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Subreector misalignment of a large steerable radio telescope induces a pointing error and reduces the gain of the antenna system.
To improve the antenna’s operational e�ciency, it is necessary to measure and adjust the position and attitude of the subreector
in real time. In this paper, a method based on a position sensitive detector (PSD) and laser array without an optical system is
proposed to measure the six degree-of-freedom (DOF) poses of the subreector. �e laser emitted by the laser module array
ensures that the PSD can be covered as it moves with the subreector, and the PSD can obtain more than three laser beams. �ese
ensure the measurement of all attitude changes of a large-aperture antenna subreector. �e two-dimensional coordinates of the
centroids of three laser spots are extracted using the PSD, and then the bursa model is established to complete the coordinate
transformation. Finally, the 6-DOF attitude information of the antenna subreector is obtained. �e results of a 6.05 m
measurement simulation show that it can obtain high 6-DOF PSD attitude information.�e experimental results show that the 6-
DOF position and attitude information of the subreector at a distance of 5.78m can be obtained within seconds. Moreover, the
error of the translation is within 0.014mm and the error of the rotation is within 0.37°. �is method can meet the pose
measurement requirements of the subreector.

1. Introduction

Given the rapid development of science and technology
along with a desire to understand the mystery of the uni-
verse, humans are constantly looking deeper into the uni-
verse. �e world’s main space powers have invested large
amounts of money and labor in space exploration. To ob-
serve the universe deeper and more clearly, large satellite
antennas and large-aperture reection antennas must be
built [1–3].

In large-aperture reection antennas, a large-caliber
antenna subreector adjustment mechanism is mounted on
a support truss. During observation, it moves with the

antenna’s main reector. Because the subreector is con-
nected to the main reector via a support structure, the
distance from the subreector to the main reector is usually
very long; the mechanical model can be approximated as a
cantilever beam. When it is deformed by gravity, wind, and
temperature, the subreector position will change, which
causes antenna pointing and phase errors and ultimately
results in a signi¢cant decrease in antenna e�ciency at high
and low elevations. To improve the observation performance
of such telescopes, subreector compensation techniques
have been widely used in recent years. �e subreector is
actively adjusted through a six degree-of-freedom (DOF)
parallel mechanism to correct the position deviation,
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ensuring that it is at the best position relative to the antenna
main plane under the day’s working condition. Moreover, it
has high spatial pose stability [4, 5].

Subreflector compensation has mainly been used in the
American 100m Green Bank Radio Telescope [6], German
100m Effelsberg Radio Telescope, Italian 64m Sardinia
Radio Telescope (SRT), and the National Aeronautics and
Space Administration’s Deep Space Net series of antennas
[7].+e Chinese 13.7mDelinghaMillimeter-wave Telescope
[8] and 65m Shanghai Radio Telescope also use movable
subreflector compensation technology [9]. +e highly ac-
curate position control of the antenna is one of the key ways
to ensure the high pointing accuracy of the radio telescope
antenna, and the accurate measurement of the position of
the subreflector is of great importance for its position
control.

To improve the adjustment accuracy of the subreflector
position under all working conditions, the measurement
should be conducted in real time. At present, laser tracker,
radio holography, photogrammetry-based, and other ma-
ture techniques are adopted to measure the position of the
subreflector. +ese measurement schemes are summarized
in Table 1.

In the 65m radio telescope of the Shanghai Astro-
nomical Observatory (TM 65m), Hou et al. [10] used a laser
tracer to calibrate the 80m adjustment mechanism to de-
termine the position of the subreflector, as shown in Fig-
ure 1. After calibration, the position accuracy was 0.108mm,
the posture accuracy was 9.72, and the highest position and
posture errors decreased by 87.75% and 46%, respectively.

Wang et al. [11] used very long baseline interferometry
based on the Chinese She Shan 25m antenna and TM 65m
antenna to obtain the amplitude and phase of the caliber
plane while the TM 65m antenna scanned the neighborhood
around 3C84. +en, the subreflector orientation was sepa-
rated from the obtained aperture plane phase.

As shown in Figure 2, the 64m SRT adopts a multiple
analysis measurement system to determine the subreflector
position, in which the laser measurement system can
measure the position changes in four DOFs of the subre-
flector, with a measurement accuracy of ±50 μm and 1″
[12, 13].

Target attitude measurement techniques are used in
industrial applications in other fields. For instance, Liu et al.
designed a noncontact optical measurement system [14, 15]
that can simultaneously measure the geometric error of six
DOFs of the rotation axis of a machine tool. +e method can
measure six DOFs at a distance of more than 200mm, and
the measurement accuracy can reach micron and arc-second
level. Laser triangulation [16] and optical frequency comb

precision measurement [17] can often achieve micron-level
measurement accuracy at relatively short distances, but it is
difficult to achieve high-precision measurements in harsh
environments with a distance of tens of meter. However, the
development of these techniques is still very informative for
measurement methods for the antennas.

+e QiTai 110m Radio Telescope (QTT), currently
under construction in China, is fully steerable [18]. +e
large-aperture antenna adopts an adjustable Gregorian
optical system design, and it will become one of the largest
and most advanced all-round rotatable radio telescopes in
the world. During the movement of the antenna, the sub-
reflector position will be severely affected by the environ-
mental load. However, movable subreflector active
compensation to improve the work efficiency of the antenna
system is also a key part in the QTT project. +is requires
improving the adjustment accuracy of the subreflector under
all working conditions, and its position needs to be detected
in real time and with high-precision.

+e existing measurement scheme does not meet the
requirements of QTT position measurement. +e photo-
grammetry-based method is used to calibrate the position of
the system in the antenna construction stage because of the
slow speed of image acquisition and calculation; hence, it
cannot be used during the antenna’s operation. In addition, a
laser tracker can only be used in certain measurement en-
vironments. It is not suitable for long-term continuous
measurement, and hence it cannot be used for the real-time
measurement of the large-caliber antenna. Using coopera-
tive targets over the long-term also reduces the accuracy
because of the influence of the external environment. +e
measurement system used in the joint test scheme on the
SRT can measure only five DOFs, that is not sufficient.
+erefore, for the high-precision measurement of the QTT

Table 1: Summary of the main measurement techniques of the antenna subreflector.

Measurement scheme Advantages Weakness Usage
Photogrammetry
method

High accuracy (within
0.1mm) Dozens of hours-several days Demarcate

Radio method High accuracy (0.05mm) Dozens of minutes, specific signal source Demarcate

Laser tracker High accuracy (0.05mm) Accuracy of measurement decreases while the measuring distance
increases Demarcate

Laser Tracker

Stewart type parallel
mechanism

Subreflector

Figure 1: TM 65m subreflector attitude measurement.
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subreflector position, a new rapid measurement scheme
needs to be developed.

+is paper presents a triangulation technique using laser
array coverage based on a position sensitive detector (PSD).
+e main contents of this paper are as follows: in the second
section, the measurement scheme using a laser array to cover
the subreflector is introduced. +e third section describes
how the least squares method is used to fit the spatial straight
line of the laser beam and the distance of the PSD two-
dimensional laser spot triangular centroid is used to obtain
the three-dimensional spatial coordinates of the spot cen-
troid. +e 6-DOF attitude information of the antenna
subreflector is obtained by coordinate conversion through
the model. +e fourth section verifies the feasibility and
accuracy of this scheme through experiments. +e final
section concludes the paper.

2. Measurement Scheme

To detect the deformation of the QTT subreflector induced
by factors in the environment such as wind, heat, and gravity
in order to use themovable subreflector active compensation
technique, it is necessary to accurately and quickly measure
the position and attitude of the subreflector. QTT is a
Gregorian antenna. +e feed cabin is fixed relative to the
origin of the central position of the main reflector. +e
subreflector is fixed by the support frame, which is sup-
ported by a driving mechanism for pose adjustment. +e
aperture of the subreflector is smaller than that of the an-
tenna system, especially the main reflector, and hence the
subreflector can be regarded as a rigid body when measuring
the subreflector posture. Moreover, its posture can be
represented by the posture of the PSD installed on the

subreflector. In the method proposed in this paper, the laser
array group is placed at the center of the main reflector, and
PSD is installed to receive the laser beam in order to form a
spot array on the subreflector and ensure that the laser beam
emitted by the laser array group can cover the PSD, which
moves with the subreflector, as shown in Figure 3. +is
scheme of laser coverage is suitable for a wide range of
subreflector attitude change measurements.

By analyzing the two-dimensional position change of
multiple light spots on the PSD, we can quickly obtain the
three-dimensional coordinates of the spatial position of the
subreflector relative to the center of the main reflector,
realizing the closed-loop control of the position and attitude
of the antenna subreflector. +e deformation of the antenna
subreflector caused by gravity, sunshine, and wind load can
be corrected in real time, realizing the active compensation
of the system.

After the laser module has adjusted its pose, it forms an
emission array aimed at the PSD on the subreflector. +e
spatial information of the outgoing laser beam close to the
subreflector measurement section is calibrated in advance to
ensure that the laser beam array formed by multiple sets of
lasers can cover the motion range of the PSD with the
subreflector and the PSD can always observe enough laser
spots, as shown in Figure 4.

A group of laser beams are emitted from the laser array,
of which at least three laser beams are irradiated onto the
PSD. +is enables the linear equation of the space laser
where the three light spots on the PSD are located for
identification. +e current operation of the antenna attitude
change shows that the attitude change of the antenna is
mainly due to position error during pitch motion [19], and
hence the beams can be identified by the movement of the

Laser Tracker AT
402

4 targets on
Gregorian room top 1 target for each 

quadrupod leg

10 targets on 
subreflector

18 target reflectors
6 mm dia

P0,P1,…,P17 

Remotely controlled 
by W-LAN

April 2016

Figure 2: SRT measurement in Italy.
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three light spots on the shading plate. +en, the three-di-
mensional space coordinates of the light spots are calculated
according to the distances between them, as captured by the
PSD, and the pose of the secondary surface can be obtained,
as shown in Figures 5 and 6. +e test workflow of the laser
measurement system is shown in Figure 7.

3. Measurement Principle

In the method proposed in this paper, the motion range of
the measured target point is covered by the laser array, and
the attitude information of the point target is obtained using
the principle of a spatial geometric coordinate transfor-
mation of the location where the spatial straight line in-
tersects the target surface of the detector.

4. Line Fitting of the Laser Beam

+e three-dimensional information of the discrete points of
the laser spot is obtained from the premeasured PSD

translation information, the two-dimensional spot infor-
mation is obtained by the actual measurement, and then the
three spatial straight lines of the emitted laser beam are fitted
by the principle of least squares [20].

The spatial linear equation can be expressed as
follows:

x � a1z + a2,

y � b1z + b2,

z � z.

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

(1)

Here, (x, y, z) denotes the three-dimensional coordi-
nates of the centroid space of the spot formed by the in-
tersection of a laser beam and the PSD; a1, a2, b1, and b2 are
linear equation constants.

Equation (1) can also be expressed as follows:

a1 a2

b1 b2
 

z

1
  �

x

y
 . (2)

+en, the coordinates of N discrete points are expressed
as follows:

OT

OPS
D

Subreflector

Main Reflector
Laser Beam Array

Feed Carbin

Figure 3: Schematic diagram of the laser array and PSD installation
position.

Laser 
module 
array

Laser beam No. 1

Laser beam No. 2

Laser beam No. 3

Laser beam No. 4

Laser beam No. 5

Laser beam No. 6

�e space region of PSD moving
with the subreflector

PSD

Subreflector

Figure 4: Schematic diagram of the motion space of the laser array
and detector.

PSD

Laser Beam

Shading Plate

Laser module array

Figure 5: Schematic diagram of the laser module array emission
beam.
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Finally, the following three linear equations of the
emitted beam of the laser group are obtained:

x1 � z1a11 + a21,

y1 � z1b11 + b21,

z1 � z1,

⎧⎪⎪⎨

⎪⎪⎩
(6)

x2 � z2a12 + a22,

y2 � z2b12 + b22,

z2 � z2,

⎧⎪⎪⎨

⎪⎪⎩
(7)

x3 � z3a13 + a23,

y3 � z3b13 + b23,

z3 � z3.

⎧⎪⎪⎨

⎪⎪⎩
(8)

Here, (xi, yi, zi) denotes the spatial coordinates of the
centroid of the scattered light spot on the i-th laser beam and
a1i, a2i, b1i, and b2i are the constant parameters of the linear
equation, where i � 1, 2, and 3.

PSD (A�er pose 
change)

PSD (Before pose 
change)

Laser module 
array

Laser beam

L1 L2
L3

P3h

P1h P2h

P3q

P1q
P2q

Figure 6: Schematic principle of the subreflector measurement
system.
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coordinates of three laser spots
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Figure 7: Test workflow of the laser measurement system.
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5. Solving for Intersecting Spot
Centroid Coordinates

+e two-dimensional coordinates of the centroid of the
detector spot before the subreflector pose change are defined
as P01: (x01, y01), P02: (x02, y02), and P03: (x03, y03).

+e three-dimensional coordinates of the centroid of the
spot before the subreflector pose change are defined as
Pq01: (xq01, yq01, zq01), Pq02: (xq02, yq02, zq02), and
Pq03: (xq03, yq03, zq03).

+e two-dimensional coordinates of the centroid of the
detector spot after the subreflector pose change are defined
as P01′ : (x01′ , y01′ ), P02′ : (x02′ , y02′ ), and P03′ : (x03′ , y03′ ).

Finally, the three-dimensional coordinates of the cen-
troid of the spot after the subreflector pose change are
defined as Ph01: (xh01, yh01, zh01), Ph02: (xh02, yh02, zh02),
and Ph03: (xh03, yh03, zh03).

Because the space line segments are equal in length, we
have the following:

xq01 − xq02 
2

+ yq01 − yq02 
2

+ zq01 − zq02 
2

� x02 − x01( 
2

+ y02 − y01( 
2
, (9)

xq03 − xq03 
2

+ yq03 − yq02 
2

+ zq03 − zq02 
2

� x02 − x03( 
2

+ y02 − y03( 
2
, (10)

xq03 − xq01 
2

+ yq03 − yq01 
2

+ zq03 − zq01 
2

� x01 − x03( 
2

+ y01 − y03( 
2
. (11)

Solving Equations (6)–(11), the three-dimensional co-
ordinates of the PSD intersection points before the pose
change of the subreflector can be obtained from the fol-
lowing intersection point coordinates on the PSD:
Pq01: (xq01, yq01, zq01), Pq02: (xq02, yq02, zq02), and
Pq03: (xq03, yq03, zq03).

Similarly, the spatial three-dimensional coordinates of
the PSD intersection point after the subreflector pose change
can also be obtained as Ph01: (xh01, yh01, zh01),
Ph02: (xh02, yh02, zh02), and Ph03: (xh03, yh03, zh03).

6. PSD Pose Acquisition with Six DOFs

In this paper, the Bursa model [21] is employed to analyze
the 7-parameter transformation from the two-dimensional
coordinates of the PSD spot centroid to the three-dimen-
sional coordinates of the antenna system space coordinate
system. +e translation and rotation data of the PSD reflect
the 6-DOF attitude change information.

As shown in Figure 8, the two-dimensional coordinate
points of the spot centroid on the PSD can be converted into
three-dimensional spatial coordinate points under the an-
tenna spatial coordinate system through translation and
rotation as follows:

PT � ΔP +(1 + k)R(ε)P. (12)

Here, PT � XT YT ZT( 
T denotes the three-dimen-

sional coordinates of the light spot in the antenna coordinate
system; ΔP is the translation vector ΔP � ΔX ΔY ΔZ( 

T;
k is the scale change coefficient; R(ε) is the rotation matrix;
and P � X Y Z( 

T denotes the coordinates of the light
spot in the PSD coordinate system, where Z� 0.

R(ε) � R εZ( R εY( R εX(  �

1 εZ −εY

−εZ 1 εX

εY −εX 1

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦. (13)

Equation (12) can be transformed into the following:

ZT
ZPSD

OPSD

XPSD

ΔY

ΔZ ΔX

εZ

εX εY

YPSD

P(X,Y)

PT(XT,YT,ZT)

OT
YT

XT

Figure 8: PSD coordinate system, space Euclidean coordinate system, and their transformation.

6 Advances in Astronomy



Table 2: Initial conditions of the simulation calculations.

Simulation conditions Parameter
Coordinates of the exit points of the three laser beams (mm) (−300, −200, 6000) (300, −200, 6000) (0, 200, 6000)
Second coordinate points of the three laser beams (mm) (0, 0, 0) (0, 0, 0) (0, 0, 0)
Initial position of PSD target plane (mm) Z� 50
PSD attitude translation distance (mm) 1 0.5 1.5
PSD attitude deflection angle (degrees) 3 2 4

Table 3: Simulation results.

Solution step Results

Linear equations of the laser beams l1: x1� −0.05z1;
y1� −0.0333z1; z1� z1;

l1: x2� 0.05z2;
y2� −0.0333z2; z2� z2;;

l2: x3� 0; y3� 0.0333;
z3; z3� z3;

Space coordinates of the centroid of the actual
laser intersection spot (mm) (−2.7575, −1.8383, 55.1500) (2.7469, −1.8312, 54.9385) (0, 1.8409, 55.2274)

+ree solved coordinates of the centroid of the
light spots (mm) (−2.7575, −1.8383, 55.1500) (2.7469, −1.8312, 54.9385) (0, 1.8409, 55.2274)

PSD attitude translation results (mm) 0.9891 0.4918 1.4960
PSD attitude deflection results (degrees) 2.9968 1.9996 3.9547

Translation deviation (mm) −0.0109 −0.0082 −0.0040
Deflection deviation (degrees) −0.0032 −0.0004 −0.0453

80

70

60

50

40

30

Z 
di

re
ct

io
n/

m

Y direction/m
m

X direction/mm

Intersections of laser beams and PSD target

20
10

5

0

-5 -6 -4 -2 0 2 4 6 8

tion/m
m

5

0

-5555 4 -2 0 2 4 666666666666 888

Spatial straight line fitted by No. 1 laser module
Spatial straight line fitted by No. 2 laser module
Spatial straight line fitted by No. 3 laser module
Four boundary lines of PSD target surface before attitude change

Four boundary lines of PSD target surface a�er attitude change

Intersection of No. 1 laser beam straight line and PSD before attitude change

Intersection of No. 1 laser beam straight line and PSD a�er attitude change
Intersection of No. 2 laser beam straight line and PSD a�er attitude change
Intersection of No. 3 laser beam straight line and PSD a�er attitude change
Triangular line of light spots a�er attitude change

Intersection of No. 2 laser beam straight line and PSD before attitude change
Intersection of No. 3 laser beam straight line and PSD before attitude change
Triangular line of light spots before attitude change
PSD target center before attitude change

PSD target center a�er attitude change

Figure 9: Intersection between the PSD and laser beams before and after attitude changes.
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+e centroid coordinates of the three light spots in the
spatial coordinate system of the antenna system are defined
as PTi � XTi YTi ZTi( 

T
i � 1, 2, 3. +e coordinates of the

corresponding three points in the PSD coordinate system are
defined as Pi � Xi Yi Z i( 

T
, i � 1, 2, 3. +en, equation

(14) can be further expressed as follows:

XTi − Xi

YTi − Yi

ZTi − Zi

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
�

1 0 0 Xi 0 −Zi Yi

0 1 0 Yi Zi 0 −Xi

0 0 1 Zi −Yi Xi 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

ΔX

ΔY

ΔZ

k

εX

εY

εZ

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (15)

Using the least squares method, the transformation
matrix of multiple groups of points in different coordinate
systems can be solved. +e solution is defined as follows:

αi �

XTi − Xi

YTi − Yi

ZTi − Zi

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, i � 1, 2, 3,

A � α1, α2, α3( 
T

,

mi �

1 0 0 Xi 0 −Zi Yi

0 1 0 Yi Zi 0 −Xi

0 0 1 Zi −Yi Xi 0

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
, i � 1, 2, 3,

M � m1, m2, m3( 
T
,

B � ΔX ΔY ΔZ k εX εY εZ 
T
,

A � MB

·
z(A − MB)

T
(A − MB)

zB

� 2
z(A − MB)

T

zB
(A − MB)

� 2
z A

T
− B

T
M

T
 

zB
(A − MB)

� 2
zA

T

zB
−

z B
T
M

T
 

zB
⎛⎝ ⎞⎠(A − MB)

� −2M
T

(A − MB)

� −2M
T

A + 2M
T
, MB � 0.

(16)

B � M
T
M 

− 1
M

T
A. (17)

By solving the 6-DOF coordinate change in PSD in
space, the change in the subreflector pose can finally be
obtained.

Laser Modules

YT

OT

ZT XT

Figure 10: Laser emission system.

Two-dimensional 
translation table

X

Y

Z
PSD

Figure 11: PSD and two-dimensional translation table.

Table 4: Experimental PSD parameters.

Parameter Value

PSD type Two-dimensional
PSD

Model PSD100-SPB
Active sensor area 10mm× 10mm
Resolution ratio 1 μm
Work frequency 10Hz
Maximum work efficiency spectrum
segment 780 nm

Table 5: Laser module parameters.

Parameter Value
Light spectrum 760 nm
Power 5mw
Spot size (6m) 2mm
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7. Simulation Example

To evaluate the measurement principle, a simulation of an
example was performed. +ree emission lasers were set to
irradiate on a PSD target surface 6.05m away. +e PSD
attitude was given a predetermined offset, and the change in
attitude was calculated using the method proposed in the

previous section, and the results were compared with the
predetermined offset.

+e initial conditions are shown in Table 2.
Using the spatial coordinates of two points of any laser

beam, three laser line equations can be obtained. +en, the
two-dimensional coordinates of the three light spots can be
obtained directly by the PSD and the three-dimensional
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Figure 12: Forty-one sets of experimental data of three-dimensional coordinates of the spot centroid obtained by the PSD.
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Figure 13: Translation of the two-dimensional translation table in the X and Z directions.
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coordinates of three light spots can be obtained by
Equations (9)–(11). Finally, the bursa model is established,
and the change in attitude of the PSD is obtained by
Equation (17). +e results are shown in Table 3. A sche-
matic diagram of interaction between the PSD and laser
beams before and after the attitude changes is shown in
Figure 9.

+e results in Table 3 show that the proposed method in
the simulation example obtains the three-dimensional co-
ordinates of spatial laser spots with high accuracy and ob-
tains the final 6-DOF change in attitude of the PSDwith high
accuracy.

8. Experiment

To further evaluate the measurement scheme, a prototype
measurement system was built to simulate the attitude

adjustment of the antenna. It mainly consists of a laser
emission module array, PSD system, and two-dimensional
translation platform.+e laser module array is placed on the
aluminum support frame, and the PSD system is placed on
the two-dimensional movable table. +e experimental
equipment settings are shown in Figures 10 and 11. +e
main equipment parameters are shown in Tables 4 and 5.

+e 41 groups of data obtained from the experiment are
shown in Figure 12, and the corresponding 41 groups of
translation in X direction and Z direction are shown in
Figure 13.

+e first 31 sets of data were used to fit the laser beam
straight lines as shown in Figure 14, and the last 10 sets of
data were used to test and evaluate the system.

+e first 31 sets of data obtained were processed using
Equations (5)–(8), and the three space linear equations were
fitted as follows:

L1:

x1 � −0.0046z1 − 0.6748,

y1 � −0.0084z1 + 0.7011,

z1 � z1,

⎧⎪⎪⎨

⎪⎪⎩
(18)

L2:

x2 � −0.0458z2 − 0.3491,

y2 � 0.0684z2 + 0.7816,

z2 � z2,

⎧⎪⎪⎨

⎪⎪⎩
(19)

L3:
x3 � −0.0891z3 + 0.1662,

y3 � 0.0076z3 + 0.9772,

z3 � z3.

⎧⎪⎪⎨

⎪⎪⎩
(20)

Taking the two-dimensional information obtained from
the last 10 groups data as variables, Equations (18)–(20) and
(9)–(11) were used to solve the space centroid coordinates of
the spot where the PSD and lasers intersected.+e results are
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shown in Figure 15. +e selected high-precision two-di-
mensional translation table is equipped with a high-preci-
sion RH100× 30D05A grating ruler (Renishaw, UK), with
an accuracy of 1 μm. +erefore, the data from the motion of
the two-dimensional translation platform can be used as the
actual translation of the PSD, and the measurement accuracy
can be obtained by comparing it with the solved change in
attitude. Finally, the 6-DOF change in the subreflector

position was obtained from Equations (15)–(17) as shown in
Figures 16 and 17.

+e change in PSD attitude caused by the two-dimen-
sional translation table consisted of translation in the X and
Z directions without rotation. +e solved maximum
translation root mean squared (RMS) error was 0.014mm,
and the maximum rotation RMS error was 0.370°, as shown
in Figures 18 and 19.
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In this experiment, the two-dimensional coordinate
output operating frequency of PSD was 10Hz, and the
runtime of the measurement system’s algorithm was on the
order of milliseconds, and hence the time needed for system
measurement can be guaranteed to be within several sec-
onds. +e results of this verification experiment prove that
the measurement scheme proposed in this paper is feasible
and can be used for rapid and high-precision subreflector
position measurement.

9. Conclusion

+is paper focused on the fast and high-precision pose
measurements of a large-caliber antenna subreflector and
proposed a PSD-based triangulation technique for laser
array coverage. +e precalibrated laser array is mounted on
the subreflector so that the PSD always observes at least three
different laser beams and at least three complete laser spots
are formed. +e PSD can rapidly acquire the two-
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dimensional centroid coordinates of the light spots by
solving the spot centroid space coordinates using the three
two-dimensional point distances and the laser beam line
equation.+en, the coordinate transformationmatrix can be
obtained by the bursa model. Finally, the 3-DOF translation
information and 3-DOF rotation information of the PSD can
be obtained. Experimental results showed that a translation
accuracy of 0.014mm and a rotation accuracy of 0.37° can be
achieved. In the future, we will devote ourselves to using
detector array for research to further improve the mea-
surement accuracy. Moreover, the proposed method can
also meet the requirements of quasi-real-time subreflector
position measurement. Using this technique, the antenna
subreflector can be moved to the optimal position to im-
prove antenna electrical performance and observation effi-
ciency. +is will be beneficial for obtaining high quality
observation data and help humans explore themystery of the
universe.
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