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Abstract: The pointing accuracy of large radio telescopes is affected by antenna structure errors, installation
errors, servo errors, gravity, and varying environmental factors. It is hard to estimate the pointing error of
radio telescopes under solar radiation via the traditional multi-parameter static pointing models, due to the
time-varying characteristics of the dynamic pointing error. There is still no effective way to estimate the dynamic
pointing error of large radio telescopes under solar radiation up to now. To estimate the dynamic pointing error
of large radio telescopes under solar radiation, a new way based on digital twin(DT) is tried in this paper. The
operational framework of the DT system of large radio telescopes is introduced first. Then, the Wuqing 70-m radio
telescope(WRT?70) is taken as the research object, the digital models of which are created. Finally, the reliability
of the WRT70’s DT system is verified and the dynamic pointing error of WRT70(staying at the position of the
elevation angle of 90° and the azimuth angle of 180°) on two sunny days in different seasons is estimated by
the created DT system. The research results show that the pointing error of large radio telescopes under solar
radiation fluctuates greatly and the seasonal differences are very striking. The maximum elevation pointing error
of WRT70 under solar radiation around the winter solstice is over 40 arcsec, which should never be ignored. The
way is feasible to estimate the dynamic pointing error of large radio telescopes staying at a specific position under
solar radiation via constructing a DT system in this paper, but it is not yet able to estimate effectively the dynamic
pointing error of large radio telescopes being in action. It is expected to establish a dynamic pointing error model

and calibrate the dynamic pointing errors of large radio telescopes being in action by DT technology in the future.

Keywords: digital twin; radio telescope; pointing error; solar radiation

1. Introduction

Radio telescope serves as the key equipment to receive and detect radio waves from the universe,
which plays an important role in space communication, deep space exploration, radio astronomy,
and other research fields. In order to better receive and detect radio signals from distant space, a
new generation of radio telescopes is tending to develop larger diameters. So far, there are two fully
steerable radio telescopes in the world with apertures up to 100 meters, namely the Effelsberg radio
telescope[1] and the Green Bank telescope[2]. In addition, China is building a 110-m fully-steerable
radio telescope in Qitai, Xinjiang Province[3], and a 120-m fully-steerable radio telescope in Jingdong,
Yunnan Province[4].

The Wugqing 70-m radio telescope(WRT70) is a typical wheel-track fully-steerable radio telescope,
which is shown in Figure 1. Theoretically, the fully steerable radio telescope can point to any direction
in horizontal space by driving the antenna to rotate around the vertical azimuth axis and the horizontal
elevation axis, separately. In fact, there is always a large deviation between the commanded direction
and the actual direction of a large fully steerable radio telescope, due to the influence of structure
errors, installation errors, servo errors, gravity, and varying environmental factors[5]. The deviation is

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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defined as the pointing error of radio telescopes, which is usually required not to exceed 1/10 of the
beam width (half power beam width, HPBW)[6]. The larger the aperture of radio telescopes is, the
smaller the allowable pointing error is. Therefore, the excessive pointing error of a large fully steerable
radio telescope must be estimated and calibrated effectively. Generally, the pointing error caused by
the antenna’s structure errors, installation errors, servo errors, and gravity is repeatable and static,
which can be estimated and calibrated by the classic multi-parameter pointing model[7]. However,
the dynamic pointing error caused by varying environmental factors(including solar radiation and
wind disturbance) is unrepeatable and time-varying, so estimating and calibrating it becomes very
difficult[8].
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Figure 1. WRT70 radio telescope.

In order to estimate the dynamic pointing error, the thermal behaviors of radio telescopes under
solar radiation have been discussed internationally. Over the past decades, the thermal behaviors
of many foreign radio telescopes have been studied overseas via combining finite-element (FE) cal-
culations and relative experiments, including the thermal deformation of the reflector system of the
RT-70 radio telescope[9], the thermal design of the quadripod and backup structure of the IRAM 30-m
telescope[10], and the thermal analysis of the alidade of the Medicina 32-m telescope and the Sardinia
64-m telescope[11-13]. In recent years, the thermal behaviors of several domestic radio telescopes
also have been researched in China based on FE analysis and experimental measurements, such as
the thermal effects of the alidade of the Nanshan 25-m radio telescope and the Miyun 50-m radio
telescope[14,15], the nonuniform temperature and the thermal behavior of the Tianma 65-m radio
telescope[16,17], the thermal deformations of the alidade and the reflector system of WRT70 [18,19].
To sum up, extensive studies on the thermal behaviors of radio telescopes have been done, but the
research on estimating the total pointing error caused by the thermal behaviors of large radio telescopes
is poor. There is still no effective way to estimate the dynamic pointing error of large radio telescopes
under solar radiation up to now.

With the developments of new generation information technologies (New IT), digital twin (DT)
has attracted researchers’ attention and has been applied in the field of radio technology[20-22]. DT
can create a digital model consistent with a physical device to simulate and predict the running state of
the actual device[23]. In digital models, the behaviors and rules of a physical device can be represented
by multidimensional models and multi-class parameters. Therefore, it will be very promising to use
DT to predict the dynamic pointing error of large radio telescopes under solar radiation. In this paper,
WRT?70 is taken as the research object. Based on the DT system, the thermal behaviors of WRT70 under
solar radiation can be presented in visual cloud images, and the dynamic pointing error caused by the
thermal behaviors can be estimated via the rule model of pointing error. In Section 2, the operational
framework of the DT system of large radio telescopes is introduced. In Section 3, the digital models
of WRT70 are constructed, including the geometric model, physical model, behavior model, and rule
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model. In Section 4, the twin data of WRT70 is verified, and the pointing errors of WRT70 on two
specific sunny days are estimated.

2. Operational Framework of the DT System of Large Radio Telescopes

According to the five-dimensional conceptual model of DT proposed by Professor F. Tao of
Beihang University, the DT system of large radio telescopes consists of five parts, including physical
telescope device, digital telescope model, twin data, service, and connection and interaction between
units[24]. The operational framework of the DT system of large radio telescopes can be represented in

Figure 2.
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Figure 2. Operational framework of DT system of large radio telescopes.

First, the local state data of large radio telescopes is collected in real-time via a series of sensors
installed on the physical telescope device, and stored in the data center of the observation station.
Meanwhile, the digital telescope models are created by computer software based on the sensors sensing
data. Then the global state of the physical telescope device is simulated and calculated by the digital
telescope models based on the service unit. In addition, the twin data generated by the digital telescope
models can be verified by the sensors sensing data, and the digital telescope models can be optimized
and updated when necessary. Finally, the behaviors and rules of the physical telescope device can be
predicted by analyzing the twin data.

3. Creation of the Digital Models of WRT70

The core task of building a DT system is to create digital models. The creation of the digital
models of WRT70 includes geometric modeling, physical modeling, behavior modeling, and rule
modeling, which will be described in detail below.

3.1. Geometric Modeling

Geometric modeling refers to the process of constructing a three-dimensional model of one
geometric entity inside the computer by CAD software. There are two common CAD modeling
methods: the GUI manual modeling and the instruction parametric modeling. In order to facilitate the
modification of the geometric model and improve the modeling efficiency, the instruction parametric
modeling is adopted here. The antenna’s structure of WRT70 can be divided roughly into five
components: alidade structure, elevation cradle, backup structure, main reflector, subreflector, and
quadripod. Based on the geometric size and matching feature data of each component, the three-
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dimensional geometric model of WRT70 is constructed as Figure 3. The alidade serves as the foundation
of WRT70, which can move around the vertical azimuth axis on the azimuth rail. The elevation cradle
and the above structures are supported by the alidade via two elevation bearings, which can rotate
around the horizontal elevation axis as a whole.

Subreflector and
Quadripod

Main
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Backup
Structure

Elevation
Cradle

Alidade

Figure 3. Geometric model of WRT70.

The alidade structure is a large spatial A-shaped truss, which is assembled by 52 rectangular
beams with different cross-section sizes. The elevation cradle is composed of a diamond-cross truss,
a half-big gear, and several diagonal-braced rectangular beams. The backup structure is a complex
truss structure with circular symmetry, including an umbrella-support truss, a central main truss,
32 identical radial string beams, 320 ring string beams of different kinds, and hundreds of auxiliary
round beams. The main reflector is a paraboloid with a diameter of 70 meters, which is composed
of 1328 fan-shaped aluminum plates. The subreflector and quadripod include a hyperboloid-type
subreflector with a diameter of 6 meters and a quadripod truss, where the subreflector is supported by
the quadripod.

3.2. Physical Modeling

Physical modeling refers to the process of loading the boundary load data, measured by sensors
from the physical telescope device, into the digital telescope model after equivalent transformation.
Our team has installed various sensors on the physical structure of the WRT70 in past work, including
52 thermometers, 2 inclinometers, and 2 encoders. In addition, a weather station was installed around
the physical entity of the WRT70 to monitor the environmental data such as atmospheric pressure, air
temperature and humidity, solar radiation intensity, etc. The distribution of the above sensors on the
WRT70 is shown in Figure 4, where unfortunately the left one of the two-dimentional inclinometers is
broken now.

The reflector system(including backup structure, main reflector, subreflector, and quadripod) and
the alidade structure of WRT70 are affected significantly by environmental factors. In order to facilitate
the setting of boundary conditions and the loading of external loads, FE modeling is considered as
the main way of physical modeling. The element number of the whole FE model of WRT70 is very
huge so the periods of the FE modeling and simulation are extremely long. Due to the consideration of
computer modeling and analysis speed, the reflector system and the alidade of WRT70 are physically
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modeled separately here. The FE models of the reflector system and the alidade and the marks of
the applied boundary loads are shown in Figure 5. The temperature load is applied to the element
nodes of the FE models in the form of surface convection heating and equivalent node temperature.
The gravitational load is loaded onto the element nodes of the FE models in the form of gravitational
acceleration. And the corresponding material properties of WRT70 are listed in Table 1.
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Figure 4. Distribution of temperature sensors on WRT70[18,19].
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Figure 5. FE models and corresponding load marks of reflector system and alidade.

Table 1. Material properties of WRT70.

Component Material Density Specific Heat Thermal Thermal
Conductivity Expansion
kg m~3 Jkg 1K1 Wm- 1K1 1076K!
Main Aluminum 2700 960 203 23.21
Reflector
Backup, Steel 7850 465 49.8 11.59
Quadripod,

Alidade
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3.3. Behavior Modeling

Behavior modeling refers to the process of obtaining the behavior characteristics of physical
entity through digital simulation. Based on geometric modeling and physical modeling, the behavior
characteristics of WRT70 can be obtained through FE simulation. The non-uniform temperature
distributions and the corresponding thermal deformations of WRT70 under solar radiation can be
visualized by contours, as shown in Figure 6 and 7.

1 1. 0.5 4 5 16.1 0721 10 7491 6.26% B 7
17,260 6.8644 4029 1,041 44799 16 4,305 o

Alidade temperature distribution Backup structure temperature distribution Main reflector temperature distribution

Figure 6. Temperature distribution contours of alidade and reflector system of WRT70.
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Figure 7. Thermal deformation contours of alidade and reflector system of WRT70.

3.4. Rule Modeling

Rule modeling refers to the process of obtaining the specific rules of the physical device through
mathematical modeling and iterative calculation of the behavior characteristic data analyzed by the
digital model. The dynamic rule of the pointing error of WRT70 under solar radiation is most desirable
to be obtained in this paper. The pointing error of WRT70 is closely related to the tilt of the alidade
and the pose variations of the reflector system, which is simply depicted in Figure 8. The tilt of the
alidade can be simply calculated by combining the deformation displacement of several special nodes
on the alidade, which will not be covered here. While the pose variations of the reflector system can
only be solved by mathematical modeling and iterative calculation.
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Figure 8. Depiction of pointing error caused by alidade deformation and pose variations of reflector
system[18,19].

3.4.1. Pose Variation Rule of Reflector System

The pose variations of the main reflector need to be determined by solving the mathematical
model of the best-fitting paraboloid of the deformed main reflector. The best-fitting paraboloid is a
virtual paraboloid closest to the deformed main reflector, shown in Figure 9.

ZA

Actual defox}ned paraboloid

/ AZ,;
/

// Best fitting })araboloid

Designed ’paraboloid

\ A

Figure 9. Best fitting paraboloid of main reflector[19].

The expression of the best fitting paraboloid is given as
Z:xz—f—yz_xAxm_yAym X%+ y? Afm
4fm 2fm  2fm 4fm  fm’

where Axp,, Aym, Azmare the offsets of the best fitting paraboloid relative to the designed paraboloid
along the X-axis, Y-axis, and Z axis, respectively. Apmx and A¢my are the rotations of the best fitting
paraboloid relative to the designed paraboloid at the apex around the X axis and Y axis, respectively.
Afm is the offset of the focal length of the best-fitting paraboloid relative to the focal length of the
designed paraboloid. The relationship between the above six key parameters and the displacement of
each node on the main reflector could be expressed as[25]

+ Az + yA(me - XA(Pmy - 1)

Agxe X = Baxa, )

where
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X=[Axm Aym Dzm Apmx Apmy Afm], (4)

N N N N
Boa= | L) Lwl-=) Lati-z) Y- . ®)
i=1 i=1 i=1 i=1
According to Equation 2, the pose variations of the main reflector, including Axm, Aym, Azm, A@Pmx,
and A¢my, could be determined.

The subreflector of WRT70 is fixed to the top of the quadripod. The pose variations of the
subreflector can be almost equivalent to the ones of the top of the quadripod. There are four key nodes
on the top structure of the quadripod, shown in Figure 7. Based on the displacement of the key nodes
1 to 4, the pose variations of the subreflector could be equivalently converted. The offsets Axs, Ays
and Az of the actual subreflector relative to the designed subreflector along X axis, Y axis, and Z axis
could be expressed as Equation 6 to Equation 8, respectively[19]. The rotations A¢sx and A¢sy of the
actual subreflector relative to the designed subreflector at the focus around X axis and Y axis could be
expressed as Equation 9 and Equation 10, respectively[19]. (Ax1, Ay1, Az1), (Axa, Aya, Azp), (Axs, Ays,
Az3) and (Axy, Ays, Azy) are the displacement of the key nodes 1 to 4, respectively.

Key node 2

Key node 3 . »X ¢ Keynode 1

Key node 4

Figure 10. Key nodes on the top structure of quadripod[19].

Axg = (Ax1 + Axp + Axz + Axy /4, (6)
Ays = (Ay1 + Dya + Ays + Ays /4, ()
Azg = (Azy + Azp + Azz + Azy+) /4, (8)
A¢sx = arctan[(Azy — Azy)/Yoal, )
Apsy = arctan([(Azz — Azy)/x13], (10)

3.4.2. Pointing Error Rule of WRT70

The pointing error of radio telescopes can be subdivided into elevation pointing error, horizontal
cross-elevation pointing error, and vertical cross-elevation pointing error. According to the geometric
relationship of the alidade shown in Figure §, the elevation pointing error Agy, caused by the rotation
of the elevation cradle can be expressed as[26]

AZ1r = [(yn +ym) /2 —yp]/ 11, (11)

the elevation pointing error Agy; caused by the tilt deformation of the alidade can be expressed as[26]

Ag1e = [(ym — yu) + (yn —yv)—]/2ha, (12)
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the horizontal cross-elevation pointing error Ay}, caused by the alidade deformation can be expressed
as[26]
AGin = (ym = yN)/ b + (vF — vE) /lprer, (13)

the vertical cross-elevation pointing error A¢;, caused by the alidade deformation can be expressed
as[26]
A‘:lv = (ZN — ZM)/ZM’N’r (14)

where 1) and zy are the displacements of Aj-tower top point M along the Y-axis and the Z-axis,
respectively. yN and zy are the displacements of Aj-tower top point N along the Y-axis and the Z-axis,
respectively. yp is the Y-axis displacement of point P. k5 is the distance between the horizontal elevation
axis and the elevation driver. h; is the height of the horizontal elevation axis from the azimuth rail.
And [ is the width of the alidade. In particular, the elevation pointing error Ay, caused by the rotation
of elevation cradle and the elevation pointing error A¢y; caused by the tilt deformation of alidade
can be merged into the total elevation pointing error A¢j. of alidade due to the consistent pointing
direction of both.

In order to estimate the pointing error caused by the pose variations of the reflector system of
radio telescopes, the concept of beam deviation factor (BDF) was first proposed by Ruze in 1965. BDF is
defined as the ratio of the beam deviation of radio telescopes to the focal-line deviation of the parabolic
reflector. The expression of BDF could be given as[27]

BDF_liSZTI];Zz 1—312)f22(r—1)+r]+312)€2{ 1+1g;2( )[ 1n2+1n<16+f2>”,

where D is the diameter of the main reflector or subreflector, f is the focal length of the primary focal
or Cassegrain focal, and 7 is the taper parameter.

Based on BDF and geometric optical path of reflector system, the elevation pointing error A¢se
caused by the pose variations(Aym, Ays, Pmx, Psx) of the reflector system can be expressed as[27]

Afpe = —BDEn2Ym (14 BDFum)A@msx -+ (BDFm _ BDFS) Ays _ BDFs 2¢ (16)

fm fm - M fTHGDSXI

the horizontal cross-elevation pointing error A&y, caused by the pose variations(Axm, Axs, @my, ¢sy) of
the reflector system can be expressed as[27]

Axm BDF; \ Axs BDFs 2¢
Agon = | —BDF — —
o = [o0Ra )T e

the vertical cross-elevation pointing error A¢yy caused by the pose variations(Axm, Axs, my, ¢sy) of
the reflector system can be expressed as[27]

™ 4 (14 BDFm)A@my + (BDFm ] cosEL, (17)

Axm _ 2c
fm fm M fm

where M is equivalent to (c 4+ a)/(c — a), a is the half of the real axis length of the hyperbolic subreflec-
tor, c is the half of the focal length of the hyperbolic subreflector, fn, is the focal length of the parabolic
reflector, and EL is the elevation angle of WRT70.

Affected by varying environmental factors, the deformation of the alidade and reflector system
WRT70 is the most significant. Ignoring the influence of azimuth rail and elevation cradle, the sum of
the pointing errors caused by the deformation of the alidade and reflector system can be taken as the
total pointing error of WRT70. Combining Equation 11 to 14 and Equation 16 to 18, the total elevation
pointing error Ale of WRT70 can be expressed as

Al = { BDF, 2

BDF;\ Axs  BDF; 2
(1+BDFm)Aqomy+<BDFm_ s> Xs s 2c

qosy] sinEL, (18)

Aée = A‘;Ile + ACZer (19)

do0i:10.20944/preprints202404.0306.v1
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the total horizontal cross-elevation pointing error A¢y of WRT70 can be expressed as
Alh = Alin + Alon, (20)
the total vertical cross-elevation pointing error Ag, of WRT70 can be expressed as
Alv = Al1y + Alay. (21)

4. Verification of Structural Temperature Data and Estimation of Pointing Error for WRT70 under
Solar Radiation

Based on the DT system created above, the pointing error of WRT70 (keeping at the position of
the elevation angle of 90° and the azimuth angle of 180°) on two specific sunny days(February 27,
2021, and June 5, 2021) is estimated in this paper. To verify the reliability of the above DT system,
the structural temperature data and the pointing error data caused by the alidade deformation of the
WRT70 are verifed below.

4.1. Verification of Structural Temperature Data

The distribution of the 52 temperature sensors on WRT70 is shown in Figure 4, with 20 temperature
sensors(T01 to T20) on alidade, 24 temperature sensors(T21 to T44) on backup structure, and 8
temperature sensors(T45 to T52) on quadripod. The simulated temperature data and the measured
temperature data for several representative locations(T01, T03, TO5 on alidade, and T49, T51, T52 on
backup structure) on February 27, 2021, and June 5, 2021 are compared respectively in Figure 11 and
12.
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Figure 11. Comparison between measured temperature and simulated temperature for several repre-
sentative locations(T01, T03, T05, T49, T51, T52) of WRT70 on February 27, 2021.
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Figure 12. Comparison between measured temperature and simulated temperature for several repre-
sentative locations(T01, T03, T05, T49, T51, T52) of WRT70 on June 5, 2021.

The comparison results in Figure 11 and 12 show that the simulated temperature data and the
measured temperature data at several representative locations of the alidade and backup structure are
in good agreement. The temperature difference at different locations of the WRT70 on February 27,
2021 is larger than that on June 5, 2021.

4.2. Verification of Pointing Error Data Caused by Alidade Deformation

The pointing error caused by alidade deformation can be subdivided into four subitems(Agy;,
AC1t, A1, and A¢yy) to calculate according to Equation 11 to 14. Meanwhile, the elevation pointing
error AGy, caused by the rotation of elevation cradle and the horizontal cross-elevation pointing error
A¢yp caused by alidade deformation can be measured by elevation and azimuth encoders, and the
elevation pointing error Ay, caused by the tilt deformation of alidade and the vertical cross-elevation
pointing error A¢1, caused by alidade deformation can be measured by two-dimensional inclinometers.
The calculated data and the measured data for the four subitems of the pointing error caused by alidade
deformation of the WRT70 on February 27, 2021, and June 5, 2021, are compared in Figure 13.

The comparison results in Figure 13 show that the calculated data and the measured data for
the four subitems(A¢1r, AG1t, Ad1n, and Aqy) of the pointing error caused by alidade deformation of
the WRT70 are all in agreement to some degree. The fluctuation range of the elevation pointing error
A1y caused by the rotation of the elevation cradle on February 27, 2021, is over 20 arcsec according
to the calculated data and the measured data of the elevation encoder. The fluctuation range of the
elevation pointing error Agy; caused by the tilt deformation of the alidade on February 27, 2021, is
close to 15 arcsec according to the calculated data and the measured data around the X axis of the
two-dimensional inclinometer. The fluctuation range of the horizontal cross-elevation pointing error
A¢yp, caused by alidade deformation on June 5, 2021, is over 20 arcsec according to the calculated data
and the measured data of the azimuth encoder. The fluctuation range of the vertical cross-elevation
pointing error Ay, caused by alidade deformation on June 5, 2021, is over 10 arcsec according to the
calculated data and the measured data around the Y axis of the two-dimensional inclinometer.
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Figure 13. Comparison between calculated data and measured data for four subitems(A&y;, Al1y, Al1h,
and Agyy) of pointing error caused by alidade deformation of WRT70 on February 27, 2021, and June 5,
2021

4.3. Estimation of Total Pointing Error of WRT70

According to the rule model of the DT system established above, the total pointing errors of
WRT70 under solar radiation can be calculated. Figure 14 depicts the estimated results of the total
pointing error of WRT70 under solar radiation on February 27, 2021, and June 5, 2021.
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Figure 14. Pointing error of WRT70 on February 27, 2021, and June 5, 2021.

The above results show that the pointing error of WRT70 under solar radiation varies greatly and
fluctuates sinusoidal, which should never be ignored. The elevation pointing error of WRT70 around
the winter solstice is over 40 arcsec, which is much larger than that around the summer solstice. The
horizontal cross-elevation pointing error of WRT70 around the winter solstice fluctuates little and
much less than that around the summer solstice.
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5. Conclusion

In this paper, the DT system of a large radio telescope is constructed and the total pointing error of
WRT70 under solar radiation is estimated. According to the research results, the following conclusions
can be drawn.

(1) The DT system of WRT70 constructed in this paper is reliable to a great degree. The simulated
temperature data and the measured temperature data at several representative locations of WRT70 are
proved to be in good agreement. The calculated data and the measured data for the four subitems of
the pointing error caused by alidade deformation of the WRT70 are all in agreement to some degree.

(2) The total pointing error of large radio telescopes(staying at a specific position) under solar
radiation can be calculated by the DT system. The total pointing error of WRT70(staying at the position
of the elevation angle of 90° and the azimuth angle of 180°) on February 27, 2021, and June 5, 2021, is
estimated based on the DT system in this paper.

(3) The pointing error of large radio telescopes under solar radiation fluctuates greatly and the
seasonal differences are very striking, which should never be ignored. The maximum elevation
pointing error of WRT70 around the winter solstice is over 40 arcsec, which is much larger than that
around the summer solstice.

This study provides a feasible way to estimate the dynamic pointing error of large radio telescopes
staying at a specific position. Unfortunately, the way is not yet able to estimate effectively the
dynamic pointing error of large radio telescopes being in action. However, it will be promising for
establishing a dynamic pointing error model and calibrating the dynamic pointing errors of large radio
telescopes(being in action) by DT technology in the future.
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