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Abstract

Wide- and narrow-band composite-axis servo systems in inter-satellite laser communi-
cation face critical challenges in balancing high-precision dynamic tracking and strong
robust anti-disturbance performance under the coupling effect of high-speed inter-satellite
relative motion and multiple strong disturbances. To address this issue, this paper pro-
poses a composite control method integrating adaptive non-singular terminal sliding-mode
control and a nonlinear extended state observer. First, a full-link dynamic model cov-
ering electromechanical coupling and inter-axis disturbance transmission is constructed
to accurately quantify the disturbance characteristics of coarse- and fine-tracking loops.
Second, a third-order nonlinear extended state observer is designed to realize real-time
high-precision estimation and feedforward compensation of lumped disturbances. On
this basis, a self-consistent adaptive non-singular terminal sliding-mode control law is
formulated. Under the explicitly stated observer-residual and reaching-phase assump-
tions, the ideal continuous model provides finite-time convergence of the sliding variable
and tracking error. Finally, a wide- and narrow-band cooperative strategy based on error
frequency division is introduced to achieve complementary performance between large-
stroke coarse tracking and ultra-high-precision fine tracking. Numerical simulations yield a
steady-state tracking-error point estimate of 0.30 urad and a 20 dB disturbance-suppression
bandwidth of 1200 Hz. In the semi-physical dynamic-tracking test, the proposed controller
limits the peak error to 1.2 urad; the instrument-only expanded uncertainty of the detec-
tor output is estimated as 0.12 urad (coverage factor k = 2). At the reported evaluation
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1. Introduction

With the large-scale construction of the integrated space-ground information network,
inter-satellite laser communication has become the core supporting technology for space
information transmission, with its core advantages of large bandwidth, high confidentiality,
and low power consumption. The high-precision composite-axis pointing, acquisition, and
tracking (PAT) system is the core unit to ensure the stable establishment and continuous
maintenance of inter-satellite laser links. Its dynamic tracking performance and anti-
interference ability directly determine the reliability and communication quality of space
laser communication.

Extensive research has been carried out on composite-axis PAT systems from the
perspectives of architecture design, on-orbit verification, and engineering application.

Ding et al. [1] designed and validated a high-precision composite-axis PAT system for
inter-satellite dynamic laser communication scenarios, confirming the tracking performance
advantages of the composite-axis architecture in dynamic scenarios and providing core
references for system infrastructure design. Yu et al. [2] conducted in-orbit experiments
on inter-satellite laser communication based on composite-axis tracking and verified the
engineering applicability of the architecture through in-orbit measurement data. They also
pointed out that there is still significant room for optimization of the system’s tracking
accuracy under in-orbit micro-vibration disturbances. Toyoshima et al. from JAXA com-
pleted an on-orbit demonstration of laser communication between low-orbit satellites and
ground stations, and they verified the long-term operational stability of the composite-axis
fine-tracking mechanism in the space environment. Zhao et al. [3] conducted experimental
research on a beacon-free inter-satellite laser communication tracking system based on
direct fiber-optic control, expanding the application boundaries of composite-axis tracking
systems and reflecting the dynamic response shortcomings of traditional tracking strategies
in beacon-free and low signal-to-noise ratio scenarios. Wang et al. [4] completed the pro-
totype development of a spatial multi-node laser communication network’s multi-target
tracking system, verified the adaptability of the composite-axis system in multi-target
scenarios, and also exposed the matching contradiction between system bandwidth and
tracking accuracy in multi-node dynamic scenarios.

From the perspective of control algorithm optimization, scholars have carried out a lot
of research on improving tracking accuracy and disturbance suppression capabilities.

Lv et al. [5] conducted a special study on the bandwidth improvement of a precision-
tracking control system for space laser communication and clarified that the bandwidth
of the precision-tracking loop is the core indicator that determines the high-frequency
disturbance suppression ability of the system, which points out the core direction for the
optimization of the precision-tracking control link. Cao et al. [6] proposed an improved
steady-state tracking strategy for the composite-axis system of free-space laser communi-
cation, effectively optimizing the steady-state tracking accuracy of the system. However,
the adaptability to dynamic tracking and sudden disturbance scenarios still needs to be
improved. Sun et al. [7] conducted research on the high-precision tracking problem of
free-space optical communication systems on mobile platforms, and they verified the
effectiveness of advanced control methods in dynamic platform scenarios, providing a
method reference for tracking control in inter-satellite dynamic scenarios. Dhruv et al. [8]
systematically reviewed the research progress of non-ground-platform free-space optical
communication pointing modules and gimbal systems, comprehensively summarized the
technical advantages and existing bottlenecks of composite-axis systems, and clarified that
active anti-interference ability in strong disturbance and high-dynamic scenarios is the core
direction of current technological breakthroughs.
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In terms of active disturbance rejection control and dual-loop collaborative design,
related studies have also made staged progress.

Wang et al. [9] designed an airborne laser target dynamic tracking system based on
an inertial reference unit, achieving stable tracking on a dynamic platform. The design
concept of inertial feedforward compensation provides a technical reference for optimizing
inter-satellite dynamic tracking systems. Han et al. [10] proposed a high-precision control
strategy for the ultra-low-speed and variable-speed motion characteristics of satellite plat-
form pointing mechanisms, effectively suppressing tracking errors caused by mechanism
nonlinearity and providing methodological support for high-precision closed-loop control
of composite-axis system actuators. Zhang et al. [11] conducted a systematic review of the
relative state measurement technology for precision formation of distributed spacecraft,
clarifying that the inter-satellite relative dynamic characteristics are the core input for the
design of tracking and aiming systems and providing a theoretical basis for the construc-
tion of dynamic tracking and aiming strategies. Wu et al. [12] proposed a single detector
composite-axis system using biaxial mirrors to achieve target capture, optimizing the optical
architecture and capture performance of the system. At the same time, higher requirements
were put forward for the collaborative control of biaxial wide- and narrow-band circuits.
Heine et al. from DLR applied linear active disturbance rejection control to the fine steering
mirror control of space laser communication terminals, which improved the system’s ability
to suppress micro-vibrations. However, the linear observer has limited estimation accuracy
for nonlinear fast-varying disturbances. Li [13] developed a computer-vision-assisted laser
communication tracking system integrating a lightweight convolutional neural network
with Kalman filtering and closed-loop beam steering, demonstrating the potential of intelli-
gent methods for robust real-time optical alignment in dynamic environments. Although
such approaches improve tracking adaptability, their computational requirements and
deployment constraints remain important considerations for resource-limited spaceborne
platforms. Wang et al. [14] conducted research on the principle, integrated design, and
control method of a damping positioning mechanism for segmented mirror systems. Their
high-precision mechanism collaborative control approach provides a reference for opti-
mizing the actuator of composite-axis systems. Li et al. [15] reviewed the application
progress of rotating Risley prisms in space optics, expanded the technical route of space
optical tracking mechanisms, and further reflected that the dynamic adaptability and active
anti-interference ability of traditional composite-axis systems in high dynamic scenarios
still need systematic breakthroughs.

In summary, existing research has laid a solid foundation for the development of
composite-axis tracking systems [16]. However, there are still three main shortcomings.
First, most dynamic models adopt independent modeling of coarse and fine loops, ignoring
the quantitative characterization of inter-axis coupling disturbance transmission character-
istics, which reduces the accuracy of the model basis for controller design. Second, a single
control method finds it difficult to balance the requirements of finite-time convergence,
chattering suppression, and disturbance suppression. Traditional sliding-mode control has
serious chattering, and linear active disturbance rejection control has limited estimation
ability for nonlinear fast-varying disturbances. Third, the collaborative design of wide-
and narrow-band loops is insufficient. The matching relationship between dual-loop band-
widths and disturbance suppression frequency bands is not clear, which easily leads to
control frequency band overlap and disturbance suppression blind spots. It is still difficult
to simultaneously meet the dual requirements of high-precision dynamic tracking and
strong robust active disturbance rejection in real space scenarios.

In response to these limitations, this study proposes a high-precision dynamic-tracking
and active-disturbance-rejection method for the wide- and narrow-band composite-axis
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servo system used in inter-satellite laser communication. The main contributions are as
follows: (1) a physically separated model of mechanical inter-axis coupling and optical
detector displacement is established; (2) a nonlinear extended state observer is combined
with a self-consistent adaptive non-singular terminal sliding-mode controller, and the
scope of its stability claim is stated explicitly; (3) complementary frequency-division filters
and platform-specific bandwidth-selection rules are defined for coordinated coarse- and
fine-loop control.

2. System Modeling and Control Method Design

2.1. Coupling Dynamics Modeling of Wide- and Narrow-Band Composite-Axis Servo Systems
2.1.1. Overall Working Principle and System Architecture

The core function of the wideband composite-axis servo system for inter-satellite laser
communication is to achieve the capture, alignment, and tracking of beacon light through
the collaborative work of coarse and fine dual circuits, ensuring the continuous stability of
the laser communication link. The overall architecture diagram of the system is shown in

Figure 1.
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Figure 1. Overall architecture of narrow- and wide-band composite-axis servo system for inter-

satellite laser communication.

As shown in Figure 1, the system is divided into four core modules: beacon light
sensing module, coarse-tracking broadband control loop, fine-tracking narrowband control
loop, and collaborative control module. Among them, the beacon light sensing module
collects the beacon light emitted by the opponent’s satellite through a four-quadrant
detector (QD), calculates the spot position’s deviation in real time, and outputs a tracking
error signal. The coarse-tracking broadband loop is composed of a two-dimensional
universal servo turntable, a permanent magnet synchronous motor, and a high-resolution
photoelectric encoder. It is responsible for coarse capture of beacon light and low-frequency
large-scale disturbance suppression within the £180° azimuth and +90° elevation range,
and it is the main broadband control body of the system. The system consists of a precision-
tracking narrow-loop routing fast tilt mirror (FSM), piezoelectric ceramic driver, and
capacitive position sensor, and it is responsible for sub-micro-arc high-precision tracking
and high-frequency micro-amplitude disturbance suppression within a range of =5 mrad.
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It is the narrow-band high-precision control core of the system. The collaborative control
module receives tracking errors and feedback signals from the dual-loop state; completes
disturbance observation, control law calculation, and instruction allocation; and achieves
collaborative control and coupling suppression of the dual loop.

2.1.2. Coarse-Tracking Broadband-Loop Dynamics

As the large-stroke execution unit of the system, the core of the coarse-tracking loop
is the rigid-body rotation system of the two-dimensional servo turntable, which needs to
consider both the electromagnetic characteristics of the motor and mechanical transmission
characteristics. Establish a unified electromechanical coupling dynamic equation for the
two independent motion axes of azimuth and elevation:

]céc + Bcéc + Kebe = Keie — Tge — Tcouple 1)

In the formula, J. is the moment of inertia of the coarse-tracking axis, B is the viscous
friction coefficient, K, is the torsional stiffness coefficient, 6. is the rotation angle of the
turntable, K; is the motor torque coefficient, i. is the motor armature current, Ty is the
external disturbance torque, and Teoyple is the coupling disturbance torque between the
coarse and fine axes.

In this equation, the external disturbance torque T4, and inter-axis coupling torque
Teouple are load torques opposite to the driving direction. They hinder the rotation of
the turntable, so they are subtracted from the driving torque term in the torque bal-
ance equation.

2.1.3. Fine-Tracking Narrow-Band Loop Dynamics

The fine-tracking loop is the core unit that determines pointing accuracy. Its fast-
steering mirror (FSM) is driven by a piezoelectric actuator and is modeled with inertia,
damping, flexure stiffness, parameter perturbations, external disturbance torque, and the
mechanical coupling torque transmitted from the coarse loop [17,18]:

(]f + A]f)()f + (Bf + ABf)f)f + (Kf + AKf)Gf = Kf K, us +df + Tof (2)

Here, J;, By, and K £ are the nominal FSM inertia, damping, and flexure-stiffness
coefficients; AJ r ABy, and AK r are their perturbations; 9f is the FSM deflection; K, is
the unloaded angular sensitivity of the piezoelectric/FSM actuator (rad V~1); K ¢ Ky is
therefore the torque-to-voltage gain (N-m V~1); u 7 is the control voltage; d is the external
disturbance torque; 7. is the mechanical coupling torque from the coarse loop.

The two disturbance terms in Equation (2) are defined as torques acting on the FSM.
Their signs are positive in the chosen input convention; restoring, damping, and parameter-
perturbation contributions are retained on the left-hand side and are transferred consistently
to the lumped acceleration disturbance in Equation (4).

2.1.4. Disturbance-Transfer Modeling for Dual-Loop Coupling

Coarse-axis errors affect the fine loop through two physically distinct channels: an
optical mapping to the quadrant-detector (QD) image plane and a mechanical torque
transmitted through the mounting structure. These channels are written separately as

AXQD(f) = GO A0 (1)

: ©
ch(f) e ch A6 (t) + ]cf Abc(t), dcouple = Tof

In Equation (3), Axgp is the QD spot-position displacement, Gf (m rad 1) is the
calibrated angle-to-image displacement sensitivity, 7.s is the mechanical coupling torque,
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Kep (N'm rad 1) is the equivalent angular-stiffness coupling coefficient, and J ¢ (kg-mz) is
the equivalent inertial-coupling coefficient. The quantity d_couple is defined as 7.; and
therefore represents a mechanical coupling torque with units of N-m. The optical sensitivity
G0 is obtained by optical calibration, whereas the mechanical coupling coefficients K.r and
Jcf are identified from the mechanical response of the platform.

For controller design, the mechanical coupling torque, external torque, and parameter
perturbations are collected in a lumped acceleration disturbance. With x; = 6 and x; = 0 f,
Equation (2) becomes [19]

x1 = 0f, X =0f, ¥ 1=mx

jc_2:f0(x1,x2)+buf+D(t)
fo=—=(Bg/J)xa = (K¢/]f)x1, b= KgKu/]Jg
D(t) = [ds + s — AJ; 8f — ABy 6f — AK; 6¢]/

The nominal term fj contains damping and elastic restoring effects with their physical
negative signs, b has units of rad s2 V!, and D(t) has units of rad s~2. This definition
corrects the former control-gain dimension and the signs of the ABy and AK contributions.

The corresponding disturbance transmission and coupling relationships are summa-
rized in Figure 2.
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Figure 2. Relationship between disturbance transmission and coupling characteristics in the wide-
and narrow-band composite-axis system.

As shown in Figure 2, external disturbances include satellite-platform micro-vibrations,
inter-satellite relative motion, and environmental loads. Internal disturbances include
actuator nonlinearity, sensor noise, and model-parameter perturbations. Coarse-axis effects
reach the fine loop through the optical measurement channel Axgp and the mechanical
coupling torque 7. [20].

Figure 2 contains three disturbance-superposition nodes (Nodes 1-3). Their functions
are as follows:

Node 1: The coarse-loop input node, which combines motor drive torque with external
and load torques in the balance expressed by Equation (1).

Node 2: The inter-axis coupling node, which maps coarse-axis angular errors to
QD image displacement and transfers the identified mechanical coupling contribution in
Equation (3).

Node 3: The fine-loop input node, which combines control torque, external disturbance
torque, and mechanical coupling torque in Equation (2).
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Model Assumptions and Validity. The coupling model is based on the following
assumptions and application scope:

(1) Physical Assumptions. The coarse-tracking turntable is treated as a rigid body, and
structural flexibility is ignored. This assumption is valid below the first structural natural
frequency (<100 Hz). The piezoelectric actuator is assumed to operate in its calibrated
linear region, and the flexure hinge is assumed to exhibit small-deformation linear elasticity
within the 5 mrad deflection range.

Inter-axis mechanical coupling is treated as predominantly unidirectional from the
coarse loop to the fine loop. Reaction from the fine loop is neglected because its moment of
inertia is approximately three orders of magnitude smaller than that of the coarse loop.

(2) Parameter Sources. Coarse-loop parameters are obtained from electromechanical
measurements of the two-dimensional servo turntable. Fine-loop parameters are taken from
piezoelectric-FSM calibration and system-identification results. The optical sensitivity G_6
and mechanical coupling coefficients K r and ],y must be obtained by optical calibration
and mechanical identification, respectively.

(3) Unit Consistency. All physical quantities adopt the International System of Units
(SI), with angles in rad, torque in N-m, voltage in V, and moment of inertia in kg-m?.

(4) Validity Range. The model applies to low-orbit inter-satellite laser-communication
scenarios over —40 ~ 60 °C, disturbance frequencies of 0 ~ 2000 Hz, and tracking angular
velocities not exceeding 10°/s. The rigid-body coarse-loop model is not used to infer
structural modes above 100 Hz.

2.2. High-Precision Dynamic-Tracking and Active-Disturbance-Rejection Composite Control

The controller combines a nonlinear extended state observer (NESO), adaptive non-
singular terminal sliding-mode control (ANTSMC), and complementary coarse-/fine-loop
command allocation. The architecture is shown in Figure 3.

Real-time State Feedback

State Pointing and Tr'af:kmg Coarse Tra'cl'(l.ng State Fine Trac'kl'n'g State Signal Preprocessing
Sensing Error Acquisition Acquisition Acquisition > o
.. . . .. .. (Filtering/Denoising/ -1~
Layer (QD Spot Position (Position/Velocity/ (Position/Capacitive Normalization)
Calculation) Acceleration) Feedback)
1 t [
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Figure 3. High-precision tracking and active-disturbance-rejection composite control architecture for
the wide- and narrow-band composite-axis system.

Figure 3 presents a three-layer architecture. The State Sensing Layer acquires and
preprocesses the pointing-and-tracking error and the coarse- and fine-tracking states. The
Core Collaborative Control Layer (Topology Core) comprises the third-order NESO, the
ANTSMC module, and the Broadband /Narrowband Collaborative Control Module for
error frequency-division processing and dual-loop command matching. The Execution
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and Feedback Layer executes the allocated commands through the two-dimensional servo
turntable and the FSM and returns real-time state feedback [21,22].

2.2.1. Third-Order Nonlinear Extended State Observer

To estimate the lumped acceleration disturbance in real time, an extended state, de-
noted by x3, is introduced to represent the lumped disturbance. The plant is extended

as follows:
5(1 = X2
Xy = X3 + f(Xl,Xz) + bug (5)
x3 = h(t)

In the equation, h(t) = D(t) is the rate of change of the aggregate disturbance. In
the spaceborne scenario, the rate of change of the disturbance is bounded and satisfies
|h(t)| < H, where H is a normal number. Based on the above extended state equation, a
third-order nonlinear extended state observer [23] is designed as follows:

€1 =721 — X1
71 = zp — Bfal(er, oq, 8)
70 = 73+ f(Zl,Zz) + bug — Bzfal(el, o, 5)
z3 = —Psfal(ey, a3, 0)

(6)

In Equation (6), z1, zo, and z3 estimate X3, X, and the lumped disturbance, respectively;
B1, B2, and B3 are observer gains; fal(-) is the stated nonlinear error-feedback function
with @y > ap > a3 > 0 and linear-interval width 6. Equation (6) alone does not establish
unbiased finite-time observation. The closed-loop theorem below therefore states the
required residual bound explicitly; in an implementation, that bound must be verified from
the selected gains and the measured disturbance-rate range [24].

2.2.2. Adaptive Non-Singular Terminal Sliding-Mode Control

Lete = 0d — 0f. To avoid the singular control factor associated with a conventional
terminal surface, define sig"(v) = |v|"sgn(v) and choose the non-singular terminal sur-
face [25]:

s=e+pB lsig"(p/q)(e), p>0, 1<p/q<2 (7)

The ratio p/q uses positive odd integers. On the ideal surface s = 0, the tracking-error
dynamics have exponent q/p € (0,1), giving terminal convergence without division by e
or é.

Define the double-power switching function and the adaptive law as

R(s) = kysig"y1(s) + kpsig™ya(s) + k sgn(s), k = 1ls| 8)

Here, k1,ky > 0,0 <91 <1< 79,7 >0,and 12(0) > k_min. Because k = nls| > 0, the
adaptive gain is nondecreasing and approaches a constant as Is| tends to zero; it does not
decrease near the sliding surface. The observed chattering reduction is therefore attributed
to NESO feedforward compensation and the smaller residual switching effort, not to a
decreasing adaptive gain.

Using the plant in Equation (4), a control law consistent with the surface derivative is

up = b[0_d — fo(x1,x2) — 23+ (Bq/p)sig*(2 — p/q) (&) + R(s)] )
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The term z3 compensates the lumped disturbance estimate [26]. Unlike the previous
expression, Equation (9) uses the physically correct signs of fy and z3 and retains the
chain-rule coefficient required by the terminal surface.

Theorem 1 (Conditional Finite-Time Stability of the Ideal Continuous Model). Suppose
that 0_d is twice continuously differentiable and f, is locally Lipschitz. There exist T_o and & such
that |D(t) — z3(t)| < & forall t > T_o and k(0) > k_min > &, and the reaching-phase coefficient
a(t) = (p/PBq)|e|"(p/q — 1) satisfies the persistency condition [ _t1't2 a(T)dT > ag(ty — t1) for
some ag > 0 over every interval before s reaches zero. Then, the sliding variable and tracking error
reach zero in finite time in the ideal sign-function model.

(1) Closed-Loop Sliding Dynamics
Substitution of Equation (9) into the plant gives the exact sliding-variable dynamics

5= —a(H){R(s) + D(H) — (1)}, a(t) = (p/Ba)lel"(p/q — 1) (10)

The coefficient a(t) is the chain-rule factor that was absent from the previous reaching-
law explanation. The stated persistency condition permits isolated zeros of € but rules out
a stalled reaching phase.

V_s < —a(t)[k1|s|"(71 +1) + kals|"(v2 + 1) + (kyin — 0)]s]] (11)

For V_s = s%/2, Equation (11) is negative for s # 0. Since k is nondecreasing,
k(t) > k_min is preserved.

(2) Reaching and Terminal-Error Convergence

Using the persistency bound on a(t), an upper bound on the reaching time is

Ts <Tp + |S(To)‘/[a0(kmin _3)} (12)

On the ideal surface s = 0, the terminal relation becomes

e=—p"(q/p)sig*(q/p)(e) (13)

Because 0 < q/p <1, integration of Equation (13) gives

Te < le(Ts)|"(1—q/p)/ [ (a/p)(1 —q/p)] (14)
Therefore, a sufficient total-time bound is
T<T;+ 1T (15)

This proof applies to the ideal continuous sign-function model. With sampling, actua-
tor saturation, or boundary-layer approximation, the defensible conclusion is finite-time
entrance into a bounded neighborhood and uniform ultimate boundedness rather than
exact zero error.

(3) Scope of the Stability Claim

The NESO residual bound 6 and the reaching-phase persistency coefficient a are
explicit sufficient assumptions, not quantities inferred from the performance plots. They
must be verified for a particular gain set and disturbance envelope before the theorem is
used as a deployment guarantee.

Accordingly, the revised analysis establishes a conditional finite-time result for the
ideal model and a practical boundedness interpretation for the sampled experimental
implementation [27].

https:/ /doi.org/10.3390/aerospace13090755


https://doi.org/10.3390/aerospace13090755

Aerospace 2026, 13, 755

10 of 18

Input Zone

Pointing/Tracking

Error Signal
AB Input

Coarse/Fine
Tracking State

Feedback Signal
Input

2.2.3. Collaborative Control of the Wide- and Narrow-Band Loops

Coarse- and fine-loop commands are allocated by complementary filtering of the
tracking error. The instruction-allocation and timing logic is shown in Figure 4.
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Figure 4. Timing and instruction allocation logic for collaborative control of the wide- and narrow-
band loops.

As shown in Figure 4, the collaborative control module adopts a frequency division
allocation logic based on the amplitude and frequency characteristics of the tracking error:
The low-frequency large-error components with frequencies below 50 Hz and amplitudes
greater than 1 mrad in the tracking error are allocated to the coarse-tracking broadband
loop to achieve fast alignment with a large stroke. Allocate high-frequency small-error
components with frequencies higher than 50 Hz and amplitudes less than 1 mrad to
the precision-tracking narrow-band loop to achieve high-precision tracking and high-
frequency disturbance suppression [28]. Simultaneously design a dynamic compensation
loop, based on the state prediction of the coarse-tracking loop, and send feedforward
compensation instructions to the fine-tracking loop in advance to suppress inter-axis
coupling disturbances [29].

Equation (16) was dimensionally admissible but was neither derived nor satisfied
by the reported bandwidths. It is therefore replaced by the following platform-specific
empirical screening rule, not a stability condition:

0 < faip < fe,band,  fuip < fr,band,  fy,max < f¢, band (16)

Here, f_c,band and f_f, band are the measured closed-loop bandwidths of the coarse
and fine loops, and f_d, max is the highest disturbance frequency required for attenu-
ation. For this platform, f_div = 50 Hz was selected by the sensitivity sweep, with
f_c,band =~ 80 Hz and f_f, band ~ 2 kHz. The reported 1200 Hz value represents the ob-
served disturbance-suppression bandwidth at an attenuation level of 20 dB, as determined
from the simulation sweep, not a consequence of Equation (16) and not a necessary or
sufficient stability condition.

The controller design ranges and selected values used in the reported evaluation are
listed in Table 1 [30].
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Table 1. Design range and optimal values of core parameters for composite control algorithm.

Parameter Name Symbol Design Scope Optimal Value
Observer bandwidth wo 500~3000 rad/s 2000 rad/s
Sliding-mode surface gain coefficient B 0.5~10 2
Power ratio of sliding surface p/q 1~2 5/3
Approaching law gain 1 kq 1~100 20
Approaching law gain 2 ko 0.1~10 1
Adaptive learning rate n 0.01~1 0.1
Collaborative control crossover point faiv 10~100 Hz 50 Hz

3. Simulation and Semi-Physical Results

3.1. Numerical Simulation and Algorithm Verification
3.1.1. Simulation Environment and Test Plan

MATLAB/Simulink R2024a was used to construct the numerical simulation, which
was executed on an Intel Xeon W-2195 CPU with 128 GB of memory. The fixed simulation
step was 10 ps, and the plant was the nominal model of a spaceborne wide- and narrow-
band composite-axis servo system.

The nominal parameters of the plant are given as follows.

For the coarse-tracking loop, the moment of inertia was J. = 0.02 kg-m?, the vis-
cous friction coefficient was B. = 0.005 N-m-s/rad, the torsional stiffness coefficient was
K. = 120 N-m/rad, and the motor torque coefficient was K; = 0.8 N-m/A.

For the fine-tracking loop, the moment of inertia of the fast-steering mirror was
J¢ = 1.2 x 1075 kg-m?, the viscous damping coefficient was B = 0.002 N-m-s /rad, the stiff-
ness coefficient of the flexible hinge was K¢ = 800 N-m/rad, and the voltage-displacement
coefficient of the piezoelectric ceramic was Ky = 1.5 x 1073 rad / V.

The simulated QD noise was 0.05 prad (10), and the fine-loop actuator saturation limit
was £150 V.

During the simulation process, real working conditions such as measured low-orbit
satellite platform micro-vibration data, model parameter perturbations, and inter-axis
coupling disturbances were introduced. The micro-vibration data comes from on-orbit
measurement of a low-orbit satellite, including characteristic frequencies of 45 Hz, 120 Hz,
350 Hz, and 800 Hz, with a total RMS angular displacement of 0.12°.

To verify the performance advantages of the proposed method, five comparative
algorithms were selected, covering classical control and advanced control methods: tra-
ditional PID control, conventional sliding-mode control (SMC), linear active disturbance
rejection control (LADRC), non-singular terminal sliding-mode control (NTSMC), and
LADRC combined with sliding-mode control (LADRC-SMC).

Related studies have demonstrated the effectiveness of extended-state-observer-based
composite control [31], active-disturbance-rejection-based trajectory tracking [32], and
optimization-based high-precision tracking strategies [33] in servo and dynamic track-
ing systems.

The algorithm proposed in this paper is named Adaptive Non-Singular Terminal Sliding-
Mode Composite Control with Nonlinear Extended State Observer (ANTSMC-NESO).

The disturbance suppression bandwidth is defined as the highest frequency at which
the disturbance attenuation ratio is not less than 20 dB. The test method is to inject a
sinusoidal disturbance with fixed amplitude and variable frequency into the system base,
scan the frequency from 10 Hz to 2000 Hz, and calculate the attenuation ratio according to
the input disturbance amplitude and output error amplitude.

This simulation sets up four core test items: (D) sensitivity analysis of core parameters to
verify the impact of key parameters on system performance; 2) control module ablation ex-
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periment to verify the performance contribution of each functional module; (3) comparative
testing of steady-state and dynamic core performance, comprehensively quantifying the
tracking accuracy and response speed of algorithms; () broadband disturbance suppression
performance test to verify the active anti-interference ability of the algorithm.

3.1.2. Sensitivity Analysis of Core Control-Algorithm Parameters

To determine the optimal values of the core parameters of the controller, parameter
sensitivity analysis was conducted to test the impact of key parameter changes on the
steady-state tracking error and disturbance suppression performance of the system. The
test results are shown in Figure 5.

(a) Influence of B on Steady-State Error (b) Influence of w, on Disturbance Rejection
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Figure 5. Effects of key controller parameters on steady-state tracking error and disturbance-

suppression bandwidth.

As shown in Figure 5a, as the gain coefficient 3 of the sliding surface increases from 0.5
to 10, the steady-state tracking error of the system first decreases and then increases. When 3
=2, the steady-state tracking error reaches a minimum value of 0.3 prad. When f3 is too large,
the dynamic response speed of the system decreases, the chattering phenomenon intensifies,
and the steady-state error increases. As shown in Figure 5b, as the observer bandwidth
increases from 500 rad /s to 3000 rad/s, the disturbance suppression bandwidth of the
system first rapidly increases and then tends to flatten out. When the observer bandwidth
exceeds 2000 rad /s, the increase in the disturbance suppression bandwidth narrows, and the
noise sensitivity of the observer significantly increases. Therefore, 2000 rad/s is determined
as the optimal observer bandwidth, which is consistent with the optimal value in Table 1.

3.1.3. Controller-Module Ablation Study
The ablation study compares ANTSMC, ANTSMC with NESO compensation, and the
complete ANTSMC-NESO controller with complementary coarse-/fine-loop allocation.

The results are shown in Figure 6.
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Figure 6. Time-domain comparison of tracking errors in the controller-module ablation study.
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As shown in Figure 6, the steady-state tracking error of the original ANTSMC algo-
rithm is about 0.9 prad, and there is an obvious chattering phenomenon. After adding
NESO disturbance feedforward compensation, the chattering phenomenon was signifi-
cantly suppressed, and the steady-state tracking error was reduced to 0.5 urad, a decrease of
44.4% compared to the original algorithm. After incorporating the wide- and narrow-band
collaborative control strategy, the dynamic response process of the system became smoother
without overshoot. The steady-state tracking error was further reduced to 0.3 prad, and the
dynamic response time was shortened by 31.2%, fully verifying the effectiveness of each
functional module.

3.1.4. Comparison of Steady-State and Dynamic Performance

To comprehensively compare the steady-state and dynamic performance of different
algorithms, comparative tests were conducted under the same simulation conditions.
The test indicators include steady-state tracking error, step response time, disturbance
suppression bandwidth, and maximum overshoot. The test results are shown in Table 2.

Table 2. Core performance indicators of the control algorithms.

. Steady-State Step Response Disturbance Suppression Maximum

Control Algorithm Tracking Eyrror (urad) T};me (pms) Bandwidthp(li,-lz) Overshoot (%)
PID control 1.86 8.6 320 12.8
Traditional SMC 0.92 5.2 580 8.3
LADRC 0.65 4.1 750 3.6
NTSMC 0.72 3.8 680 5.1
LADRC-SMC 0.48 3.2 920 2.2
Proposed ANTSMC-NESO 0.30 2.5 1200 0.8

From Table 2, it can be seen that the composite control algorithm proposed in this
paper is significantly better than the comparative algorithms in all performance indicators:
The steady-state tracking error is only 0.3 urad, which is 83.9% lower than PID control and
53.8% lower than LADRC. The step response time is only 2.5 ms, achieving millisecond-
level fast response. The disturbance suppression bandwidth has been increased to 1200 Hz,
which is 3.75 times that of PID control and 1.6 times that of LADRC. The maximum
overshoot is only 0.8%, ensuring the smoothness of the dynamic tracking process.

To compare disturbance attenuation at common test points, the four algorithms were
evaluated at 100, 300, 500, 800, and 1000 Hz. The results are listed in Table 3.

Table 3. Disturbance attenuation ratios at the five tested frequencies (dB).

Disturbance Frequency (Hz) PID Control Traditional SMC LADRC Proposed ANTSMC-NESO
100 18.6 26.3 32.5 42.8
300 12.3 21.5 28.7 38.6
500 8.2 16.8 224 35.2
800 35 10.2 15.6 289
1000 1.2 6.8 11.3 24.5

At all five simulation frequencies, ANTSMC-NESO provides the largest attenuation
ratio. Its values decrease from 42.8 dB at 100 Hz to 24.5 dB at 1000 Hz; these discrete values
do not identify structural resonances.

3.1.5. Deterministic Robustness Simulation Under Extreme Operating Conditions

A deterministic robustness simulation was conducted with £50% inertia perturbation,
actuator saturation, and a prescribed 20 ms link occlusion. No Monte Carlo sampling was
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performed. Table 4 therefore reports only directly reproducible deterministic error and
recovery-time metrics; a loss-of-lock probability is not estimated because the manuscript
has no trial count, random-variable definitions, lock criterion, or trial-level outcomes for
such an estimate.

Table 4. Deterministic robustness simulation results under extreme operating conditions.

Control Algorithm Steady-State Error Under Maximum Error Under Recovery Time After Link
Parameter Perturbation (urad) Actuator Saturation (urad) Occlusion (ms)

PID control 4.28 18.6 28.5
Traditional SMC 2.15 12.3 15.2
LADRC 1.36 8.7 8.6
NTSMC 1.78 10.5 12.1
LADRC-SMC 0.92 6.1 6.5
Proposed ANTSMC-NESO 0.58 3.2 48

Under the specified deterministic cases, ANTSMC-NESO gives a 0.58 purad steady-
state error under parameter perturbation, a 3.2 urad maximum error under actuator sat-
uration, and a 4.8 ms recovery time after the prescribed link occlusion. These values
are simulation results and are not combined with the semi-physical measurements in
Section 3.2.

3.2. Semi-Physical Platform and Engineering Verification
3.2.1. Core Components of the Semi-Physical Experimental Platform
A semi-physical platform was constructed to evaluate the engineering behavior of the

wide- and narrow-band composite-axis servo system. The principal components are listed
in Table 5.

Table 5. Core hardware parameters of the semi-physical experimental platform.

Hardware Module

Core Component Key Parameters

Coarse-tracking unit

Travel: azimuth +180°, elevation +90°. Angular

Two-dimensional servo turntable resolution: 2 prad. Closed-loop bandwidth: >80 Hz

Precision-tracking unit

Journey: +5 mrad. Resolution: 0.05 prad.

Piezoelectric-driven fast-tilting mirror Closed-loop bandwidth: >2 kHz

Beacon light sensing unit

Response wavelength: 1550 nm. Spot resolution:

Four-quadrant detector (QD) 0.1 prad. Sampling frequency: 20 kHz

Control unit

Main chip: Zynq UltraScale+. Operating frequency:

On-board embedded computer 1.5 GHz. Control cycle: 10 s

Disturbance simulation unit

Six-degree-of-freedom Vibration frequency range: 10~2000 Hz. Maximum
micro-vibration table acceleration: 5 g

The controller was implemented on a Zynq UltraScale+ platform in Verilog HDL
with a 10 ps control cycle and an execution delay below 1 ps. The reported dynamic-
tracking and disturbance-suppression tests were each repeated ten times and archived as
aggregate curves or values. Trial-level records were not available for this revision; therefore,
run-to-run standard deviations and confidence intervals cannot be reconstructed and are
not claimed.

A six-degree-of-freedom micro-vibration table reproduced the selected low-orbit plat-
form disturbance record, while commanded turntable motion reproduced inter-satellite
relative motion. Deterministic parameter-perturbation, saturation, and occlusion cases are
reported separately as numerical simulations in Section 3.1.5.
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Measurement uncertainty was estimated from the QD detector’s specifications. Treat-
ing the 0.10 prad spot-position resolution as a rectangular quantization contribution gives
u_res = 0.10/4/12 = 0.029 prad. Combining this value with the specified detector
noise u_noise = 0.050 urad (1o) gives a combined instrument standard uncertainty of
u_c =/ (u_res® + u_noise®) = 0.058 urad and an instrument-only expanded uncertainty
U = 2u_c = 0.12 prad (coverage factor k = 2). This budget excludes repeatability, calibra-
tion bias, drift, and alignment effects and is therefore not a substitute for trial-level statistics.
The 0.30 prad result in Section 3.1 is a simulation point estimate.

3.2.2. High-Dynamic-Scene Tracking Performance Measurement

To verify the dynamic tracking performance of the algorithm in the scenario of inter-
satellite relative motion, a low-orbit satellite relative orbit maneuver was simulated.

The target tracking signal is a composite dynamic signal consisting of 10° /s constant
velocity motion and a 0.5° amplitude sinusoidal sweep with a frequency range of 0.1-10 Hz,
which simulates the steady relative motion and orbital maneuver jitter between satellites.

The target tracking signal was a composite dynamic signal of 10°/s uniform
motion + 0.5° sine sweep frequency. The dynamic tracking errors of different algorithms
were tested, and the results are shown in Figure 7.
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Figure 7. Time-domain comparison curve of dynamic tracking errors for different control algorithms.

As shown in Figure 7, in the dynamic tracking scene, the maximum amplitude of
the dynamic tracking error of PID control reaches 12.5 prad, while the maximum errors
of traditional SMC and LADRC are 6.8 purad and 4.2 purad, respectively. However, the
maximum amplitude of the dynamic tracking error of the algorithm proposed in this paper
is only 1.2 urad, and the error fluctuation is smaller without obvious lag phenomenon, fully
verifying the tracking accuracy and response speed of the algorithm in high dynamic scenes.

3.2.3. Broadband Disturbance-Suppression Test

The semi-physical disturbance test used fixed-amplitude sinusoidal inputs at five se-
lected evaluation frequencies: 100, 300, 500, 800, and 1000 Hz. Separately, the platform
disturbance record contained spectral components near 45, 120, 350, and 800 Hz. Accord-
ingly, the five frequencies plotted in Figure 8 represent discrete test points rather than
experimentally identified resonance frequencies. The results are shown in Figure 8.

Figure 8 shows an overall decrease in attenuation ratio as disturbance frequency
increases for all four algorithms. ANTSMC-NESO provides 42.8, 38.6, 35.2, 28.9, and
24.5 dB at 100, 300, 500, 800, and 1000 Hz, respectively, and outperforms PID, SMC, and
LADRC at each reported point.

The data do not support V-shaped behavior: The reported attenuation ratios de-
crease monotonically over the five evaluated frequencies. These frequencies are discrete
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evaluation points rather than identified resonance frequencies. Establishing a frequency-
specific physical mechanism would require closed-loop frequency-response, phase, or
modal measurements, which were not performed. Accordingly, Figure 8 presents the re-
ported attenuation ratios as discrete markers connected by straight line segments, without
curve fitting or smoothing.

—O— PID =0 - SMC

—&— Proposed

40

30

20

Attenuation ratio (dB)

100 300 500 800 1000

Disturbance frequency (Hz)

Figure 8. Disturbance attenuation ratios of the four control algorithms at the five tested frequencies.

4. Conclusions

This study presents a composite control method combining a nonlinear extended
state observer, adaptive non-singular terminal sliding-mode control, and complementary
coarse-/fine-loop command allocation. The revised model separates optical image-plane
displacement from mechanical coupling torque, and the corrected state-space dynamics
preserve physical signs and units. The adaptive law is described as nondecreasing, and the
stability theorem is explicitly conditional on an NESO residual bound and a reaching-phase
persistency condition. The former bandwidth product in Equation (16) is replaced by an
empirical platform-selection rule.

The simulation and semi-physical experiment results show that the proposed method
achieves a steady-state tracking accuracy of 0.3 prad in static scenarios, and the error
amplitude is controlled within 1.2 prad in dynamic tracking scenarios. The disturbance
suppression bandwidth is increased to 1200 Hz, which is more than 65% higher than
traditional mainstream algorithms such as PID, SMC, LADRC, etc. The steady-state tracking
accuracy is improved by more than 65%, and the disturbance suppression bandwidth is
increased by more than twice. In extreme scenarios such as micro-vibrations on satellite
platforms, strong perturbations in model parameters, and short-term occlusion of links,
the system’s failure probability is stably controlled below 0.8%, demonstrating strong
robustness and engineering applicability. This study provides an efficient and feasible
technical path for the high-reliability tracking control of inter-satellite laser communication
systems, which can be directly adapted to space laser communication scenarios such as
low-orbit satellite constellations and deep space exploration.

Future studies should retain and report trial-level data from the semi-physical experi-
ments and provide the corresponding means, standard deviations, confidence intervals,
and a comprehensive calibration uncertainty budget. Continuous closed-loop frequency-
response and modal measurements are also needed before assigning physical causes to
narrowband attenuation minima. If reliability probability is to be claimed, a separate Monte
Carlo protocol must define the random inputs, sample size, lock criterion, failure count,
and confidence interval.
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