can
describe the deformation trend of large-size trusses under different load conditions more objectively
and reasonably.

Keywords: off-axis space telescopes; cosine matrix; coordinate transformation; Monte Carlo
simulation

1. Introduction

In recent years, the demand for optical space exploration has led to the development
of space optical telescopes in the direction of multi-functionality with tens of meters or
even longer focal lengths, five meters or even larger apertures, splicing, and in-orbit
assembly to meet their requirements for high resolution and diversification of measurement
objects [1-3]. At present, off-axis space telescopes usually adopt a composite truss support
structure, which has poor stability compared with traditional material structure. Therefore,
in the integration process of the space telescope, corresponding stability measurement
experiments are required for mechanical structure deformation under different loads [4,5].

In terms of datum transfer, a wide range of spatial coordinate measuring instruments
were used in the 6.5 m diameter JWST project. Coordinate alignment of the Integrated
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Science Instrument Module (ISIM) was done using the Unified Spatial Metrology Network
(USMN) technique, with an accuracy of 0.26 mm for rigid body change position measure-
ments and 0.002° for angular accuracy after relational fitting. In addition, the theodolite
and laser tracker system was used as the main position and orientation measurement
device in the vacuum cryogenic test and gravity release test experiments [6—13]. Mitchell.
J et al. proposed a laser tracker sensor data fusion alignment algorithm for large-scale
precision metrology to trim various error sources into the measurement data to improve
measurement accuracy [14]. Predmore. C.R proposed the Mahalanobis distance-based
surveying adjustment method to improve measurement equipment-transited accuracy and
applied it to ground-based large millimeter telescope 3 m x 5 m magnitude panel assembly
in inspection [15]. Zhao. G et al. combined photogrammetry and laser tracker to measure
common points based on an image calibration method to control the laser tracker transfer
error to 0.02 mm at 6-m range [16]. Liu. W.L et al. combined the radial basis function
and best least-squares neural network method to reduce the average error of coordinate
transformation between the laser tracker and coordinate measuring machine (CMM) to
0.054 mm within 1 m® [17]. Wang. W et al. proposed a warp collimation virtual prism
method to solve the spacecraft mounting angle [18].

The current state of research and experimental applications indicate that: (1) The
increased sensitivity to misalignment during the integration of space telescopes requires
test accuracy on the order of arcseconds. (2) Due to the anisotropy and complex deformation
patterns of the special process composites widely used in the lightweight design of space
telescopes truss structure, it is difficult for the existing data fusion measurement methods
to balance sampling density and measurement accuracy. (3) As a result, relatively high
measurement accuracy and high sampling density at larger scales are required, while
the measurement uncertainty introduced by the underlying measurement means is not
significantly reduced.

In view of the above problems, combined with the needs of space telescope truss
structure stability test experiments, the paper proposes to establish the relationship between
the cubic prism coordinate system and the geometric coordinate system of the mounting
components by the laser tracker. This method improves the accuracy from 10” to 2”
compared to the conventional method of fitting the plane normal vector and enables fast
and high-precision measurement of the cubic prism mounting angle. Based on the design
model of the truss structure, the transfer process of the coordinate system reference of the
truss structure is analyzed and simulated based on the Monte Carlo mathematical model,
which is verified by the stability test experiment of the truss structure. After datum transfer,
the transfer error (30) of XYZ coordinate axis rotation angle is less than 20.6”, and the
deviation of coordinate system datum transfer simulation is less than 3” compared with
experimental results. The deviation of photogrammetry data is less than 7.6” compared
with the experimental results after the datum transfer of theodolite and laser tracker after
the common datum of multi-source data.

2. Measurement Model
2.1. Test Subject Overview

Figure 1 shows a typical model of the structure of an off-axis reflector telescope
optical system using a truss configuration for analysis and verification in this paper. The
overall size of the model is approximately 4 m x 4 m x 5 m. The M1&Instruments holder,
M2 holder, and truss structure are all carbon fiber composite materials. M1, M2, and
M3 represent the primary, secondary, and tertiary mirror positions of the silicon carbide
reflector in the optical load, respectively. The datum platform is4 m X 4 m x 0.5 m granite
with a flatness of 0.005 mm.
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Figure 1. A typical model of an off-axis space telescope truss structure.

2.2. Analysis of Measurement Requirement

According to the sensitivity matrix analysis method of optical systems [19-22], optical
misalignment is defined as the deviation of the ideal position of the optical element from
the actual position. For the optical system shown in Figure 1, M1 is used as the test mount
reference, and the sensitivity matrix A is obtained from M2 and M3 to form the out-of-tune
quantities as shown in Table 1. Dx, Dy, and Dz represent the wave image difference in
A/mm for a 1 mm variation in the X, Y, and Z directions, respectively. Tx and Ty represent
the wave image difference in A/° for a 1° variation in the X and Y directions, respectively.

Table 1. Off-axis triple-reverse optical system sensitivity matrix A.

Reflector Dx Dy Dz Tx Ty
M1 0.5761 1.337 4.381 53.61 92.55
M2 0.3955 1.324 8.982 27.35 7.531
M3 0.0233 —0.0145 —0.0908 11.78 1.474

He et al. have analyzed the sensitivity curves of M1, M2, and M3 in the optical machine
structure of off-axis reflecting telescopes [20]. According to the sensitivity matrix A and the
sensitivity curve, M1 is most sensitive in Dx, Tx, and Ty. M2 is most sensitive in Dz. As for
Dy, M1 and M2 are equally sensitive. As for Dx, Dy, and Dz, M2 is much more sensitive
than M3. As for Tx and Ty, M2 is about 3-5 times more sensitive than M3. In summary, the
variation in sensitivity between M1 and M2 is much greater than the variation in sensitivity
between M1 and M3. As both M1 and M2 are mounted on the M1&Instruments holder
(as in Figure 1), the above model can be simplified to a common reference for M1 and M3.
Using M1 as a reference, the wave aberration assignments for each dimension of M2 and
the mounting tolerance requirements are shown in Table 2.

Table 2. M2 wave aberration and mounting tolerance requirements.

Projects Dx Dy Dz Tx Ty
RMS (A) 0.001 0.004 0.001 0.008 0.003
Tolerance requirements £0.01 mm £0.07 mm £0.001 mm +27 +27

As can be seen from Table 2, the M2 mounting tolerance requirements are very demand-
ing in terms of measurement accuracy, and it is difficult to meet the tolerance requirements
for measurement accuracy based on the existing measurement equipment and sampling
density. Therefore, it is necessary to combine the existing equipment to improve the mea-
surement and mounting accuracy as much as possible and to leave a sufficient margin for
the wavefront correction method to eliminate the deformation [23-25].
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3. Datum Transfer
3.1. Systematic Coordinate System

The results of ground-mounted stability testing of optical loads in space have a serious
impact on their in-orbit imaging quality. Currently, commonly used geometric measure-
ments to assess truss deformation mainly include instruments such as a theodolite, laser
tracker, and industrial photogrammetry [26]. Figure 2 shows a spatial coordinate measure-
ment system composed of each instrument.
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Figure 2. Definition of the measurement coordinate system.

As shown in Figure 2, the coordinate system is established as follows: The M1&Instruments
holder coordinate system Op (Op-XpYpZp), the origin of the coordinate system Op located at
the intersection of three mutually perpendicular planes. The Zj is the direction of the optical
axis, the Yp axis is the direction of the line connecting M1 and M3, and the Xp is determined
by means of a right-handed coordinate system. In the datum platform coordinate system
O0 (Op-XoY0Zp), the origin of the coordinate system O is located at the intersection of the
three mutually perpendicular planes, and the direction of the coordinate axes is the direction
normal to the three planes. The M2 holder coordinate system Og (Os-XsYsZs) is established
in a similar way to the datum platform coordinate system. The angular relationship between
the M1&Instruments holder and the M2 holder can be described by the rotation angles «, B,
and <y of the Op and Og systems with respect to the Op system. If the manufacturing error and
installation error of the cubic prism are ignored, the coordinate system Ocp (Oco-XcoYcoZco)
of cubic prism 1 is parallel to the Op system, and the coordinate system Ocp (Ocp-XcpYcpZcp)
of cubic prism 2 is parallel to the Op system. The X¢s, Y¢s, and Z¢g vectors in the coordinate
system Ocs (Ocs-XcsYcsZcs) of the cubic prism 3 can be represented relative to the Og by the
cosine matrix Mcs_s.

3.2. Transformation Matrix

There are various mathematical expressions to quantify the relationship between
the design, measurement, and reference coordinate systems that need to be defined and
calculated during the testing and assembly of spacecraft. As shown in Figure 3, the principle
of cosine matrix coordinate transformation can be used to derive the attitude relationships
between the components, provided that the mechanical design coordinate system of each
component is known. As in (1) and (2), the M2 holder can be characterized by the datum
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platform or the M1&Instruments holder. As in (3), the M1&Instruments holder can be
characterized by the datum platform.

Py = M _y X M _, X P, )
=Meg s X Mg oy X My oo X My o X Py
P, =M, , x P, @
=M s X Mg cp X Moy p X Py
PB = Mpg_o X PO (3)
=My g X Mg oo X Meg o X Py

where: Pg is the coordinate vector in the M2 holder coordinate system. Pg is the coordinate
vector in the M1&Instruments holder coordinate system. Pg is the coordinate vector in
the datum platform coordinate system. Mg_p is the transformation matrix caused by the
change in angle of the M2 holder with respect to the M1&Instruments holder. Mcp-co and
Mcs-cp are the transformation matrices between the cubic prism 1 coordinate system, the
cubic prism 2 coordinate system, and the cubic prism 3 coordinate system, respectively.
Mecs-s, Mcp-p, and Mcp-o are installation angle transformation matrices of the cubic prism
coordinate system with respect to the respective installation design coordinate system.
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Mg.o Mep-co

1
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Figure 3. Coordinate system transfer relations.

After defining the respective coordinate systems and the transfer matrices between
them, the respective transformation matrix forms are solved [27-29]. Assuming that the M2
holder and the M1&Instruments holder are rigid bodies, the transformation angle between
them is described by the Kardan rotation relationship (X-Y-Z rotation sequence). Rotation
o about the X-axis, rotation B about the Y-axis, and rotation -y about the Z-axis, the Mg_3,
can be expressed as (5).

cosy —siny O]
Rot, = |siny cosy O
0 0 1]
[ cosp 0 sinp]
Rot, = 0 1 0 4)
|—sinp 0 cospf]|
1 0 0 ]
Rot, = |0 cosa —sina
|0 sina  cosa |
M, ., = Rot,Rot, Rot,
cos Bcosy —cos Bsiny sin 8 € Chn s 5)
= | cosasiny +sinasinfcosy cosacosy—sinasinfsiny —sinacosp | = | c, ¢, C,

sinasiny —cosasinfcosy sinacosy+cosasinfsiny cosacosf €, €, €,
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Since the transformation angle of the M2 holder with respect to the M1&Instruments
holder is very small, the rotation angles «, B, and 7 can be found by solving (6).

The Mp_o can be solved in the same way. In the actual measurement process, the
M1&Instruments holder and the M2 holder are designed and manufactured from composite
materials and they are not rigid bodies. Therefore, the overall deformation needs to be
described and evaluated in conjunction with the photogrammetry system.

n = arctan(—cﬁ>

€33
B = arcsin(ci3) (6)
v = arctan(—g—f)

3.3. Multi-Source Data Datum Alignment

The principle of the cubic prism method of creating mirror plane vectors is shown in
Figure 4a. The laser beam is reflected by the cubic prism to point A, the coordinates of the
virtual point B and the actual point A in the mirror are measured, and the line AB is the
normal coordinate system vector [30].
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Figure 4. Datum alignment of theodolite and laser tracker: (a) principle of cubic prism to create mirror

vectors; (b) alignment of the cubic prism coordinate system with the datum platform coordinate system.

It is easy to prove from the reflection theorem that the mirrored reflection point A (x4, ya, za)

Y
and the virtual point, obtained after measurement, form the vector AB (1, 3, e3), which is the
normal direction of the cubic mirror at that surface, where:

xd_xb

@)

e = =
AB
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o= ®)
AB
Zg — Z
e3 =11 )
AB

5
Similarly, the normal vector CD (1, my, m3) in the direction of the other perpendicular
of the cubic mirror is obtained. The above-normal vectors are cross multiplied to obtain the

normal vectors T’) (p1, P2, p3) perpendicular to the vectors XB and C% to establish the cubic
prism coordinate system L;. The simulation of this method is described in Section 4.1.

As in Figure 4b, in the cubic prism coordinate system Lj, use the laser tracker to aim at
the surface feature point Cj;, n > 3 on the datum platform. Using (x;,, yu, zn), n =1, 2, 3..1,
to fit the plane equation.

E = (a1x; + apy; +az — Zi)2 (10)

1=

1

To minimize the target variable E, we make the partial derivatives equal to zero.

22(a1xi + axy; +az — z,»)xi =0
Y 2(a1x; +ay; + a3 —z)y; =0 (11)
22(611361' + axy; +az — Zi)zi =0

By solving the above equation, we can get a (a1, ap, —1). After the unitization of the
vectors, the surface normal vector of the datum platform is obtained. Similarly, the datum
platform coordinate system L2 can be established. The angle between the cubic prism and
the datum platform can be described by calculating the cosine matrix M between the cubic
prism coordinate system L1 and the datum platform coordinate system L2.

As shown in Figure 5, photogrammetry and laser trackers are used to illuminate the
target sphere holders at the corners of the reference platform. Multiple source data datum
alignment can be achieved by replacing the laser tracker target ball and the photogrammet-
ric target ball. The simulation of this method is described in Section 4.2.

Photogrammetric Laser tracker
target ball target ball

Cubic prism 7 ‘; o =
[ _,l'._ | 1 / 9
z ||:l = /)

T

£l

\\v"orl;pi ece

== g}
B

el

Ball scat
Photogrammetric
code point

Plane fitting

Datum platform

Figure 5. Datum alignment of the laser tracker and photogrammetry system.

4. Error Simulation and Analysis
4.1. Cubic Prism Coordinate System Error
As described in Section 3.1, in the process of establishing the cubic prism coordinate

system, the measurement error accumulated between the actual and virtual points mea-
sured by the laser tracker affects the accuracy of the vector creation. This will result in the
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direction of the established vector not being parallel to the direction of the actual cubic
prism normal vector, which in turn will affect the accuracy of the vector establishment of
the cubic prism coordinate system. The point measurement error of a laser tracker falls into
the category of random error and therefore the point measurement error can be described

H
by a Gaussian normal distribution. The cubic mirror normal vector N (ej, ey, e3) is related
—
to the two-point linking vectors AB (11, np, n3) by:

—

.
N(ey, e2,e3) = Fgauss(AB(n1,n2,13)) (12)

We establish a spatial plane in the simulation software, set the incident ray length to
5 m, and use the cosine relationship to limit the incident ray angle to 60°, 45°, and 30°,
aimed at the space plane (simulating a cubic prism surface). The effect of the length of the
reflected light on the accuracy of the coordinate system established by the cubic mirror
is calculated for laser tracker and cubic prism positions (length of incident ray) of 1 m,
2 m, and 4 m according to (7)—(9). Figure 6a—c show the error curves established for the
cubic prism vector for different incident ray length conditions. The horizontal coordinate
is the length of the reflected ray, and the vertical coordinate is the angular error in the
establishment of the coordinate system.

14. 4

> a b ~ N C
Z —=+— 60°-1m-IR @ 3 . [T 60°2m-IR ® Z8.0r —#— 60°-4m-IR ©
g 861 e 45%1m-IR o 15 | [T —45%2m-IR 5 —— 45°-4m-IR|
s —=— 30°-1m-IR g l\] —+—30°-2m-IR S M4 30°-4m-IR.
T 6.5 2 86f =
E ' 5 *° 2 10.8]
Z £ g
= A3 = 6.8 = ot
g E s
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g 2.2 ; 9y 3 N :"“"‘T‘"-ﬁ-, — g 36
: ; e | § :
00 : ' ' " o ‘ . ‘ ‘ ‘ 0.0 : ! : : :
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Reflected ray length (m)

Reflected ray length (m) Reflected ray length (m})

Figure 6. The error in the establishment of the cubic prism vector as a function of the length of
the reflected ray. (a) error curve for incident ray at 1 m; (b) error curve for incident ray at 2 m;
(c) error curve for incident ray at 4 m.

As can be seen from the simulation data, when the length of the reflected light is in
the range 0.5-2 m, an increase in the angle of incidence has a more sensitive effect on the
error established by the cubic prism vector.

As the reflected ray grows as the position of the receiver changes, the laser tracker
measurement error increases, but the error established by the cubic mirror vector gradually
decreases and converges to approximately 2”. In the experiments, this method was well
validated by comparing the autocollimator measurement data.

4.2. Datum Alignment Error

According to the description in Section 3, we obtain the datum plane by fitting the
feature points by the least-squares method. The reference platform coordinate system is
established with the normal direction of the plane as the coordinate axis, and the angular
error of the coordinate system establishment is simulated. The measurement of feature
points can be equated to the measurement of spatial point coordinates. According to the
laser tracker and photogrammetric error distribution model, the spatial point coordinate
measurement can be described by a normally distributed error.

Assuming the measuring device is at 2 m, the laser tracker error is approximately
27 pm (30), and the photogrammetric error is approximately 15 um (30), substitute into
(10) and (11). We have designed a simple equivalent model, imported the feature points
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into the simulation software, and added the above errors to simulate the datum alignment
errors during real measurements. The probability distribution curves of the angular error
of the coordinate system after datum alignment are shown in Figure 7a—c. The horizontal
coordinates are the angular errors in the X, Y, and Z axes (expressed as Eulerian rotation
angles) and the vertical coordinates are the probabilities.

(@)

= —3.850
¢ = 2.938

=
|

1.0

Occurrence probability
Occurrence probability
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Figure 7. Simulation of angular errors in the establishment of a multi-source data datum alignment
coordinate system. (a) probability distribution curve of the angular error in the X-axis. (b) probability
distribution curve of the angular error in the Y-axis. (c) probability distribution curve of the angular

error in the Z-axis.

The simulation results show that when the measuring equipment is 2 m away from the
reference platform, the error distribution of the X, Y, and Z axes of the coordinate system
presents three different forms during the alignment process between the laser tracker and
the photogrammetric reference. The limiting errors (30) are approximately 8.8”, 5.2”, and
4.2”.

4.3. Datum Transfer Error

The accuracy of the datum transfer can be affected by several errors. The four single
variables are added term by term to the equivalent model in Section 4.2. The effect of a
single error source on the transfer accuracy is analyzed by the simulation to obtain an error
sensitivity ranking, which in turn allows the control of each error source. Figure 8a-d show
the error of the X, Y, and Z coordinate axis vectors when theodolite collimation error, laser
tracker collimation error, laser tracker reflective target sphere manufacturing eccentricity
error, and cubic prism coordinate system establishment error are applied to the datum
transfer, respectively. The horizontal coordinates are the range of error values, and the
vertical coordinates are the axis transfer errors.

As a result of the analysis, when the measurement error of the theodolite varies within 57,
the X-axis turning angle transfer error varies within 0.5”, and the Y-axis and Z-axis transfer
error gradually increases within 8.5” and 12.7”. As the laser tracker aiming error varies from
within 0.05 mm, the XYZ axis angular transfer error gradually increases in the 4.1”, 6.5”, and
2.8” ranges. As the cubic prism coordinate system establishment error varies within 57, the
XYZ axis angular transfer error gradually increases within 2.8”, 3.5”, and 11.2”.

In summary, every single error has a different degree of influence on the accuracy of
the coordinate axis transfer. The most significant effect on the Z-axis rotation is caused by
errors in the measurement of the theodolite and errors in the establishment of the cubic prism
coordinate system. Laser tracker collimation error and reflective target ball manufacturing
eccentricity error have the most significant effect on the Y-axis rotation angle.

As the role of each error has a certain distribution interval, it is necessary to ensure
that the total error accumulated after the benchmark transfer is within the design allowable
range, and the simulation process is as follows:
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(1) Set the simulation model parameters as the theoretical values for the simulation
scenario, including mechanical feature points, the azimuth of the M1&Instruments
holder to the M2 holder, and the mounting error of each component.

Calculation of the theoretical values of the attitude angles of the M1&Instruments
holder and the M2 holder according to the theoretical parameters of the simulation
set in step (1), in combination with the computer model.

Transfer simulation based on the effect of each measurement error to obtain the angu-
lar values containing random errors between the datum platform, the M1&Instruments
holder, and the M2 holder.

The results of the calculation in step (3) are compared with the theoretical true value

in step (2) to produce a simulation error value for the datum transfer process.
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Figure 8. The effect of a single error on transmission accuracy: (a) theodolite collimation error;
(b) laser tracker collimation error; (c) laser tracker reflective target sphere manufacturing eccentricity
error; (d) cubic prism coordinate system establishment error.

The theoretical values of the simulation were obtained from the computer theoretical
model as shown in Table 3.

The mathematical model of the transformation matrix is established by computer
simulation and brought into the above simulation parameters. Simulation of the datum
transfer relationship in (1), (2), and (3) gives the theoretical angular values of the datum
platform, the M1&Instruments holder, and the M2 holder. The angular values in the
above transfer process are all constants. The Monte Carlo mathematical model is used
for benchmark transfer simulation. The errors listed in Table 4 were selected and brought
into the transfer chain with the appropriate expectation and standard deviation, and the
root-mean-square synthesis law was met between the errors.
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Table 3. Simulated theoretical values.
Angular Relationships Symbols Theoretical Value
Cubic prism 1 [21, B1, 7] [Oo, 0, OO]
Cubic prism 2 (22, B2, 2] [0°,0°,0]
Cubic prism 3 (%3, B3, 73] [39.7452",33.0246°, 82.2410°]
Oo to Op [0, BoB, OB [0°,0°,0]
Op to Og [«Bs, BBs, VBs] [5.4651°,0°,0°]
Oco to Ocp (212, B12, 712] [07,07,0]
Ocg to Ocs (%23, B23, V23] [43.2448", —35.2348", —82.0328" |

Table 4. Datum transfer error estimation and assignment.

Instrument Sources of Error u 30
Collimation error 0 A = £17
Cubic prism introduces error 0 Acp = 47
Theodolite Cubic prism goniometric error 0 Ag = £3.5"
Mutual aiming error 0 -
Focusing error 0 -
Distance measurement error 0 Ay = £55"
Laser tracker Reflector manufacturin
8 0 Ay =177
errors
Photogrammetry Coordinate point 0 App <30 pm
measurement error
Cubic prism coordinate B
. 0 Ay =23
Coordinate system errors system error
Datum alignment error 0 Ay, = £6"

According to the error values listed in Table 4, we generate 10,000 sets of normally
distributed random numbers for simulation in each error dimension. After the calculation
of (6), we get rotation « around the X-axis, rotation {3 around the Y-axis, and rotation y
around the Z-axis, as shown in Figure 9a—i. The horizontal coordinate is the number of
simulations, and the vertical coordinate is the value of the angle of rotation of each axis.
SV is the angle value obtained from the simulation. The red line represents the theoretical

rotation angle value, and the blue line represents the limit deviation (30).
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Figure 9. Distribution of rotation angle simulation values: (a—c) corresponds to (1); (d—f) corresponds
to (2); and (g—i) corresponds to (3).

As can be seen in Figure 9, the simulated values of the rotation angle are distributed
in a normal distribution pattern around the theoretical true value. After the transfer of (1),
the XYZ coordinate transfer errors (30) are 3.75”,7.42”, and 16.96”. After the transfer of (2),
the XYZ coordinate transfer errors (30) are 9.83”, 8.72”, and 15.66”. After the transfer of
(3), the XYZ coordinate transfer errors (30) are 13.50”, 13.50”, and 13.39”. Analysis can be
obtained by (1)-(3), XYZ coordinate axis rotation angle error are within 17”, and different
transfer on the coordinate axis transfer accuracy of different impact.

5. Experiment Verification
5.1. Experimental Programme

The correctness of the multi-source data datum alignment and transfer method and the
validity of the simulation accuracy in the truss structure stability experiment are verified.
The truss structure is placed in a constant temperature clean assembly laboratory, and
the structure is placed above a 3 m x 3 m x 0.5 m granite datum platform. Standard
target spheres are placed at the corners of the datum platform for coordinate system datum
alignment. We use a reference prism to transfer the coordinate system to solve the problem
of a single instrument station not being able to take into account the entire measurement
site due to the limitations of the measurement site. All our experiments are carried out in
an ISO7-compliant laboratory, with room temperature variations within 20° £ 0.5°. Before
the experiment, we had placed the experimental truss structure for 24 h.

Four Leica TM6100A electronic theodolites were placed in the site as shown in
Figure 10. T1 and T2 are placed at approximately 3 m and 2 m from the truss struc-
ture, collimating the cubic prism 2 on the M1&Instruments holder. T3 and T4 are placed
at approximately 6 m from the truss structure, collimating the cubic prism 3 on the M2
holder. The transformation matrix Mcs.cp from cubic prism 2 to cubic prism 3 is obtained
through the theodolite intersection measurement principle. Similarly, the transformation
matrix Mcp.co for cubic prism 1 to cubic prism 2 is obtained. As shown in Figure 11, the
Leica AT960 laser tracker was placed at about 2.5 m in the truss structure. In turn, the
characteristic points X, Y, (n =1, 2, 3...) and the measuring datum 7, (n =1, 2, 3...) on
the surface of the truss structure are measured. The M1&Instruments holder coordinate
system Op (Op-XpYpZp), the M2 holder coordinate system Og (Os-X5YsZs), and the datum
platform coordinate system Op (Op-XpY0Z0) are established. The transformation matrices
Mcs.s, Mcp-g, and Mco.p are obtained by the method described in Section 3.3.

We use a laser tracker to correlate the reference cubic prism coordinate system with
the truss structure coordinate system. We use theodolite to associate the datum cubic prism
coordinate system with the truss structure measurement cubic prism coordinate system.
The specific experimental setup is as follows.
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Figure 10. Diagram of theodolite angle intersection measurement.
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Figure 11. Diagram of laser tracker coordinate acquisition.

As shown in Figure 12a,b, we photographed the measurement targets attached to the
surface of the truss structure at L, (n =1, 2, 3...8) stations with a handheld CIM-3 camera
at approximately 2 m, 5 m, and 8 m from the ground at a total of 24 camera positions.
Multiple digital images taken from different angles are resolved by bundle adjustment to
obtain accurate XYZ coordinate values. Alignment of photogrammetric data to the datum
transfer test data by the method described in Section 3.2.

The datum coordinate system transfer was carried out in the stability experiments,
and Figure 13 illustrates how the individual coordinate system datums were transferred
during the experiments. Experimental verification of the correctness of the datum transfer
mathematical model and the repeatability of the datum transfer. Figure 14 shows the
experimental site. Figure 15 shows the flow of the experiment.
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In the experiment, the actual mounting angles of cubic prism 1, 2, and 3 were measured
using the method described in Section 3.1. The spatial coordinates of the feature points
of the truss structure were measured using the laser tracker, and transfer relationships is
established between feature points and cubic prism. The transfer relation between cubic
prisms is measured by theodolite. Photogrammetry is used to obtain the coordinates of the
measurement points on the surface of the truss structure to obtain the overall deformation
trend. The measured data is datum aligned in the processing software, fitted, and analyzed
to solve for the cosine matrix of the M1&Instruments holder Og, the M2 holder Og, and the
datum platform Op, and substituted into the mathematical model to inverse solve for the
rotational relationship between the coordinate systems of the components.
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5.2. Results and Discussion

The cubic prism mounting angle was measured after the experimental environment
was set up as shown in Table 5. The theodolite and laser tracker data after datum transfer
are compared with the photogrammetric data. After datum alignment, the measurement
data are calculated to obtain the rotation angle of the XYZ coordinate axis as shown in
Figure 16a—i. The horizontal coordinate is the number of experiments and the vertical
coordinate is the angle of rotation of the coordinate axis.

Table 5. Cubic prism mounting angle.

Angular Relationships Symbols Theoretical Value
cubic prism 1 (a1, B1, 711] [0.0198", —0.0903",0.7164 |
cubic prism 2 (22, B2, 72] [0.0220°,0.2857",0.0536 |
cubic prism 3 (23, B3, 73] [39.6879",32.3428",83.0320°]
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Figure 16. The rotation angles of the truss structure in XYZ directions are measured by two kinds of
instruments: (a—c) corresponds to (1); (d—f) corresponds to (2); (g—i) corresponds to (3).

According to the Grubbs criterion, there is no gross error in the experimental data.
Based on the analysis of the experimental data, the transfer errors (30) of the XYZ axis
rotation angles for (1) are 13.9”, 13.1”, and 18.3”; (2), 8.2”, 14.3”, and 20.6”; (3), 18.1”,19.8”,
and 13.7”. For the analysis of the experimental data, the rotation angles of the XYZ axes
obtained from the photogrammetric data are used as a reference. The maximum error
of XYZ axis rotation angle calculated from theodolite and laser tracker data relative to
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photogrammetric data is less than 7.6” (Figure 17a—c, horizontal coordinates are the number
of experiments and vertical coordinates are the absolute deviations). The experimental
results deviate from the simulated calculated values due to errors in machining, installation,
personnel, and stress release during measurement of the truss structure. The error is within
acceptable limits against the engineering requirements. The datum transfer experiment
of the coordinate system of the truss structure verifies the effectiveness of the datum
alignment method in the stability measurement experiment of the space telescope. On the
other hand, the angle of rotation of each axis is solved by datum transfer and, combined
with photogrammetry data, provides a good description of the deformation of the structural
features of the truss structure.
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Figure 17. Deviation of rotation angle measured by theodolite and laser tracker relative to photogram-
metry: (a) corresponds to (1); (b) corresponds to (2); (c) corresponds to (3).

6. Conclusions

To solve the problems such as the high accuracy requirement of space telescope truss
structure stability measurement, complex deformation conditions of test objects in assembly,
and difficulty in describing the spatial geometric characteristics of test objects, we propose
the following innovations: (1) Use the laser tracker to establish the relationship between the
coordinate system of the cubic prism and the coordinate system of the mounting component.
Compared to the traditional method of fitting a plane vector, the accuracy is improved from
10” to 2”, enabling fast and highly accurate measurement of the cubic mirror mounting
angle, which is the biggest innovation of this article. (2) A datum platform was set up to
achieve datum alignment of multiple sources of data and to establish a mathematical model
of the errors. The coordinate axis datum alignment errors (30) obtained from simulation
analysis is 8.8”, 5.2”, and 4.2”. The Monte Carlo method is used to analyze the coordinate
system datum transfer errors and to conduct experiments. The experimental results show
that the datum transfer error (30) of the XYZ axis rotation angle is less than 20.6”, and
the maximum error is within 3” compared to the simulation results. The maximum error
of XYZ axis rotation angle calculated from theodolite and laser tracker data relative to
photogrammetric data is less than 7.6”. It provides a reference for other space load datum
transfer and high precision stability measurement.
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