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Abstract

This study investigates multi-level coupled dynamic issues in near-space balloon-borne
astronomical observation platforms subjected to multi-source disturbances, proposing an
integrated azimuth pointing control scheme combining unified modeling with composite
control strategies. A nonlinear dynamic model is established to characterize inertial cou-
pling effects between the gondola system and secondary gimbal platform. The velocity-loop
feedback mechanism utilizing fiber-optic gyroscopes achieves base disturbance decoupling,
while an adaptive fuzzy PID controller enhances position-loop disturbance rejection capabil-
ities. A gain adaptation strategy coordinates hierarchical control dynamics, complemented
by anti-windup constraints safeguarding actuator operational boundaries. Simulation
verifications confirm the exceptional high-precision pointing capability and robust stability
under representative wind disturbances and sensor noise conditions. The system maintains
a superior control performance across parameter perturbation scenarios, demonstrating
consistent operational reliability. This study provides an innovative technical paradigm for
precision observation missions in near space.

Keywords: near-space; azimuth control; aerostat platform; arc-second accuracy; multi-stage
composite control

1. Introduction

The near space, owing to its unique strategic position, demonstrates immense po-
tential and significant advantages in fields such as Earth remote sensing, communication
relays, and cutting-edge scientific research [1]. The near-space balloon-borne astronomical
observatory, positioned in near space, primarily relies on high-altitude scientific balloon
platforms. This system typically comprises high-altitude balloons, tethers, gondolas, aux-
iliary equipment, and telescope instruments mounted within the gondola, forming a
classical multi-body chain structure. Compared to traditional ground-based observatories,
balloon-borne platforms can conduct astronomical observations at altitudes exceeding
30 km, unaffected by atmospheric interference. This enables superior infrared, ultravio-
let, terahertz, and submillimeter-wave multiband observations, sharing advantages with
space-based platforms [2,3].

Achieving precision requirements for observational tasks remains a major technical
challenge in astronomy. As shown in Table 1, typical astronomical missions demand
exceptionally high tracking accuracy. For near-space balloon-borne platforms, astronomical
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instruments mounted on the gondola require precise pointing control, as platform stability
directly affects tracking accuracy and the scientific value of observational data [4].

Table 1. Precision requirements for observational tasks.

Observation Type Tracking Accuracy Technical Challenges
High-resolution Optical <0.1” Adaptive optics; high-speed feedback
Spectroscopic 0.5"-1" Slit stabilization; real-time calibration
Time-domain Astronomy 172" Rapid-response control systems
Planetary Surface Imaging <0.05" Dual star/target alignment
Galaxy/Nebula Studies <0.1"-0.3" High-precision polar alignment

The near-space balloon-borne platform—a “balloon-tether-gondola—pointing mech-
anism” kinetic system—exhibits high-order, strongly coupled, and control-constrained
nonlinear dynamics. Persistent disturbances from near-space wind fields, low-frequency
gondola sway, high-frequency vibrations, and intricate platform-payload coupling pose
severe challenges to high-precision pointing [5].

To achieve higher-precision pointing requirements, domestic and international re-
search teams have tended to adopt a multi-stage composite control approach: decomposing
high-precision pointing challenges into successive stages, where each subsequent stage
enhances control accuracy based on the preceding stage, ultimately achieving arcminute-
to-sub-arcsecond precision. High-precision balloon-borne pointing systems typically adopt
three-level control: Level 1 gondola attitude control, Level 2 gimbal pointing system, and
Level 3 image stabilization. Level 1 gondola attitude control is managed by the balloon-
borne gondola platform itself; Level 2 gimbal pointing system achieves intermediate
refinement atop Level 1 control; and Level 3 image stabilization, executed by astronomical
instruments, delivers fine correction based on the preceding two stages [6-8].

This study focuses on the field of near-space astronomical observation, aiming to
develop a universal azimuth control system for balloon-borne platforms. Systematic
solutions for the highly coupled dynamic interference problem in multi-loop cascade
systems comprising integrated gondola control and dual-stage gimbal platforms have been
proposed. First, a unified nonlinear dynamic model of the azimuth channel is established
based on Lagrange equations to accurately characterize the inertial coupling effect between
the gondola base and gimbal. Building upon this foundation, the velocity loop feedback
is optimized through fiber-optic gyroscopes to suppress external disturbances, while the
nonlinear rejection capability of the position loop is enhanced via an adaptive fuzzy PID
algorithm. Furthermore, comprehensive control protection mechanisms are designed,
including gain adaptation for dynamic frequency response matching to avoid control
conflicts and anti-windup constraints to eliminate actuator saturation risks. Simulation
results demonstrate that the system achieves arcsecond-level control accuracy (<20”) under
environmental disturbances and sensor noise, while maintaining excellent robustness
against parameter perturbations.

The contributions of this study are as follows:

1.  Establish a unified dynamic model for the azimuth channel applicable to multi-level
composite control systems of balloon-borne platforms, revealing the gondola-turret
coupling mechanism.

2. Propose a dual-layer control architecture that integrates fiber-optic gyro velocity loop
feedback and adaptive fuzzy PID, simultaneously enhancing disturbance rejection
and robustness.

3. Design a gain adaptation mechanism to avoid multi-level control interference, com-
bined with an anti-windup strategy to ensure actuator safety margins, guaranteeing
robust azimuth pointing control under extreme operating conditions.
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This paper is structured as follows: Section 2 analyzes the dynamic characteristics of
the “balloon-tether-gondola—pointing mechanism” chain system and multi-level coordina-
tion mechanisms. Section 3 derives the unified azimuth channel dynamic model and quan-
tifies inertial coupling effects. Section 4 then constructs the control system framework by de-
signing an optimized three-loop controller and proposing protection mechanisms. Section 5
quantitatively evaluates pointing accuracy and robustness through multi-condition simula-
tions. Section 6 summarizes key technical breakthroughs and demonstrates engineering
application value.

2. System Composition and Principles

Previous research on balloon-borne astronomical observation platforms by domes-
tic and international teams has predominantly employed multi-level composite control
strategies. These strategies rationally allocate precision improvements across the primary
integrated gondola azimuth control system, the secondary tier-2 gondola gimbal pointing
system, and the tertiary image stabilization control, ultimately achieving high-precision ob-
servational accuracy with superior cost-effectiveness. As indicated in Table 2, balloon-borne
pointing platforms provide a pointing accuracy of around 20 arcseconds while maintaining
high cost-effectiveness.

Table 2. Hierarchical accuracy requirements for attitude control in observation missions.

- . Secondary Pointing Tertiary Image
Mission/System Primary Control Accuracy Accuracy Stabilization Accuracy
Japan FUJIN * 0.5° 1 0.1”
China Balloon-borne 0.5° 20" 1
Coronagraph ’
China BST 0.1° 20" /
NASA WASP * 1~3° 1 0.1”
Germany SUNRISE 1° 26" 0.04”

* Table 2 highlights two critical cases: (1) Japan’s FUJIN mission achieved a secondary pointing accuracy of
1 arcminute and a tertiary stabilization accuracy of 0.1 arcsecond, imposing extreme demands on tertiary control;
(2) the NASA WASP system attained a primary control accuracy of 1-3° with a secondary pointing accuracy of
1 arcsecond, presenting significant challenges for secondary control.

Synthesizing high-precision and cost-effective requirements, this study designs a self-
developed universal near-space balloon-borne astronomical observation platform, with
its main structure illustrated in Figure 1. The platform employs a multi-level composite
control strategy, structurally divided into an integrated gondola azimuth control system
and a tier-2 gondola gimbal control system. The gondola azimuth control system, consistent
with conventional balloon-borne gondola attitude control architectures, utilizes torque
compensator and reaction wheels for cooperative azimuth—axis regulation. The tier-2
gondola gimbal control system achieves precise pointing through coordinated adjustments
of the gimbal and payload within the gondola.

The control architecture of the near-space balloon-borne astronomical observation
platform, as illustrated in Figure 2, employs a hierarchical strategy. The integrated gondola
azimuth control system achieves 360° omnidirectional control, primarily suppressing low-
frequency, large-scale azimuth deviations or disturbances of the aerostat platform, albeit
with a narrow bandwidth; its control accuracy requirement is 0.5°. Building upon the gon-
dola system, the tier-2 gondola gimbal pointing system further suppresses higher-frequency
oscillations, stabilizing pointing accuracy at the 20-arcsecond level. The synergistic op-
eration of both control tiers provides a stable observational foundation for astronomical
payloads (e.g., telescope pointing columns) leveraging the platform’s 20-arcsecond precise
pointing, and the astronomical payload team implements fine image stabilization control
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using mature fast steering mirror (FSM) technology, ultimately enhancing the telescope
pointing accuracy to 1 arcsecond or better—meeting stringent astronomical observation
requirements [9,10].

The integrated gondola azimuth control system employs attitude control technologies
prevalent in balloon-borne gondolas: reaction wheels enable momentum exchange to
generate azimuth control torque, driving the gondola to rotate toward the set orientation;
torque compensators isolate balloon rotation and provide torque unloading to prevent
wheel saturation [11].

As illustrated in Figure 3, the tier-2 gondola gimbal pointing system typically employs
two control configurations:

e The “outer azimuth + inner elevation” structure is employed in Japan’s FUJIN plane-
tary telescope [12], and the coronagraph project of the Yunnan Observatories, Chinese
Academy of Sciences [13]. This configuration enables independent development and
testing of the turntable. However, to ensure sufficient structural stiffness, the mass
inertia moment of the azimuth frame is intentionally increased, leading to potential
dynamic coupling between the turntable’s azimuth—-axis control and the integrated
azimuth control system, which may induce control coordination conflicts.

e  The “outer pitch and inner azimuth” structure is utilized in the Solar Telescope BST
of Beijing Astronomical Observatory, Chinese Academy of Sciences [14] and NASA’s
WASP high-precision pointing gondola [15,16]. This design features reduced mass and
inertia in both elevation and azimuth channels of the secondary turntable, minimizing
interference with the integrated gondola azimuth control system and facilitating higher
pointing accuracy. Nevertheless, a significant drawback is that standalone debugging
of the secondary turntable is infeasible, necessitating dedicated interface adapters for

calibration and testing.

Torque Compensator

Gondola Structure

Guider Scope

Planetary ITmaging Telescope

Secondary Azimuth Drive Motor

Secondary Attitude Control System
Mounting Frame

Star Tracker
Secondary Pitch Drive Motor

Inertial Measurement Unit
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Primary Attitude Control System
Reaction Wheel

Payload Instrumentation

Figure 1. Universal near-space observatory: main structural diagram.
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Figure 2. Architecture diagram for near-space balloon-borne astronomical observatory.
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Figure 3. Schemes of two control structures: (a) outer azimuth and inner pitch configuration;
(b) outer pitch and inner azimuth configuration.
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To enhance pointing precision, the near-space balloon-borne astronomical observation
platform in this study adopts an outer pitch/inner azimuth configuration, with the gimbal
structure shown in Figure 4. The outer frame is rigidly affixed to the gondola, while
the telescope (pointing column) is housed within the inner frame. The azimuth motor,
mounted on the inner frame, drives the telescope’s azimuth-axis motion; the pitch drive
motor, installed on the outer frame, propels the integrated assembly of the inner frame and
telescope to achieve elevation—axis motion. Given the pronounced dynamic coupling effects
between the gondola and the gimbal turntable, a comprehensive dynamic model must be
established for holistic cooperative control design. For such complex control systems, prior
research predominantly adopted decoupling assumptions for the azimuth and elevation
channels, conducting independent analysis and design for each control channel [17,18].

Secondary Azimuth Drive Motor

Outer Attitude Control System
—  Gimbal Frame

Inner Attitude Control System
| — Gimbal Frame
Center-of-Mass Counterweight

'| _— Secondary Pitch Drive Motor
Y

—

L Planetary Imaging Telescope

Payload Truss Interface

Figure 4. Tier-2 gimbal structure schematic diagram.

To mitigate disturbances from high-altitude balloon turbulence on observational in-
struments, near-space balloon-borne astronomical platforms typically employ a payload
suspension system with 150-250 m tethers. This configuration effectively isolates the
gondola from balloon-induced disturbances on the pitch axis. Given the low wind dis-
turbance intensity in near-space and its negligible impact on pitch channel control, the
dynamic coupling effects between externally induced pitch motion and the pointing sys-
tem’s pitch channel are insignificant. Consequently, pitch control can be simplified as an
independent task executed solely by the secondary turntable. However, azimuth control
requires synergistic operation between the integrated azimuth stabilization system and the
secondary turntable’s azimuth servo system, forming a dual-drive architecture. Within this
framework, the integrated system compensates for balloon rotation via reaction wheels or a
torque compensator, while the gimbal system performs precision azimuth tracking within
the inner frame. Their distinct dynamic response characteristics may induce velocity loop
conflicts, torque interference, or even oscillation divergence if coordination is improperly
designed, severely constraining pointing accuracy and system stability. Thus, research on
multi-level coupling control mechanisms for the azimuth channel is critical for enhancing
the engineering reliability of near-space astronomical observation platforms.

3. Dynamics Modeling

As a rigid-body system subject to holonomic constraints, the near-space balloon-
borne astronomical platform requires collaborative control between the integrated azimuth
stabilization system and the secondary turntable servo system for its azimuth channel. Es-
tablishing a unified dynamics framework under generalized coordinates simplifies system
analysis and computation. Furthermore, given the multi-body coupling characteristics
of the balloon-borne platform, the Lagrange formulation necessitates only active force



Aerospace 2025, 12, 821

7 of 31

terms such as gravitational potential energy and motor drive torques, thereby significantly
streamlining the modeling process in non-conservative force-dominated environments.
Based on these considerations, Lagrange’s equations are employed to derive the system
dynamics model.

3.1. Parameters and Coordinate System Definitions

The primary structure of the secondary gimbal system comprises an outer gimbal, an
inner gimbal, and a pointing column. The outer gimbal is rigidly affixed to the gondola,
with its motion exclusively controlled by the integrated azimuth stabilization system.
Relative to the gondola, the entire secondary gimbal system possesses two degrees of
freedom: (1) the inner gimbal and pointing column are driven by a pitch motor to execute
pitch motion relative to the outer gimbal; (2) the pointing column is driven by an azimuth
motor to perform azimuth rotation relative to the inner gimbal.

To simplify the analysis, the following engineering-feasible assumptions are adopted:

1.  The outer gimbal, inner gimbal, and pointing column are considered ideal rigid bodies,
with elastic deformation and structural resonance effects neglected during motion;

2. The mass and rotational inertia of auxiliary components (e.g., sensors, cables) beyond
the primary structure are negligible, ensuring that the system’s center of mass and
inertia tensor are solely determined by the primary structure;

3. The pointing axis, inner gimbal axis, and outer gimbal axis are assumed to intersect at
a common spatial point O, defined as the theoretical center of rotation for the gimbal
system, with the total center of mass of the secondary gimbal system coinciding with
this point;

4. The outer gimbal is rigidly connected to the gondola, whereby translational / oscillatory
disturbances of the gondola are transmitted through the base of the outer gimbal.

The simplified dynamic model of the tier-2 gondola gimbal pointing system is illus-
trated in Figure 5. Let the pitch rotation angle of the inner gimbal be denoted as §, and
the azimuth rotation angle of the pointing column as «. The outer gimbal serves as a fixed
mounting base rigidly connected to the gondola. At the initial moment, the pointing axis is
aligned with the horizontal direction, with § = 0 and & = 0. Four coordinate systems are
defined: inertial frame oxyz, mounting-base frame ox,}Y,z,, inner-gimbal frame 0x, Yz,
and pointing-axis frame o0x;y;z;. The xj-axis always coincides with the pointing axis, while
the zy-axis remains aligned with the inner gimbal axis. The origin O of all frames is located
at the system center of mass. At the initial moment, the mounting-base frame ox,Y,z,,
inner-gimbal frame ox,, ¥z, and pointing-axis frame ox;y;z; are coincident: the x;-axis
aligns with the xp-axis and xp-axis; the yj-axis aligns with the ym-axis and yo-axis; and the
zi-axis aligns with the zy-axis and z,-axis. The azimuth orientation angle of the gondola
at the initial moment is 9. The transformational relationships between these coordinate
systems are as follows:

X cosy —siny 0 cosp 0 sinf||cosx —sina 0] |x;
y| = |siny cosy O 0 1 0 sinac  cosx Of |y;|, (1)
z 0 0 1{|—sinf 0 cosfp 0 0 1| |z
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Figure 5. Simplified model of secondary gimbal platform system.

3.2. Lagrangian Modeling

Generalized coordinates are defined as «, B, and -y, with the oxy-plane designated
as the zero-potential surface. It is assumed that the generalized forces acting on the
system comprise a gravitational force G and gimbal control torque M, among which G is a
conservative force.

M =T, —Tf = Ma+ Mp, 2)

where T, is defined as the motor drive torque, Ty as the gimbal friction torque; M, as the

azimuth control torque exerted by the pointing column on the generalized coordinate «, and

Mgp as the pitch control torque applied by the inner gimbal to the generalized coordinate p.
The moments of inertia of respective kinematic segments are defined as follows:

Jo = dmg(]om]oy/ ]oz); (©)]
Jm = diag(]mx/ ]my/ ]mz)/ 4)
Ji = diag(Jix, iy, Jiz), ®)

where |, denotes the inertia tensor of the mounting-base frame o0x,y,zo; /i» represents the
inertia tensor of the inner-gimbal frame 0x,,y;zmm; and J signifies the inertia tensor of the
pointing-axis frame ox;y;z;.

Furthermore, for components associated with J,, [;;, and J; in the gimbal system, their
principal axes of inertia are parallel to the respective axes of frame 0x,Y0z,, frame 0x,Ymzm,
and frame ox;y;z;.

Let ' and w™ be the angular velocity vectors of the pointing column and inner gimbal
relative to the mounting base, respectively, and w’ be the angular velocity vector of the
mounting base. Thus,

W =i+ B+, (6)
W™ =B+, @)
w’ :'.Y; (8)

where « is defined as the azimuth angular velocity of the pointing column, ﬁ as the pitch
angular velocity of the inner gimbal, and v as the azimuth angular velocity of the gondola.
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To facilitate subsequent calculations, the angular velocity vectors should be expressed
in a unified coordinate system. Specifically, w' is expressed in frame 0x;y;z;, @™ in frame
0XmYmzm, and w® in frame ox,Y,z,, which are, respectively, denoted as wf, wp, and wy,
as follows: .

Bsina — 7y cos a sin
w; = |Bcosa + ysinasinp |, )
&+ ycosf
—sinf
wp=1 B | (10)
Y cos B

wy =10, (11)
i
The total kinetic energy T of the system is calculated as

1r a%. ;1 1. .2
T =T+ T+ To = 5 |wf] Jiw)+ i) nels + 5Jox’, (12)

When only the azimuth channel is considered, with the gimbal pitch angle f assumed
constant and both the gondola pitch and roll angles equal to zero, the gravitational potential
energy remains constant. This yields:

—ycosasin B
wi = | jsinasing |, (13)
&+ ycosf
—sinf
wp = 0 , (14)
¥ cos B

wy= (0], (15)

The Lagrange equation of the system is established:

d (dT oT
4 (aa) _ T, (16)

d (dT aT

Substitution yields the dynamics equation:
L 1.2 . .
Jiz(& 4y cos B) — 27 sin? B sin 2 (]iy —Jix) = My, (18)

[sin? B(Jix cos?a + Jiy sin® &+ Jux ) + 082 B(Jiz + Jonz) + Joz | ¥ + Jni cos p+ ik sin? Bsin2a(Jyy — Jir) =0, (19)

For large azimuth deviations, full-gondola azimuth control is adopted, and the dy-
namics equation becomes

[sin? B(Jix cosa + Jiyin® a + Jux ) + €05 BJiz + Jz) + Joz | 7 + Jifk cos B + icsin® Bsin2a(Jyy — Jue) = Ma,  (20)
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where M, denotes the control torque generated by the reaction wheel and reaction
torque actuator.
To construct the state-space equations, define

Wy = 0.(, (21)

w’Y = /j// (22)

where w, represents the azimuth angular velocity of the pointing column, and w., denotes
the azimuth angular velocity of the gondola.
The derived dynamics equation is expressed as

(A..)g( Mg(
Al B = , 23
] e 1] .
where
— ]iz ]iZ COS.B (24)
Jiz cos p sin’ ,B(]ix cos® o + ]iy sin?a + ]mx) + cos? B(Jiz + Jmz) + Joz ’

1o
B = sin” Bsin2a (i, — Jix) wy Z) 1, (25)

14

where w, signifies the azimuth angular acceleration of the pointing column, and w,
indicates the azimuth angular acceleration of the gondola.

Given that the inner gimbal pitch angle {3 is constant and the pointing column azimuth
angle o is small during secondary fine-tuning control, the model is linearized under
condition 5 by neglecting higher-order nonlinear terms. The linearized equation is obtained:

Wey My,
Let ) .
Al= llﬂ_l hﬁ_ll, 27)
J21 J22
where
j\/_l — Sinz;B(]ix“"]mx)"FCOSZ /S(Iiz"!‘]mz)"!‘]oz
1 ]iz(Sinzﬁ(]ix+]rnx)+€0$2,B]mz“l‘]az)
]"“_1 _ —cos B
12 o Sin2ﬁ(]ix+]mx)+€052 ,Bjmz"!‘]oz (28)
]"“_1 _ —cos B ’
21 1 o Sin2ﬁ(]ix+]mx)+€052 ,Bjmz"!‘]oz
T 1
]22 o Sin2ﬁ(]ix+]mx)+€052 ,Bjmz"!‘]oz
Then,
. —~ -1 —~ 1
w
[.“] = [ E,l M, + ]3,1 ]Mw, (29)
Wy J21 J22

‘ —~ 1 —~ 1
{ wy=J11 Ma+]J12 My (30)

. — 1 1
wy=Jn Ms+Jn Moy

Thus, the azimuth-channel dynamics model of the pointing system is fully established.



Aerospace 2025, 12, 821

11 of 31

Target Celestial
Body
-~

Attitude
Processing
and
Control
Unit

4. Control Algorithm Design and Analysis

The balloon-borne astronomical observatory pointing system consists of the integrated
gondola azimuth control system and the tier-2 gondola gimbal pointing system (Figure 6).
The multi-loop cascaded compound control formed by these two subsystems essentially
constitutes a compound pointing control for the attitude-controlled gondola and the internal
secondary turntable. This system exhibits coupling and mutual interference between
control channels at different levels; whereas the full-gondola azimuth control system
provides coarse control in the azimuth channel, the tier-2 gondola gimbal controller delivers
fine control in the dual-channel (azimuth and pitch).

[GNSS/INS]
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Azimuth Angle Mecasurement System
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Integrated Gondola
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Figure 6. Attitude control system for near-space balloon-borne astronomical observatory platform:
block diagram.

The integrated gondola azimuth control system is fundamentally an enhancement of
the conventional balloon-borne gondola attitude control system. Its operational principles
have been thoroughly investigated in References [19-21]. This system provides the balloon-
borne observatory with a fundamental coarse pointing accuracy of <1°.

The azimuth and pitch axes of the tier-2 gondola gimbal pointing system form rel-
atively independent motion control systems (Figure 7), primarily comprising brushless
torque motors, current sensors, and encoders with associated signal conditioning circuitry.
This secondary system functions as a high-precision servo motion system, employing a
three-loop architecture in an inner-to-outer sequence: Current Loop (ACR) — Velocity
Loop (ASR) — Position Loop (APR).
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Figure 7. Tier-2 gondola gimbal pointing system: block diagram.

To effectively coordinate the multi-level collaborative framework between the inte-

grated gondola azimuth control system and the tier-2 gondola gimbal pointing system,

and to resolve the resulting channel dynamics coupling and mutual interference issues,

this study systematically designs a core controller architecture and incorporates critical

protection mechanisms to address the high-precision pointing requirements of the tier-2

gimbal system:

e By optimizing the velocity-loop feedback design and developing an intelligent

position-loop control algorithm, the gimbal pointing accuracy and system robust-

ness are enhanced;

e Developing the gain adaptive regulation mechanism to achieve dynamic matching of

hierarchical responses, fundamentally eliminating the mutual interference phenomena

between primary and secondary controls. Concurrently, an anti-windup protection

strategy is integrated to effectively mitigate the risk of actuator saturation failure.

4.1. Controller Design
4.1.1. Current-Loop Control Design

The azimuth-channel control system of the pointing mechanism is constructed based

on the dynamic equations established in Section 3 (Figure 8), where the required torque M,

is supplied by the azimuth motor of the tier-2 gondola gimbal pointing system.
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Figure 8. Open-loop transfer function block diagram of the azimuth channel in the tier-2 gondola
gimbal pointing system.

All motors in the tier-2 gimbal system adopt a direct-drive configuration with brushless
permanent magnet torque motors, eliminating issues such as backlash and lost motion
caused by reduction mechanisms, while simultaneously ensuring high structural stiffness
and fundamental frequency of the system. The current loop, serving as the innermost loop
in the permanent magnet motor control system, is primarily governed by the PWM inverter
characteristics and motor parameters. The voltage command required by the motor is
generated through PWM modulation by comparing the current reference value with the
current feedback value to obtain the error signal.

The current loop is designed as a PI regulator with the following transfer function:

Ke(tes +1)
Gi(s) = ——, 31
(5) = = &)
where K, denotes the proportional gain and 7, the integral time constant of the current loop.
Proper tuning of these parameters enables rapid and non-static-error tracking of current

commands, thereby establishing a dynamic foundation for the velocity loop.

4.1.2. Velocity-Loop Control Design

The velocity loop directly reflects the servo control functionality, enabling rotational
speed to track variations in the commanded voltage value and achieving non-static-error
speed regulation. It demands high precision and rapid frequency response, while also
providing anti-disturbance capability against load-induced current fluctuations.

In a two-dimensional gimbal system maintaining arcsecond-level pointing accuracy,
the low-speed operation characteristics of the azimuth motor significantly diminish the
dynamic response impact of the current loop. Consequently, its transfer function can be
approximated as a unit gain:

Gacr(s) = 1, (32)

The velocity regulator is designed based on a PI controller with the following trans-
fer function: X .
Gi(s) = et D), 3)
TS5

where K. denotes the proportional gain and 7. the integral time constant of the velocity loop.

The speed loop feedback incorporates two selectable modes via a software switch.
Mode 1 employs a differentiation tracker to extract the angular rate of the gimbal axis
relative to the gondola from encoder-based angular position feedback. Mode 2 utilizes
fiber-optic gyroscopes to measure the inertial angular rates (absolute angular rates) of the
pitch and azimuth axes of the gimbal (Figure 9).
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Figure 9. Feedback control design for the velocity loop.

Compared to ground-fixed systems, balloon-borne systems are susceptible to distur-
bances from telescope reaction torques and gondola oscillations. Consequently, reliance
solely on relative angular displacement measurements from encoders (Figure 10a) proves
inadequate for base disturbance decoupling requirements. Therefore, integrating gyro-
scopic feedback (Figure 10b) to provide absolute inertial angular velocity information
effectively suppresses external disturbances, thereby meeting the high-precision pointing
demands of astronomical observations.

(b)

Figure 10. Two different measuring instruments: (a) absolute optical encoder; (b) fiber-optic gyroscope.

To ensure high tracking accuracy and low-speed performance, the two-axis gimbal
control system adopts a direct-drive torque motor configuration. High-precision angular
sensors provide angle feedback, while precision inertial sensors measure the inertial point-
ing of tracked celestial bodies. Combined with gyroscopic inertial stabilization technology;,
this design effectively isolates disturbances from platform motion and Earth rotation,
enhancing tracking stability and enabling precise axis pointing control. The absolute an-
gular rates of the azimuth and pitch axes are derived from a triaxial fiber-optic gyroscope
mounted on the pointing column: Let p, g, ¥ denote the angular rates measured along the
gyroscope’s three axes. The inertial angular rates of the gimbal’s azimuth axis (i, ) and
pitch axis (wp;) are computed as

{ Wt =1 , (34)

wpy = psina + gcosa
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4.1.3. Position-Loop Control Design

In complex gimbal servo systems, the position loop, as the outermost control loop,
exerts a decisive influence on the system'’s tracking accuracy, robustness, and dynamic
response. Traditional high-precision control scenarios often simplify the position loop to
a proportional controller to completely eliminate overshoot and ensure absolute stability
of position response. However, in balloon-borne astronomical observation platforms, the
system must address complex dynamic characteristics such as multi-body coupled motion,
low-frequency disturbances, and parametric uncertainties. Consequently, a proportional-
integral (PI) control strategy is preliminarily adopted for the position controller.

In position-loop control for complex servo systems, the fixed-parameter characteristic
of traditional PI controllers impedes effective handling of nonlinear dynamics and external
time-varying disturbances. Parameter tuning, typically relying on empirical methods
or preliminary frequency-domain analysis, yields only approximate ranges, resulting in
response lag, increased overshoot, and limited high-precision positioning performance
under dynamic operating conditions. To mitigate these limitations, a fuzzy adaptive PID
control strategy (Figure 11) is adopted. This approach constructs a multi-dimensional fuzzy
rule base based on initial parameter ranges, taking the position error (e) and error change
rate (ec) as fuzzy inputs. These inputs are mapped to fuzzy domains via membership
functions, with Mamdani inference dynamically generating PID parameter adjustments
(AKp, AKj, AKp) in real time to achieve online self-tuning of controller gains [22,23].

Fuzzy Kp € [25, 55]
Controller Ki€[l, 5]
Kd € [-0.01, 0.01]

ec

state,, state,
: PID Controller >

Figure 11. Block diagram of fuzzy PID control structure.

The fuzzy subsets for the input error e, error change rate ec, and PID parame-
ter adjustments AKp, AKj, AKp in the fuzzy PID controller are uniformly defined as
{NB,NM, NS, ZO, PS, PM, PB}, representing Negative Big, Negative Medium, Negative
Small, Zero, Positive Small, Positive Medium, and Positive Big, respectively. Based on
long-term engineering expertise and linguistic variable partitioning, the tuning rules for
these coefficients are established in Table 3 (with error e as the horizontal axis and error
change rate ec as the vertical axis). For extreme working conditions involving high pre-
cision and small-angle pointing adjustments, the proportional gain output for the (NB,
NB) and (PB, PB) rules is adjusted from the traditional empirical values of NB/PB to ZE.
This optimization strategy slightly sacrifices response speed to enhance system stability
and robustness.
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Table 3. Fuzzy rule table for AKp, AK}, and AKp adjustments.
ec
NB NM NS Z0O PS PM PB
e

NB ZE/NB/PS PB/NB/NS PM/NM/NB PM/NM/NB PS/NS/NB ZO/ZO/NM ZO/ZO/PS
NM PB/NB/PS PB/NB/NS PM/NM/NB PS/NS/NM  PS/NS/NM  ZO/ZO/NS NS/Z0O/ZO
NS PM/NB/ZO PM/NM/NS PM/NS/NM PS/NS/NM  ZO/ZO/NS NS/PS/NS NS/PS/ZO
Z0O PM/NM/ZO PM/NM/NS  PS/NS/NS Z0O/ZO/NS NS/PS/NO NM/PM/NS NM/PM/ZO
PS PS/NM/ZO PS/NS/Z0O Z0/7Z0/Z0O NS/PS/Z0O NS/PS/Z0 NM/PM/ZO NM/PB/ZO
PM PS/ZO/PB Z0O/ZO/NS NS/PS/PS NM/PS/PS NM/PM/PS NM/PB/PS NB/PB/PB
PB Z0/Zz0/PB  7Z0O/ZO/PM NM/PS/PM NM/PM/PM NM/PM/PS NB/PB/PS ZE/PB/PB

The introduction of fuzzy adaptive PID control into the position loop is designed to
enhance the system’s adaptive capability through real-time dynamic tuning of controller
parameters, effectively suppressing the effects of gondola—turntable coupling disturbances
and model uncertainties. The proportional gain K}, provides sufficient stiffness during the
initial response phase for rapid command tracking and is moderately increased via fuzzy
rules near a steady state to further minimize extremely fine steady-state errors. The integral
gain K; is set relatively small initially to prevent integral windup and overshoot, and it is
strengthened under fuzzy logic control in the later stage to thoroughly eliminate steady-
state deviations on the order of arcseconds. The derivative gain K4 is constrained within
a narrow range of [-0.01, 0.01]; it primarily predicts the error trend and applies minimal
damping to suppress overshoot during the initial phase, then rapidly recedes in the later
stage to avoid sensitivity to high-frequency noise. Through the dynamic coordination of
these three parameters via fuzzy rules, the system maintains minimal overshoot, extremely
high steady-state accuracy, and an optimized settling time even under complex operating
conditions, thereby meeting the stringent requirements of astronomical observation for
high-precision pointing and anti-interference stability.

4.2. Control Protection Strategies

To address the stability requirements of the multi-level control system in a near-
space balloon-borne astronomical observation platform, two core protection strategies are
proposed in this section:

e  Gain adaptation resolves inter-level torque interference phenomena;
e Anti-windup design suppresses the risk of actuator saturation failure.

These strategies collectively establish a system safety boundary, ensuring robust
azimuth pointing control under extreme operating conditions.

4.2.1. Gain Adaptation Processing

The cascaded composite system constitutes an integrated gondola azimuth control
system and a tier-2 gondola gimbal pointing system. Owing to the low damping ratio
and prolonged period of the gondola torsional mode, the low-frequency oscillation mode
may be excited when the reaction torque from the tier-2 system exceeds the compensation
capacity of the integrated system, thereby inducing torque conflict phenomena between
primary and secondary control levels. In severe cases, this triggers flywheel runaway in
the primary system. To address this, a state-criterion-based segmented gain-scheduling
mechanism is proposed:

0 IAG] > 3°
K- 129205 050 < |ag| < 3° ,
K IAB] < 0.5°

Koy = (35)
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where Af denotes the azimuth tracking error, K represents the nominal gain of the tier-2
system, and Ky is the actual control gain.
The operational strategy is implemented as follows:

1. When the azimuth deviation exceeds 3°, only the integrated gondola azimuth control
system is activated, while the tier-2 system remains disabled.

2. When the azimuth deviation enters the 3° range, the tier-2 system engages with
low-gain progressive engagement under the integrated system’s operation, avoiding
abrupt torque disturbances to the primary control.

3. Once the tier-2 azimuth deviation falls within 0.5°, the tier-2 system operates at its
full nominal gain K for precision control.

This adaptive gain-scheduling strategy exhibits a trapezoidal response profile, as
shown in Figure 12.

Control Gain

fo
-

-3° -0.5° +0. 5% +3°  Azimuth Error

Figure 12. Trapezoidal gain-scheduling response profile for tier-2 gimbal adaptive control.

Unlike the stepped-gain approach, which may induce chattering phenomena at step
points due to measurement errors, the linear gain strategy significantly reduces the influ-
ence of measurement noise on the gain, thereby effectively mitigating tremors. For instance,
within the switching interval, based on the 0.1° measurement accuracy of the primary
attitude control system, the magnitude of gain variation is merely approximately 4%. After
switching to the secondary system, owing to high-precision measurement at the arcsecond
level, the impact of noise on the gain becomes almost negligible.

This strategy fundamentally circumvents torque interference risks between the in-
tegrated and tier-2 system by state-dependent gain modulation, effectively preventing
flywheel runaway caused by reaction torque overload during large-deviation scenarios. It
thereby provides critical safety assurance for high-precision pointing control.

4.2.2. Anti-Windup Processing

In the multi-loop architecture of the tier-2 gondola gimbal pointing system, PI con-
trollers containing integral elements are widely adopted for the current loop, velocity loop,
and position loop. The inherent characteristic of the integrator causes continuous accumu-
lation of control output under sustained directional deviation. When the actuator enters the
saturation zone, the integral term continues to increase. This state cannot be immediately
resolved even after error direction reversal, resulting in reset lag and aggravated overshoot,
which severely degrades the dynamic response characteristics.

To suppress the integral windup effect, a feedback-based conditional integration
anti-windup method is implemented (Figure 13). By dynamically regulating the integral
accumulation rate through a real-time feedback path, an integral attenuation mechanism is
automatically triggered when the output approaches the physical boundary of the actuator.
The actual output of the integrator is expressed as
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1 — k; ky —
Is) = LkiE(s) ~ kU(s) ~ T} = Z{EG) — 2[U) T}, 66)
1
where Kj, denotes the feedback coefficient, satisfying
ki 1
ky > kT (37)
or

T, < Tj, (38)

k . . . . .
Here, T; = ¥ represents the integral time constant and T;, = kl—b is the winddown time constant.

E
1

Proportional Gain

l/\ »( Output
v ~Comm)

Saturation

Integral Gain

Figure 13. Control block diagram of anti-windup processing.

In this approach, k; functions as an independent variable. When PID coefficients are
modified, k;, must be adjusted correspondingly to satisfy the above Equation (37). Therefore,

in practical system modeling and design, we set k;, = ﬁ = Tib, and the integrator output
adopts the following structural form:
_ki U(s) — U(s)
1(5) = THEG) ~ =, 39)

where v € (0.1,1), and 1 typically takes a value of 0.25 or 0.5 in simulations.

By dynamically suppressing the integral accumulation rate, this method completely
eliminates control lag and amplifies overshoot caused by actuator saturation. It ensures
controllability maintenance under sustained directional deviations, thereby establishing a
protective barrier for stable operation in complex disturbance environments.

5. Simulation Study

To quantitatively validate the arcsecond-level pointing accuracy of the balloon-borne
astronomical observation platform under complex dynamic environments, and system-
atically evaluate the actual efficacy of key technologies—including fiber-optic gyroscope
feedback optimization and fuzzy PID control algorithms—in system disturbance rejection,
robustness, and tracking precision, the following simulation studies were conducted.

5.1. Simulation Preparation

According to practical engineering requirements, a medium-scale gondola with a mass
below 700 kg was adopted for the design. The pitch—axis inertia of the tier-2 gimbal was
configured to account for 1/5 to 1/10 of the gondola’s pitch-axis inertia, while its azimuth-
axis inertia was set at 1/6 to 1/12 of the gondola’s azimuth-axis inertia. Referencing
existing designs, the azimuthal rotation acceleration of the gondola was constrained to
2°/s2. By limiting the azimuth-axis acceleration of the tier-2 gimbal to within 6°/s?, it
was ensured that the reaction torque generated by the tier-2 attitude control consistently
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remained within the compensation range of the primary attitude control system. Detailed
simulation parameters are listed in Table Al.

Compliance with the lightweight design requirements of the balloon-borne platform
necessitates the closed-loop bandwidth of the velocity loop in the tier-2 gondola gimbal
pointing system to be designed at 16 Hz, while the bandwidth of the position loop is set
to 8 Hz. The structural mechanical resonance frequency of the gimbal is configured at
approximately 40 Hz, corresponding to 2.5 times the velocity loop bandwidth and 5 times
the position loop bandwidth. This design effectively prevents resonance between the
control system and the elastic modes of the mechanical structure. A structural resonance
frequency around 40 Hz simultaneously avoids excessive weight issues caused by overly
stringent stiffness requirements.

Both the primary reaction wheel, torque compensator, and the tier-2 gondola gimbal
shaft motors employ brushless permanent magnet torque motors in a direct-drive con-
figuration. This design eliminates backlash and hysteresis phenomena associated with
geared transmission systems while simultaneously ensuring high structural stiffness and a
fundamental natural frequency of the system. Reference parameters of the motors adopted
in this simulation study are detailed in Table A2.

Considering the lightweight design requirements of the balloon-borne platform, the
closed-loop bandwidth of the velocity loop in the tier-2 gondola gimbal pointing system
is designed at 16 Hz, while the position loop bandwidth is set to 8 Hz. The structural
mechanical resonance frequency of the gimbal is designed at approximately 40 Hz, which
is 2.5 times the velocity loop bandwidth and 5 times the position loop bandwidth. This
design effectively prevents resonance between the control system and the elastic modes
of the mechanical structure. A structural resonance frequency around 40 Hz also avoids
excessive weight issues caused by overly stringent stiffness requirements.

To enhance the fidelity of the simulation model to actual scenarios, encoder measure-
ment error, primary attitude sensor measurement error, tier-2 precision attitude sensor error,
motor static friction, motor dynamic friction, and external disturbance torque were incorpo-
rated into the simulation system based on real-world engineering conditions. Parameters
for sensors and motors were directly computed from numerical values (Table A3).

Considering the simulation environment at a near-space altitude of 35 km (atmospheric
density p), the relative velocity between the balloon-borne gondola and the atmosphere is
assumed to be low. Given a maximum relative wind speed v;,;, aerodynamic frontal area
Ap, and aerodynamic drag coefficient C;, aerodynamic disturbance forces F, are calculated
by Newton’s drag law:

1
F = EpvaCdAp, (40)

Accounting for structural asymmetry, let the eccentricity distance between the aerody-
namic load application point and the center of mass be d,. The wind-induced disturbance
torque M, is then expressed as

My = Fudy, (41)

For a 60 kg telescope payload, assuming its effective frontal area under maximum
relative wind speed v, is A;, the aerodynamic disturbance force F; is defined as

1
Fi = 5pom’CiAr, (42)

Due to optical component mass offset, let the eccentricity distance of the payload
application point be d;. The wind-induced disturbance torque M; is

M; = FRd;, (43)
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Based on the above calculations and combining the aerodynamic disturbance pa-
rameters (Table A4), the maximum result is as follows: the wind-induced disturbance
torque acting on the integrated gondola azimuth control system M, = 0.5Nm@0.3Hz,
and the external disturbance torque acting on the tier-2 gondola gimbal pointing system
M; = 0.12Nm@0.7Hz.

The azimuth channel control system of the balloon-borne observatory was mod-
eled in Simulink, as illustrated in Figure 14. This simulation framework integrates three
core subsystems:

1. Gondola-Gimbal Dynamics Model: Implements the dynamics equations derived
in Section 3, utilizing predefined disturbance profiles and inertia parameters from
appended tables to characterize rigid-body interactions between the payload and
gimbal platform;

2. Gondola Anti-Twist Decoupling Controller: Accepts gondola azimuth motion feed-
back and balloon tether twist angle as inputs, generating anti-twist motor torque
commands to neutralize azimuthal torsion through real-time cable-induced distur-
bance compensation;

3. Integrated Azimuth Control Architecture:

e  Flywheel Controller: Regulates overall gondola orientation via synergistic actua-
tion with the anti-twist controller;

e  Gimbal Azimuth Controller: Stabilizes high-precision pointing of the inner frame;

e  Master Azimuth Controller: Fuses coarse azimuth references from the flywheel
subsystem with fine-pointing feedback from the gimbal.

AzGId_deg

Gondola-Gimble Dyna Balloon rotation angle todeg

| I =S .

Rec.Decoup.Torque
'

Balloon Dyna

disturb Torq
decouple Controller(DC)

BallRotAng|

(@ (b)

Azimuth Controller ‘ |

Gimble AziController

(©)

Figure 14. The model of the balloon-borne observatory’s azimuth channel control system. (a) gondola—
gimbal dynamics model; (b) decoupling controller for gondola reaction torque; (c) integrated azimuth
control architecture (main, gimbal, and wheel controllers).
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The model employs a fixed-step solver, odel4x (step size: 0.001 s), to ensure highly
deterministic simulation behavior at discrete time steps, thereby providing a reliable and
consistent simulation environment for the validation of system disturbance suppression
algorithms. The solver achieves a balance between computational complexity and accuracy
through its extrapolation algorithm, making it particularly suitable for the dual require-
ments of simulation efficiency and stability in this model. A sinusoidal torque disturbance
with a frequency of 1 rad/s is applied to simulate the continuous impact of periodic inter-
ference sources encountered in real-world scenarios, enabling a comprehensive evaluation
of the controller’s suppression capability and robustness under disturbances of varying
phases and amplitudes. To emulate gradually varying command signals during practical
operation, a linear ramp input with a slope constrained to £3 units per second is selected.
This input mode effectively tests the controller’s tracking performance under slowly vary-
ing references while avoiding transient overshoot or actuator saturation issues caused by
abrupt input changes.

5.2. Simulation Verification

The integrated gondola azimuth control system, serving as the foundational stabiliza-
tion layer for balloon-borne astronomical observation platforms, achieves azimuth pointing
accuracy through a synergistic torque distribution mechanism between reaction wheels and
the torque compensator. The reaction wheels generate active control torque via momentum
exchange to drive the gondola rotation, while the torque compensator simultaneously
isolates balloon-body rotational disturbances and produces unloading torque to prevent
wheel saturation, forming a closed-loop complementary control architecture. The core de-
sign objective of this system lies in suppressing the inherent low-frequency, large-azimuth
deviations (>1°) of balloon platforms, thereby providing a preliminarily stabilized base
environment for the tier-2 gondola gimbal pointing system.

When executing a 30° azimuth step command, Figure 15’s simulation results demon-
strate the integrated gondola azimuth control system’s full 360° attitude regulation ca-
pability. However, its precision enhancement is constrained by two fundamental physical
bottlenecks: (1) the inherent frequency-response limits of mechanical actuators restrict dynamic
tracking performance against high-frequency disturbances, and (2) the low-stiffness character-
istics of the gondola-balloon chain structure induce significant resonance phenomena.
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Figure 15. (a) Integrated gondola azimuth control curve without disturbance; (b) integrated gondola
azimuth control curve with introduced disturbance.

Given the high sensitivity of arcsecond-level pointing accuracy to minor disturbances,
external mechanical vibrations and material deformations cannot be neglected. To verify
the system’s disturbance rejection robustness under stringent suppression requirements, a
periodic sinusoidal torque disturbance is introduced. Under such conditions, the residual
error manifests as low-amplitude oscillations.

Since actuator bandwidth and structural stiffness are intrinsic hardware properties
unalterable by control strategies, overcompensating for high-frequency disturbances or low-
frequency resonances through algorithms may inadvertently excite unmodeled dynamics
and instability. Consequently, the fundamental approach to achieving arcsecond-level
accuracy relies on a hierarchical control architecture: the integrated gondola azimuth
control system suppresses large-scale deviations to establish a preliminarily stabilized base
(£0.5°), while the tier-2 gondola gimbal pointing system subsequently compensates for
residual errors via gain-adaptive strategies, ultimately realizing a <20” pointing accuracy
(Figure 16).
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Figure 16. Diagram of Tier-2 gondola gimbal pointing control error curve.

The tier-2 gondola gimbal pointing system exhibits a double-peak overshoot charac-
teristic upon activation, a phenomenon stemming from the system’s dynamic response
to linear command inputs: the first overshoot primarily results from insufficient control
gain during the initial startup phase, which fails to effectively overcome static friction,
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leading to a temporary increase in error before resuming a decreasing trend; the second
overshoot is mainly induced by the integral element during abrupt changes in the control
command, where integral action accumulates error and causes excessive compensation.
Although this linear command design introduces overshoot, it effectively avoids the in-
stantaneous torque impact and actuator saturation risk associated with step commands,
thereby achieving a smooth transition while ensuring system stability. Furthermore, the
overshoot amplitude remains within the acceptable precision range of the integrated gon-
dola azimuth control system, and the system converges within 40 s, meeting engineering
application requirements.

The core functionality of the system resides in achieving gondola base motion decou-
pling through an “outer pitch + inner azimuth” structure, while employing a triple-loop
control architecture. This architecture comprises a current loop for precise motor torque
tracking, a velocity loop for high-frequency disturbance suppression, and a position loop
guaranteeing arcsecond-level positioning accuracy. To enhance control precision, compar-
ative simulations were conducted for velocity loop feedback control and position loop
algorithm design.

5.2.1. Velocity Loop Feedback Control Verification

In the azimuth control simulation of the tier-2 gondola gimbal pointing system, the
velocity loop feedback control modes were initially validated (Figure 17). Comparative
simulations were conducted for two feedback strategies: encoder-based relative angular
velocity feedback, where rate information is derived from the differential of motor shaft
displacement; and fiber-optic gyroscope, absolute inertial angular velocity feedback, which
directly acquires angular motion data of the carrier in inertial space.
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Figure 17. Secondary gimbal platform pointing error (red: relative angular rate feedback; blue:
inertial angular rate feedback).

Simulation results demonstrate that the encoder-based feedback achieves a pointing
control accuracy of 20”, while the introduction of fiber-optic gyroscope feedback cap-
turing absolute inertial angular velocity data improves accuracy to 5”. This indicates
that gyroscopic feedback suppresses external disturbances by providing absolute inertial
motion information, thereby better satisfying high-precision pointing requirements for
astronomical observations.



Aerospace 2025, 12, 821

24 of 31

5.2.2. Position Loop Algorithm Optimization Verification

To address the parameter rigidity limitation of conventional PID strategies in cop-
ing with nonlinear disturbances during tier-2 gondola gimbal pointing system position
loop control, this paper introduces an adaptive fuzzy PID algorithm to achieve dynamic
parameter tuning. This design dynamically adjusts controller gains through fuzzy rules,
thereby resolving the fundamental trade-off between disturbance rejection and steady-state
accuracy in high-precision pointing scenarios.

Simulation results (Figure 18) demonstrate that the proposed algorithm achieves a
steady-state pointing accuracy superior to 5”, satisfying the core requirement of azimuth
control for the tier-2 gondola gimbal pointing system.

Control System Steady-State Error Comparison

Conventional PID
® Peak: 3.34"

N
T

Error (arcsec)
o

1
N
T

1
IS

=)
1S3

102 104 106 108 110 12 114 116 118 120

(a)

IS
1

Fuzzy PID
® Peak: 259"

Error (arcsec)
) N
= T

U
N
T

1 1 1 1 1 1 1 1 1 |
-4
100 102 104 106 108 110 112 114 116 118 120
Time (s)

(b)

Figure 18. Azimuth pointing error comparison: (a) conventional PID steady-state error; (b) fuzzy
PID steady-state error.

To systematically evaluate the performance advantages of fuzzy PID control in both
the integrated gondola azimuth control system and the tier-2 gondola gimbal pointing
system, this study conducts quantitative analysis through azimuth control error comparison
(Figure 19) and multi-dimensional performance metrics (Figure 20). These analyses reveal its
breakthrough improvements in steady-state accuracy and disturbance rejection capability.
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Figure 19. PID vs. fuzzy PID azimuth control error comparison.
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Figure 20. PID vs. fuzzy PID control performance metrics.

Simulation results demonstrate that compared with conventional PID control, the
fuzzy PID control achieves a significant enhancement in steady-state pointing accuracy
while substantially reducing the maximum disturbance-induced deviation. Although its
settling time is prolonged, the stringent demand for steady-state accuracy in astronomi-
cal observations prioritizes precision over rapid response. This control strategy thereby
systematically optimizes the pointing stability of high-value payloads at a limited cost in
dynamic response performance.

5.2.3. Robustness Verification of Pointing Accuracy Under Payload Inertia Uncertainty

To validate the robust performance under payload parameter uncertainty, seven
perturbation comparison tests were conducted for the moment of inertia parameters of the
tier-2 gondola gimbal pointing system, encompassing the nominal condition and inertia
deviations of £5%, +10%, and 420%. This +20% perturbation range originates from
the payload weight-inertia tolerance standard threshold defined by the platform, which
verifies inertia deviation adaptability when different teams deploy medium-small telescope
payloads. Through multi-dimensional perturbation scenario validation, a design margin in
multi-payload compatibility and pointing accuracy robustness is ensured (Figure 21).

Simulation results demonstrate that under varying inertia perturbations, an increase
in load inertia reduces the equivalent damping ratio, resulting in elevated overshoot in
step responses. Furthermore, all perturbation scenarios converge to the steady-state band
within the specified time, confirming the strong robustness of the controller within the
+20% inertia variation range.

To quantitatively assess the impact mechanism of payload inertia perturbations on
pointing accuracy, azimuth pointing error comparison results under different inertia per-
turbations were obtained during the stable phase (100-120 s) (Figure 22).

Combined with statistical metric evaluation of pointing accuracy (Figure 23), the
results empirically show that during the 100-120 s steady-state observation window, all
scenarios exhibit azimuth errors converging within the +5" accuracy threshold. The system
demonstrates strong robustness within £20% inertia perturbations, satisfying compatibility
requirements for diverse telescope payload specifications.



Aerospace 2025, 12, 821

26 of 31

Nominal value

Pointing Error (arcsec)

50

100
Time (s)

150

(a) Nominal value

-20% Disturbance

Pointing Error (arcsec)

0 50 100 150 200
Time (s)

(b) —20% Disturbance

-5% Disturbance

sinting Error (arcsec)

0 50 100 150 200
Time (s)

(d) —5% Disturbance

10% Disturbance

ting Error (arcsec)

Point

20 40 60 80 100 120 140 160 180 200

Time (s)

(f) 10% Disturbance

-10% Disturbance

Pointing Error (arcsec)
b ok % & @
888 . 888

0 50 100 150 200
Time (s)

(c) —10% Disturbance

5% Disturbance

8588

Pointing Error (arcsec)
"
LIS

8

-

E

100 150 200
Time (s)

(e) 5% Disturbance

20% Disturbance

N2 ae
o 8888

Pointing Error (arcsec)
0
8

84t

0 50 100 150 200
Time (s)

(g) 20% Disturbance

Figure 21. Simulation results of +20% payload inertia variation.
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Error Metrics under Inertia Disturbances
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Figure 23. Statistical data of azimuth error under inertia perturbations.

Simulation verification of the tier-2 gondola gimbal pointing system demonstrates that
a multi-level cooperative control architecture achieves precise pointing objectives. After
the integrated gondola azimuth control system stabilizes platform pointing accuracy below
0.5°, the tier-2 system is dynamically activated based on a gain-adaptive strategy. An “outer
pitch—inner azimuth” structure is implemented to decouple base motion, while dynamic
performance is enhanced through current-velocity—position triple-loop control. In velocity-
loop validation, fiber-optic gyroscope feedback capturing absolute inertial angular velocity
demonstrated a superior performance to encoder-based relative feedback, effectively sup-
pressing external disturbances. For the position loop, an adaptive fuzzy PID algorithm
was introduced, simultaneously improving steady-state accuracy and disturbance rejection
capability while meeting stringent requirements for astronomical observation precision.
Robustness tests further confirm stable pointing under +-20% payload inertia perturbations,
ensuring compatibility with diverse telescope payload specifications.

6. Conclusions

This study addresses the multi-level coupling and disturbance suppression challenges
in azimuth pointing control for near-space balloon-borne astronomical platforms, proposing
a systematic solution with the following key achievements:

1. A unified nonlinear dynamic model for the azimuth channel was established for
the first time, accurately characterizing the inertial coupling effects between the
integrated gondola azimuth control system and the tier-2 gondola gimbal pointing
system, thereby laying a theoretical foundation for control strategy design.

2. A precision control algorithm was constructed through fiber-optic gyroscope velocity-
loop feedback and an adaptive fuzzy PID position loop, achieving high disturbance
rejection and strong robustness. This was supplemented by a dual-protection strategy
integrating gain adaptation and anti-windup constraints, ensuring stable operation of
the multi-level control system under extreme conditions.

3.  High-fidelity multi-condition simulations verified that the proposed control system
attains < 20" steady pointing accuracy under typical wind disturbances (0.7 Hz)
and sensor noise, while maintaining control errors below 5” under +20% payload
inertia perturbations, providing a rigorously validated theoretical design paradigm
for near-space astronomical observation platforms.

Although this study provides encouraging simulation results, several limitations re-

main: the current research is in the design stage, and the conclusions rely on high-fidelity
simulations. While these simulations offer critical insights into the system’s performance
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under various conditions, they cannot fully capture all the complexities and unforeseen
factors in a physical implementation. Therefore, to further validate and advance this
work, we will actively pursue Hardware-in-the-Loop (HIL) semi-physical simulation ex-
periments in future efforts. Subsequently, we plan to conduct suspension experiments.
These experiments will provide the most authentic assessment of the platform’s point-
ing performance and robustness in an environment closest to its intended operational
scenario. This progression—from simulation to semi-physical simulation, and finally to
physical experimentation—forms a logical pathway for the development and refinement
of this technology, ensuring its readiness for practical scientific applications in near-space
astronomical observation.

This study provides reliable technical support for scientific missions such as near-
space astronomical observation. The outcomes not only significantly enhance the azimuth
pointing performance of balloon-borne platforms but also establish a crucial reference
benchmark for advancing precision pointing technologies for high-value near-space pay-
loads, demonstrating broad prospects for engineering applications.
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Appendix A

Appendix A presents the parameter configurations used in the simulations.

Table A1. Near-space balloon-borne astronomical observation platform system simulation: general
parameter table.

Parameters Numerical Values  Parameter Application Notes
Nominal level-flight altitude 35 km
Balloon sphere volume 10,000 m?
Balloon sphere height 183 m
Balloon sphere maximum diameter 30.5m
Balloon sphere volume 0.45 Balloon Dyna model
Horizontal added mass coefficient of sphere 0.7 parameter
Telescope gondola suspension point position L4 25m
Distance from gondola CG to suspension point L, 3m
Suspension cable length L3 50 m
Equivalent stiffness of suspension cable 1.372 N-m/rad
Reference structural gross weight 672 kg Total mass of gondola and

Reference suspended weight (gondola weight) 600 kg gimbal system
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Table Al. Cont.

Parameters Numerical Values  Parameter Application Notes
Gondola moment of inertia about X-axis (through CG) Jox 200 kg-m? Inertia tensor of
Gondola moment of inertia about Y-axis (through CG) Joy 200 kg-m2 mountine-base frame o0x.1/.z
Gondola moment of inertia about azimuth axis (Z-axis) Jo 150 kg-m? & oYoZo
. . _ . . . 2
Telescope body moment of inertia X aX.IS) Jix 8 kg-m ) Tnertia tensor of pointing-axis
Telescope body moment of inertia (Y-axis) Jiy 12 kg-m frame ox:1/:2:
Telescope body moment of inertia (Z-axis) Ji, 12 kg-m? iYii
. . . _ . . 2
Inner g%mbal moment of %nert%a X ax-1s) Jmx 12 kg m2 Inertia tensor of inner-gimbal
Inner gimbal moment of inertia (Y-axis) Jmy 8 kg-m frame oX. 1.z
Inner gimbal moment of inertia (Z-axis) Jm; 8 kg-m2 mlfmzm
. Derived from payload mass:
Telescope gravity G 600 N G=mg (g =9.8m/s?)

Table A2. Reference parameters of motors adopted in the simulation study.

Parameter Categories Parameters Numerical Values
Rated Torque 5N'm
Rated Speed 30 rpm
Rated Performance Rated Voltage UV
Rated Current 4 A
Armature Resistance 474 )
El ical P Armature Inductance 0.019 H
ectrical Parameters Back-EMF Constant 1.72 V-s/rad
Torque Constant 1.32 N-m/A
. Static Friction Torque 0.04 N-m
Mechanical Parameters Dynamic Friction Coefficient 0.01 N'm

Table A3. System simulation core performance parameters.

Parameters Numerical Values
Triaxial FOG Accuracy 0.01°/h
Azimuth: <0.05°
Pitch/Roll: <0.03°
GNSS/INS Accuracy Gyro: 0.01°/h

Velocity: <0.1 m/s
Position: 5 m (CEP)

Reaction Wheel / Torque Motor

Torque: 0.05 N-m

Dynamic Friction: 0.02 N-m-s/rad

Gimbal Servo Motor

Torque: 0.04 N-m

Dynamic Friction: 0.02 N-m-s/rad
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Table A4. Aerodynamic disturbance parameters.

Parameters Numerical Values
Atmospheric density p 0.00675~0.00848 kg /m?
Maximum relative wind speed v, 9m/s
Gondola aerodynamic frontal area A, 4 m?
Aerodynamic drag coefficient Cq 0.7
Aerodynamic disturbance force on gondola F, 0.765~0.962 N
Eccentricity distance between aerodynamic load 05m
application point and center of mass dj, '
Effective frontal area of telescope assembly A¢ 0.5 m?
Aerodynamic disturbance force on telescope 0.095~0.120 N
assembly F;
Eccentricity distance of telescope payload Im
application point d¢
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