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Abstract: Near-space high-altitude balloon-based platforms have a series of advantages and provide
superior conditions for optical observation. In order to ensure the stability of the optical axis of the
optical detection load and stable tracking of the target, a near-space high-altitude balloon-based
high-precision pointing and tracking system was designed, which can compensate for changes in the
pitch angle and azimuth angle of the platform during flight. The system includes a primary platform
stable pointing system and a secondary precise tracking system. In the finished flight experiment,
the primary platform pointing system and secondary precise tracking system on the balloon-based
observation platform worked normally, providing a guarantee for the coronagraph'’s stable tracking
and detection of the sun. The primary platform pointing system can realize +1° pointing accuracy,
and the simulated accuracy of the secondary precise tracking system is 4”, which guaranteed that the
coronagraph obtained more than 20,000 images. In subsequent works, we will upgrade and optimize
the whole system and conduct our next flight experiment in the future.

Keywords: near space; balloon-based optical observation; precision pointing; tracking system

1. Introduction

As a new type of low-speed and stable unmanned aerial vehicle (UAV), high-altitude
balloons have the advantages of long dwell time, strong loading capacity, and flexible flight,
making them an effective supplement to traditional aviation aircrafts and satellites [1,2].
Near space refers to the space from 20 km to 100 km; the atmosphere is thin, and the water
vapor influence, atmospheric refraction, and scattering on optical observation is very small,
providing superior optical observation conditions [3,4].

Compared with traditional ground-based and space-based optical observation plat-
forms, near-space high-altitude balloon-based optical observation platforms have a series
of advantages:

(1) Superior observation conditions. The optical detection system based on near
space has a wider spectral range and can achieve detection resolution close to that of a
satellite-based space telescope [5];

(2) Long detection distance. Compared to a ground-based optical system, a high-
altitude balloon-based platform is less affected by the Earth’s curvature and can detect
targets at longer distances, and it is not affected by ground factors, such as buildings,
mountains, and human activities [3];

(3) Strong concealment. On the one hand, the vast majority of fixed-wing aircraft and
ground-to-air missiles are currently unable to reach this altitude; on the other hand, the
thin film structure of the balloon itself also increases detection difficulty [4];
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(4) Low launch and maintenance costs. Compared to space optical detection platforms,
the launch and maintenance costs of floating optical detection platforms are low. High-
altitude balloons have lower launch costs. They can also be recycled and the system using
parachutes be reused alongside the use of other recycling technologies [5].

Typical near-space balloon-based optical detection experiments performed in recent
years are shown in Table 1. The United States has the most outstanding development in the
field of near-space balloon-based optical detection, with a strong capacity reaching up to
several tons, a long duration exceeding one year, high azimuth accuracy, and stable attitude
control [6-8]. In recent years, the United States has implemented many optical detection
projects based on near-space spaceborne observation platforms. In these detection projects,
the altitude range of balloon flight ranges from 30 km to 40 km, and the optical observation
spectrum includes the ultraviolet spectrum, visible spectrum, and infrared spectrum [9-12].

Table 1. Near-space balloon-based optical detection experiments.

Time Country Name Index

2005 The United States BLAST 40 km

2005 Italy HiPeG 10"

2009 Germany and the United States Sunrise 35 km to 37 km, 7.5”
2010 The United States STO 35 km, 1”

2016 Sweden POGO 0.01°

The typical representative of near-space optical observations is the balloon-borne
large-aperture submillimeter series telescope (BLAST, Pittsboro, NC, USA). BLAST adopts
a coaxial Cassegrain optical system, including a primary mirror with a diameter of 1.9 m
and a secondary mirror with a diameter of 0.4 m. BLAST has made two successful flights,
departing from the Arctic in 2005 and Antarctica in 2006, achieving the first high-resolution
and large-scale submillimeter imaging in near space [13-16]. In 2010 and 2012, BLAST-
Pol completed two near-space flight tests around Antarctica at the McMurdo Station to
observe the situation of the Milky Way and extraterrestrial objects, with an average flight
altitude of 40 km [17,18]. In 2018-2019, the next-generation balloon-borne large-aperture
submillimeter telescope (BLAST-TNG) of the United States also carried out a near-space
submillimeter wave mapping experiment at the McMurdo Station in Antarctica [19,20].

In 2005, Italy conducted a near-space flight observation experiment on a high-
performance balloon-mounted pod (HiPeG). The optical detection payload used in this
experiment was a high-resolution hard X-ray telescope. In order to meet the demand for
the attitude angle in optical imaging, the high-performance balloon-mounted pod adopts
one high-performance GPS and one highly dynamic star sensor to ensure the stability and
accuracy of the observation attitude, with a pointing accuracy better than 10” [21]. In 2009,
the “Sunrise” program, implemented by Germany and the United States, aimed to conduct
solar observations in near space as part of its long-endurance balloon project, flying at
altitudes ranging from 35 km to 37 km. In addition to the telescope, the entire near-space
observation platform also includes a high-precision pointing control system and an attitude
stabilization system, which can achieve a tracking accuracy of 7.5” to the sun [22].

In 2010, the United States successfully conducted a near-space observation experiment
with the Stratospheric Terahertz Observatory (STO) telescope, with a flight altitude of
approximately 35km and a flight time of over 14 days. Combined with control mechanisms
such as reaction wheels, the pointing accuracy and attitude stability accuracy of the entire
system were better than 1" [23].

In 2016, Sweden successfully conducted a near-space balloon-based POGO observation
experiment. Flywheels and other attitude control systems were installed to provide stability
of the first-level attitude. High-precision star sensors were used to provide the angle, and
the accuracy was better than 0.01 degrees [24,25].
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In 2018, the Chinese Academy of Sciences launched the “Near Space Science Exper-
iment System” project, also known as the “Honghu Project”, which aims to establish a
middle- and high-level scientific exploration platform in near space, providing a new
way for balloon-based optical observation in near space. Relying on the superior opti-
cal observation conditions in near space and the advantages of high-altitude balloons,
the “Honghu Project” can improve China’s understanding and prediction level of the
space environment [26]. Typical optical detections include multi-band airglow imagers,
spherical coronagraphs, solar FUV/UV spectrometers, and enhanced ultraviolet spectrom-
eters [27-30].

These imaging systems need to ensure the stability of the optical axis and the absence
of pixel aliasing during the imaging process. However, they also need to continuously track
the observed target.

The multi-band airglow imager is used for the imaging and observation of narrowband
airglow radiation in four bands within the visible light near-infrared range. Airglow
radiation is an atmospheric luminescence phenomenon with extremely weak intensity, a
narrow wavelength band, and a wide distribution range. Therefore, when observing in
near space, it is necessary to ensure stable pointing of the designated area to ensure that
the image does not blur under the long-term exposure of minutes. In 2020 and 2021, two
experiments were conducted to observe near-space airborne glow. There was no stable
pointing system in 2020, but a stable pointing system was added in 2021.

The spherical coronal observation experiment was conducted only once in 2022, and
this experiment included a stable pointing and tracking system. A solar FUV/UYV spec-
trometer conducted three near-space flight tests in 2019, 2020, and 2021. Among them,
there was no stable pointing and tracking system in the 2019 experiment, but a stable
pointing and tracking system for the sun was included in 2020 and 2021. The enhanced
ultraviolet spectrometer conducted three near-space flight experiments in 2020, 2021, and
2022. Among them, there was no stable pointing and tracking system in the 2020 and 2021
tests, and 2022 included a stable pointing and tracking system for the sun.

In these optical detection experiments, in order to ensure the stability of the optical
axis of the optical detection load and the stable tracking of the target, a stable pointing and
tracking system was designed, which can compensate for changes in the pitch angle, roll
angle, and azimuth angle of the platform during the near-space flight. This article takes the
near-space spherical coronagraph stable pointing and tracking system as an example to
introduce how to provide a more suitable observation environment for optical observation
loads on a near-space spherical platform.

The second part introduces the system design for the observation experiment of the
spherical coronagraph, mainly including the design of the optical observation platform,
the design of the first-level stable pointing, and the design of the second-level stable
pointing and tracking system. The third part of this article introduces the situation of near-
space spherical coronal observation experiments, mainly including ground observation
experiments and near-space spherical coronal observation experiments.

2. Methods and Analysis
2.1. System Overview

The near-space-based coronal observation system mainly consists of a high-altitude
balloon, a parachute, and an observation cabin, as shown in Figure 1. The high-altitude
balloon uses a zero-pressure balloon, which is mainly composed of polyethylene material
and charged with helium gas. The function of a parachute is to reduce the descent speed
and protect the observation cabin. The observation platform is a key component of the
entire system and includes a power supply system, fly control system, measurement and
control system, stable pointing and tracking system, and payload control system.
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Figure 1. Near-space-based coronal observation system.

This paper mostly focuses on the stable pointing and tracking system in a coronal
observation system. The stable pointing and tracking system of the near-space spherical
coronal observation platform includes two parts: the primary platform stable pointing
system and the secondary precise tracking system, as shown in Figure 2. The primary
platform stable pointing system is equipped with an inertial navigation module, including
a gyroscope, a sun sensor, a set of actuators, and an attitude control module. The secondary
precise tracking system consists of a high-precision two-dimensional turntable and a
precision sun-tracking camera. The coronal observation payload is installed on the two-
dimensional turntable, and the tracking camera is installed on the payload to ensure that
the optical axis of the precision tracking camera and the optical observation equipment
is parallel.
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Figure 2. Diagram of the stable pointing and tracking system.

The collaborative workflow of the primary and secondary platforms in the stable
pointing and tracking system is shown in Figure 3. The attitude control module on the
primary platform drives the reaction momentum flywheel module and anti-twist module
based on the information output by the sun sensor. With the support of high-precision
inertial navigation and gyroscope data, the azimuth angle is stabilized within an error
range of +1° of the sun. After the primary platform rotates into place, the status signal is
sent to the secondary platform. The high-precision two-dimensional turntable adopts a
design of two axes and two frames, providing stable pointing functions for the azimuth and
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pitch angles of the optical payload. The two-dimensional turntable adjusts the azimuth and
pitch angles based on the offset data output from the precision tracking camera, enabling
precise pointing and tracking of the sun.

Sun Sensor Momentum
un sen Flywheel Module
Primary Platform
Inertial Navigation Anti-twist
Module Module
Sun Tracking Azimuth Angle
]
In Place Camera Control
N Secondary Platform
Pitch Angle
]
Control
End

Figure 3. Workflow of the stable pointing and tracking system.

2.2. Primary Platform Stable Pointing System Design

Different from other spacecraft, the balloon-based observation platform carrying sci-
entific research instruments is suspended below the balloon through a 10~100 m long sling
and flexible structure, and it relies on the buoyancy of the balloon to achieve lift and high-
altitude suspension flight. During the flat flight process, slight turbulence in the airflow
will cause the balloon to experience varying wind pressures, resulting in a random force
that causes the balloon to slowly rotate at a speed of approximately 0.01~0.1 revolutions
per minute (rpm), which will cause changes in the orientation of the platform. Meanwhile,
the long rope can cause the platform to undergo complex swinging movements, and due
to the weak and stable airflow in the near space, the oscillation motion will gradually
attenuate, and the average amplitude will eventually decrease to 0.01° at a stable state [31].
These disturbances must be suppressed otherwise they will cause an adverse impact on
the accuracy of the attitude control of the system. The swing disturbance will directly
change the attitude of the platform, thus affecting the pointing accuracy of the scientific
instruments. The directional interference not only changes the posture of the platform but
also influences the twisting and flexible structure of the lifting rope [32].

Therefore, in order to ensure the pointing accuracy of optical observation instruments
towards the target, the observation platform needs to adjust the azimuth angle and ensure
the stability of the azimuth angle. In order to eliminate the azimuth change caused by the
periodic rotation of the balloon, this paper adopts a momentum flywheel. The acceleration
or deceleration of the momentum flywheel can change its angular momentum, and the
change in the flywheel’s angular momentum will enable the observation platform to obtain
the control torque required to drive its rotation, achieving the purpose of azimuth control.
In order to prevent reverse torque caused by the twisting of the lifting rope during the
directional control of the observation platform and avoid saturation of the flywheel speed,
a reverse-twisting device needs to be designed between the lifting rope and the observation
platform to reduce the twisting effect. The primary platform stable pointing system is
shown in Figure 4 and includes a flywheel, a flywheel torque motor, a torque decoupler, a
flywheel control module, a torque decoupler control module, an inertial navigation module,
a sun sensor, and a control module.

The simulation results show that when the pitch/roll attitude measurement accuracy
is less than 0.05° and the azimuth attitude measurement accuracy is better than 0.2°, a
stable pointing accuracy of £1° can be achieved through the high-altitude balloon-based
attitude adjustment mechanism using a momentum flywheel and torque decoupler device.
This accuracy is high enough to provide a stable direction for the second platform.
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Figure 4. Diagram of primary platform stable pointing system.

2.3. Secondary Precise Tracking System

The secondary platform is used to load the coronagraph payload and perform solar
observation tasks. It can point and stabilize the optical axis on a moving balloon and track
the sun by moving in azimuth and pitch. The index of the secondary platform is shown in
Table 2.

Table 2. Index of the secondary platform.

Parameter Index
Horizon pointing range Azimuth: —160° to +160°
Pitch: +5° to +78°
Search angular velocity >3°/s
Search angular acceleration >3°/¢?
Tracking accuracy <10”
Image size: 1600 x 1200
Precision tracking camera Maximum frame rate: 80 fps

Measurement accuracy: 1”

2.3.1. Mechanical Design

Due to the large size of the coronagraph, the secondary stable platform fully utilizes
existing mature technologies and engineering experience to optimize design, reduce de-
velopment costs and technical risks, and shorten development cycles. It adopts modular,
standardized, programmable, and interchangeable design technologies to facilitate product
maintenance and upgrading. It also adopts derating design, redundancy design, and
margin design to ensure product reliability and environmental adaptability. The overall
mechanical design of the secondary stable platform is shown in Figure 5. The height of
the platform is more than 1400 mm, and the length of the platform is about 1900 mm. The
mechanical limit of the azimuth angle is set from —172° to +172°, and the pitch angle is set
from —5° to +85°. The electrical limit of azimuth angle is set from —160° to +160°, and the
pitch angle is set from +5° to +78°.
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Figure 5. Overall mechanical design of the secondary stable platform.

The azimuth axis system is composed of an azimuth frame, an azimuth motor, bearings,
and a rotary transformer, as shown in Figure 6. The azimuth motor directly drives the
azimuth axis frame to rotate, and the azimuth axis frame is connected to the mechanical
frame rigidly. The azimuth rotary transformer is connected to the mechanical base plate and
the azimuth axis frame to achieve azimuth angle measurement. The servo control board,
motor drive board, and power board are installed on the base frame, with a removable
cover on the frame side, making it easy to maintain the circuit boards.

Mechanical Azimuth
Frame Axis Frame
. Motor
Bearing
Mechanical Bearing Seat
ase
Rotary

Power Board Transformer

Motor Drive
oart

Servo Control
oar

Figure 6. Diagram of the azimuth axis system.

The pitch frame is used to install the coronagraph, and it mainly consists of a pitch
frame, a pitch motor, bearings, a gyroscope, and a rotary transformer, as shown in Figure 7.
The pitch motor and rotary transformer are located on a different side of the mechanical
frame for weight balancing. The gyroscope is installed on the pitch frame and directly
measures the angle change of the coronagraph. To minimize system weight, the gravity
center of the coronagraph system should be as close as possible to the pitch axis.

2.3.2. Stable Pointing and Tracking Design

The stable pointing and tracking function of the platform is realized by a combination
of servo control, motor drive, motion measurement, angle measurement, and sun position
measurement, as shown in Figure 8. The servo control board receives instructions from the
upper computer and executes them, returning status information, such as current angle
position, receives gyro signals and sun position information, and drives the azimuth and
pitch motors using PWM (Pulse Width Modulation) to keep stable and track the sun.

The motion speed of the balloon-based platform is very low, and the disturbance
frequency is low. A MEMS gyroscope was selected as an angular rate sensor with reliable
quality and stable accuracy as performance indicators. The rotary transformer in this paper
has good stability and adaptability and can achieve a measurement accuracy of 20”.

In order to achieve various working states of the secondary platform and meet the
requirements of the coronagraph observation function, there are 3 control states: the stable
control state, the locking control state, and the tracking control state.
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Figure 8. Diagram of the stable pointing and tracking function.

2.3.3. Accuracy Analysis

Tracking accuracy refers to the deviation in the line of sight of a target with certain
motion characteristics that reflects the stable tracking of the platform. Tracking accuracy
mainly depends on the reliability of the servo control system and tracking algorithm.

The servo control factors that affect tracking accuracy mainly include the tracking
loop correction algorithm and the stability loop. The main evaluation indicators of the
tracking loop correction algorithm are bandwidth and static error. The wider the tracking
loop bandwidth, the better the stable performance, and the smaller the static error, the
better the tracking performance [33].

At present, the volume and weight of this system are relatively large, and the inter-
ference torque of the shaft system is controlled below 0.5 N-m. The gyroscope noise is
controlled below 7° /h (the gyroscope noise index is 5°/h, and according to experience,
the noise may be increased due to power supply noise, reading noise, etc.). The oscilla-
tion frequency and amplitude of the balloon are very low (the balloon is unpowered, the
high-altitude wind direction and wind speed are fixed, and the oscillation frequency and
amplitude of the balloon are not high). According to the response curve of the stable circuit
to the interference torque (0.5 N-m, 1°, 0.1 Hz), the peak stability accuracy is 23 prad, and
the root mean square value is 9 prad, which can meet the accuracy of <25 prad, providing
a guarantee for improving tracking accuracy.

The purpose of an automatic tracking loop is to ensure the framework to track targets
within a certain speed and acceleration range and achieve the required steady-state and dy-
namic performance. The main factors affecting the steady-state and dynamic performance
are the bandwidth and open-loop gain of the tracking loop system.

The image tracker can be regarded as a sampling and holding stage, where the tracker
outputs an error signal once per frame and holds it for one frame, with a sampling frequency
equivalent to a frame rate of 80 Hz. Due to the 12.5 ms delay in each error signal output
of the image tracker and the error signal containing a certain high-frequency component,
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the tracking loop is usually calibrated to an I-type system to improve the stability of the
system and achieve better tracking results.

Considering the impact of the interference torque caused by balloon oscillation, under
the interference torque of frequency of 0.1 Hz, amplitude of 1°, and 0.5 N-m, the target
motion speed is input under conditions such as 4’ /s (Earth’s rotation speed; the sun is
basically stationary), and the tracking accuracy simulation result is 0.02 mrad, about 4”,
which can realize the 10" tracking accuracy.

3. Results
3.1. Flight Experiment Result

On 4 October 2022, a near-space high-altitude-based coronagraph flight experiment
was conducted in the Dachaidan District, Qinghai Province, China. This experiment started
in the morning, and the balloon was launched at 8:54. The entire experiment system
before the balloon was launched is shown in Figure 9. The balloon reached an altitude of
30 km and began flat flying at 9:26. The coronagraph began to work, and the status of the
observation platform during the flight after a total flight time of 6 h and 32 min, including
a flight of 4 h and 50 min above 29 km, is shown in Figure 10. The platform landed at
15:26, and the landing status is shown in Figure 11. After the experiment, the security
control cabin, payload cabin, scientific payload, and experimental data were all recovered
in good condition.

Figure 9. The entire experiment system before the balloon was launched.

Figure 10. The status of the observation platform during the flight.
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Figure 11. The landing status of the platform after the flight.

3.2. Flight Result Analysis

The azimuth curve of the primary platform, the offset angle relative to the sun of the
sun sensor output, and the height change curve recorded by the spherical observation
platform in this observation experiment are shown in Figure 12. The spherical coronagraph
observation system conducted a total of five observation periods, as shown in the time
periods 1 to 5, with different color rectangles.
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Figure 12. Coronagraph observation platform data during this flight.
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Based on the observation of period 1, the azimuth angle of the primary platform and
the deviation angle of the solar sensor during that period were analyzed, as shown in
Figure 13. It can be seen that during this observation period, the orientation of the primary
platform can reach or even exceed +1°, reaching —0.8-0.6°, as shown in the purple box.

Azimuth angle change curve
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Figure 13. Azimuth and sun offset-angle curve of period 1.

The result of period 2 is shown in Figure 14. In this observation period, the primary
platform pointing system can realize £1° pointing accuracy most of the time, while the
whole accuracy is —1.1 to 0.9°, as shown in the purple box.

Azimuth angle change curve
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Figure 14. Azimuth and sun offset-angle curve of period 2.

The result of period 3 is shown in Figure 15. In this observation period, the primary
platform pointing system can realize +1° pointing accuracy most of the time, while the
whole accuracy is —1.8° to 2.4°, as shown in the purple box.
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The result of period 4 is shown in Figure 16. In this observation period, the primary
platform pointing system can realize £1° pointing accuracy most of the time, while the
whole accuracy is —2° to 2.5°, as shown in the purple box.
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Figure 16. Azimuth and sun offset-angle curve of period 4.

The result of period 5 is shown in Figure 17. In this observation period, the primary
platform pointing system can realize £1° pointing accuracy most of the time, while the
whole accuracy is —3.5° to 2.5° as shown in the purple box.

The secondary precise tracking system also worked well during the experiment, and
it ensured the coronagraph obtained more than 20,000 images. Another group in our
team will analyze the obtained observation data as soon as possible and share it with our
counterparts in the future.
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Figure 17. Azimuth and sun offset-angle curve of period 5.

4. Conclusions

In this experiment, the primary platform pointing system and secondary precise
tracking system on the balloon-based observation platform worked normally, providing
a guarantee for the coronagraph’s stable tracking and detection of the sun. The primary
platform pointing system can realize £1° pointing accuracy. However, some other issues
were also exposed in this experiment. Firstly, the experimental platform did not store
real-time position and attitude information of the secondary precise tracking system, and
it is currently unable to analyze its specific angle, attitude, and other information in this
experiment. In subsequent works, we will upgrade and optimize the whole system. Firstly,
we will improve the storage of real-time angles, attitudes, and other information. Secondly,
we will further improve the performance of pointing and tracking accuracy to provide
support for the coronagraph to obtain better imaging quality images. In addition, the next
flight experiment is planned to be conducted in 2024 or 2025. Before conducting the flight
experiment, we will perform multiple ground observation experiments to verify the overall
performance of the system.
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