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Abstract

Ground-based full-physical experiments for space rendezvous and docking serve as a criti-
cal step in verifying the reliability of docking technology. The high-precision active attitude
setting of spacecraft simulators represents a key technology for ground-based full-physical
experiments. In order to satisfy the requirement for high-precision attitude control in these
experiments, this paper proposes an enhanced method based on auto disturbance rejection
control (ADRC). This paper addresses the limitations of traditional deadband-hysteresis
relay controllers, which exhibit low steady-state accuracy and insufficient disturbance
rejection capability. This approach employs a nonlinear extended state observer (NESO)
to estimate and compensate for total system disturbances in real time. Concurrently, it
incorporates an adaptive mechanism for deadband and hysteresis parameters, dynami-
cally adjusting controller parameters based on disturbance estimates and attitude errors.
This overcomes the trade-off between accuracy and power consumption that is inherent
in fixed-parameter controllers. Furthermore, the method incorporates a nonlinear track-
ing differentiator (NTD) to schedule transitions, enabling rapid attitude settling without
overshoot. The stability analysis demonstrates that the proposed controller achieves local
asymptotic stability and global uniformly bounded convergence. The simulation results
demonstrate that under three typical operating conditions (conventional attitude setting,
pre-separation connector stabilisation, and docking initial condition establishment), the
steady-state attitude error remains within £0.01°, with convergence times under 3 s and no
overshoot. These results closely match ground test data. This approach has been demon-
strated to enhance the engineering applicability of the control system while ensuring high
precision and robust performance.

Keywords: active attitude setting; auto disturbance rejection control; nonlinear extended
state observer; nonlinear tracking differentiator; deadband-hysteresis control; ground-
based full-physical experiment; dynamic parameter adaptation

1. Introduction

Space rendezvous and docking is a core enabling technology for major space missions,
including space station assembly, in-orbit refuelling of spacecraft, and satellite repair. The
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precision and reliability of its control determine the success of in-orbit operations and the
expansion of space application capabilities. Through its manned space programmes, includ-
ing Apollo, Skylab, satellite servicing missions using the Space Shuttle, Shuttle-Mir docking
operations, the International Space Station program, and the Orion spacecraft program, the
United States has continuously researched, developed, refined, and perfected rendezvous
and docking technology. In 1975, the Apollo spacecraft successfully rendezvoused and
docked with the Soviet Soyuz spacecraft, marking the first docking between U.S. and
Soviet spacecraft. This mission employed a novel heterogeneous peripheral docking mech-
anism [1]. However, space rendezvous and docking missions are typically characterised
by extreme complexity, high risk, and significant costs. This makes it impractical to rely
solely on in-orbit testing for technology validation. Therefore, ground-based, full-physical
experiments that can reproduce the space environment and the dynamic characteristics of
rendezvous and docking with high fidelity have become an indispensable component of
the research and development process for rendezvous and docking technology [2]. China
has also conducted systematic exploration in this field. In 2008, the Shanghai Institute of
Space Systems Engineering conducted a research study on the docking and separation of
space vehicles [3]. This research included both simulation analysis and ground simulation
tests. The study discussed the analogy relationship between the space separation process
of two vehicles at the moment of separation and the ground simulation test process. It
also compared the motion characteristics of two spacecraft during separation under both
ground and space zero-gravity conditions. This was based on multiple operational con-
ditions provided by ground tests. Finally, the study discussed the influence of principal
errors introduced by the ground five-degree-of-freedom docking separation air-bearing
platform when simulating the actual separation of two spacecraft in space. In 2014, the
China Academy of Space Technology developed a series of system-level integrated tests
to rapidly master rendezvous and docking technology within a limited number of flight
tests. These tests combined partial and full-scale simulations, single-environment and
comprehensive-environment scenarios, and experimental verification with simulation
methods. These methods were based on a thorough analysis and integration of ground
validation requirements [4]. These efforts illustrate that ground-based full-physical experi-
ments not only validate the performance and effectiveness of core components and control
algorithms but also provide a cost-effective and secure platform for assessing the reliability
of system integration.

This study aims to conduct ground-based full-physical experiments using a space
docking performance buffer test bench—the core of the ground verification system. The
test bench integrates an air-bearing platform, a five-degree-of-freedom spacecraft mock-up,
and a multi-dimensional force measurement and real-time control system, designed to
replicate the entire docking and separation process under space microgravity conditions.
Its core consists of two spacecraft simulators (active tracking unit and passive target unit),
mounted on an air-bearing platform to achieve in-plane three-degree-of-freedom drift
motion. The simulators are also placed on a two-dimensional turntable, the attitude of
which is precisely controlled by an active control system. The test bench coordinates
the relative orientation between the turntable and the air-bearing platform to simulate a
continuous sequence: initial approach, collision, capture, buffered retraction, and final
separation reset. Throughout the process, real-time data on collision forces, torques, and
relative orientation are collected, providing critical experimental support for evaluating
the docking mechanism’s buffer damping performance, energy absorption efficiency, and
dynamic coupling effects.

Despite significant advances in space docking research and full-physical experiments
regarding docking mechanism design, dynamic modelling, and six-degree-of-freedom
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simulator control [5,6], a critical yet often overlooked aspect of experimental systems is
the active attitude setting of the aforementioned tracker simulators. In ground-based
full-physical experimental systems, achieving high-precision simulation of in-orbit space
docking processes requires spacecraft mock-ups to actively and accurately set and main-
tain specific attitudes according to experimental procedures. This active attitude setting
has been demonstrated to serve as the critical link between experimental commands and
physical execution. The precision of the measurement directly impacts the accuracy of the
relative position and attitude measurements between the target and the tracker. This, in
turn, determines the validity of the experimental data and the credibility of the technical
verification results. In order to simulate normal in-orbit operations, stabilise the connector
prior to separation, or establish initial docking conditions, the attitude control system
must rapidly drive the mock-up to target attitudes without overshoot, whilst maintaining
stability. Furthermore, it is imperative that the system demonstrates an ability to with-
stand minor disturbances within the experimental environment. In order to achieve the
optimal acquisition of attitude, it is necessary to strike a balance between convergence
speed, steady-state accuracy, and robustness. In order to achieve these objectives, scholars
worldwide have conducted extensive research. Zhao et al. proposed a flexible model based
on a virtual repulsive potential field, utilising the technique of deep reinforcement learning.
Through static multi-constraint pre-planning and dynamic adjustment of virtual modal
parameters via DRL agent training, the desired dynamic control of robotic milling attitudes
was achieved, thus establishing a foundation for dynamic milling of large, high-curvature
parts in narrow spaces [7]. Yan et al. proposed a global trajectory tracking controller for
vehicle-like mobile robots. The design of this controller is based on the original tracking
error equation, thus avoiding singularities and possessing a globally attractive domain. It
has been demonstrated that the system can be extended to perform pose-stable control tasks
incorporating obstacle avoidance, with its convergence rigorously proven via contradiction
and Barbalat’s lemma. This approach presents a novel methodology for mobile robot
motion control that is both singularity-free and globally effective, a claim substantiated by
experimental validation [8]. Khan et al. reviewed research progress in active attitude con-
trol for microsatellites, encompassing CubeSat applications, typical architectures combining
magnetostatic and momentum wheel systems, key challenges, and the potential application
value of embedded planar magnetorotoric torquers [9]. In ground-based full-physical
experiments, satellite simulators are required to maintain stable attitudes for extended
periods or rapidly adjust to preset configurations according to experimental protocols. This
imposes stringent demands on attitude control technology: high steady-state accuracy to
ensure consistent experimental conditions, robust disturbance rejection to suppress envi-
ronmental disturbances such as air resistance and ground vibrations, and rapid response
capabilities to meet experimental time constraints.

The majority of studies either presuppose that the attitude of the mock-up is already
in an ideal state or focus exclusively on the relative attitude at the instant of docking. A
paucity of in-depth exploration of active, high-precision attitude setting techniques during
scenarios such as the experimental preparation phase, specific dynamic processes, and
critical pre-mission periods is evident [10]. In the ground-based full-physical experiments
of spatial docking performance underpinning this research, the typical workflow primarily
encompasses two core operations: docking and undocking. In order to replicate and
evaluate the performance of these operations with a high degree of precision, it is necessary
to maintain the attitude of spacecraft mock-ups at different stages of the experiment with
great accuracy. The present study focuses on three experimental processes with explicit
requirements for active attitude control, as illustrated in Figure 1, alongside corresponding
research content:
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Figure 1. The Entire Physical Experiment Process for Space-to-Ground Docking and Its Research
Challenges.

In order to address this challenge, the present paper introduces a theory of self-
disturbance-rejection control, based on traditional deadband—hysteresis controllers. This theo-
retical framework allows for systematic architectural innovation and theoretical refinement.

Firstly, a dynamic adaptive mechanism for deadband-hysteresis parameters was pro-
posed, based on disturbance estimation. This mechanism achieved intelligent matching
between controller parameters and system operating conditions. In traditional controllers,
deadband and hysteresis parameters are fixed values, resulting in a trade-off between
precision and power consumption when confronted with varying disturbance intensities
and dynamic requirements. Addressing the issue of adaptive parameter tuning, researchers
have conducted relevant studies for different application scenarios. For instance, Zhang
et al. addressed the performance degradation of parameter-adaptive differential evolution
algorithms in noisy environments due to unreliable fitness comparisons. The proposed
methodology is centred upon a parameter adaptation technique that is assisted by the
utilisation of fuzzy logic systems. This approach is predicated on the comprehensive
estimation of parameters through the utilisation of search feedback and the correlation
between the objective and solution spaces. This, in turn, serves to enhance the performance
of optimisation in conditions that are characterised by noise. The efficacy of this approach
is evidenced by its superior performance in comparison to conventional methods that are
predicated exclusively on fitness comparisons and other evolutionary algorithms [11]. Reza
et al. addressed the issue of performance degradation in pre-trained multimodal networks
during testing due to missing modalities. The researchers proposed an intermediate fea-
ture modulation adaptation method requiring only minimal parameters. This approach
enhances robustness by compensating for missing modalities, is applicable to various
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modality combinations and tasks, and outperforms existing robust multimodal learning
methods for missing modalities [12]. Faraji et al. proposed an ADRC based on the deep
deterministic policy gradient (DDPG) for deep brain stimulation therapy in Parkinson’s
disease, with the objective of targeting the stimulation of the subthalamic nucleus and me-
dial globus pallidus. The ADRC coefficients were treated as target parameters, which were
dynamically designed via a DDPG neural network, thereby enabling adaptive parameter
optimisation. This approach effectively reduced electric field intensity, side effects, and
hand tremors, with simulation and hardware-in-the-loop (HIL) validation confirming the
efficacy of adaptive parameter tuning [13]. Peng et al. addressed the challenges associated
with yarn tension control in knitted underwear machines by designing a fuzzy sliding
mode-based adaptive ADRC algorithm tension control system. This system dynamically
adjusts feeder motor parameters through real-time tension detection, achieving adaptive
optimisation of tension control parameters and significantly enhancing tension stability
across different fabrics and process conditions [14].

Secondly, a cooperative control architecture based on ADRC was constructed, thereby
achieving a fundamental shift from passive response to auto disturbance rejection. The
fundamental premise of ADRC entails the real-time estimation and compensation of total
system disturbances through the utilisation of an extended state observer (ESO). Since its
systematic introduction [15], this concept has demonstrated robust performance across
multiple domains [16]. A research study was conducted in order to investigate the intrinsic
connection between ADRC and standard PI/PID controllers. The aim was to establish
formal equivalence conditions between the two. A proposed methodology for transitioning
from PI/PID to error-based ADRC was presented, achieving conversion from one degree
of freedom (DOF) to two DOF while preserving the standard 2DOF PI/PID structure. This
enables ADRC to combine strong robustness with a controller form commonly used in
industry, thereby promoting its industrial application. The theoretical effectiveness of the
proposed model was validated through the implementation of frequency domain tests [17].
In order to address the challenges of underwater navigation and control encountered by
amphibious multi-rotor vehicles, Li et al. have designed a cascaded ADRC motion con-
troller and employed a particle swarm optimisation algorithm for the purpose of rapid
parameter tuning. Significant improvements were achieved by deriving kinematic and
dynamic equations, analysing hydrodynamics, and designing position and attitude ADRC
controllers. The simulation results demonstrate that, in comparison with PID and sliding
mode controllers, the ADRC exhibits accelerated response, augmented disturbance rejec-
tion, and enhanced robustness in the presence of external strong disturbances, thereby
satisfying the control requirements of complex underwater environments [18]. The ultimate
value of high-performance attitude control algorithms lies in their reliable physical imple-
mentation. In practical engineering applications, whether in ground-based full-physical
experiments using spacecraft simulators or in micro-satellites operating in orbit, the core of
the control system is typically based on real-time embedded computing platforms. While
these platforms provide substantial computational power, they also face stringent resource
constraints, including limited processor clock speeds, memory capacity, and deterministic
interrupt response requirements. Consequently, evaluating control algorithms extends
beyond theoretical performance to encompass computational efficiency, code complexity,
and real-time reliability within embedded environments. For instance, Zhang et al. suc-
cessfully implemented ADRC-based sensorless permanent magnet synchronous motor
control on an STM32F4 microcontroller, demonstrating the feasibility of implementing
complex observation and control logic using ADRC algorithm structures on typical em-
bedded hardware [19]. The theoretical framework and empirical data demonstrating the
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application of the ADRC method to address interference mitigation issues, as outlined in
the aforementioned research, are presented in Table 1.

Table 1. Core Methods and Specific Data in Research Employing the ADRC Approach to Address
Interference Resistance Issues.

Core Methodology Key Experimental Data
Establish an equivalence relationship Performance indicators PI/PID ADRC
between PID and ADRC, representing X - — N ;
the error-based ADRC scheme as a Disturbance suppression level (dB) 40 (1rad/s, second-order system) 60 (1rad/s, second-order system)
standard 1DOF/2DOF controller. Disturbance recovery time (s) 2.5 (First-order system) 1.8 (First-order system)
Performance indicators PID SMC ADRC
An anti-interference control (ADRC) - o
approach was employed to construct a Trajectory deviation (m) 0.12 0.15 0.08
series-connected motion controller, Recovery time (s) 2 3 1
with particle swarm optimisation (PSO) - -
introduced for rapid parameter tuning. Attitude angle fluctuation range (°) [-1.5°,1.5°] [—3°,3°] [—1.6°,1.6°]
Recovery time (s) 2 3 1
Performance indicators PI ADRC
Design of a Sensorless ADRC Vector Comparison of Speed Errors Under . .
Control Method Based on the Load Disturbance —15~7.5r/min —18~=31/min
Luenberger Observer for Permanent
Magnet Synchronous Motors. Torque Fluctuation Comparison 3.5~5.5 Nm 4~45Nm
Speed steady-state fluctuation 850~880 r/min 880~915 r/min

Thirdly, an NTD was introduced to plan command transitions without overshoot,
thereby resolving the dynamic trade-off in rapid attitude manoeuvres. Their research
on command transition processes and overshoot suppression mechanisms provides a
theoretical framework for addressing the classic contradiction between rapid response
and overshoot-free control. In addition, it provides a critical technological foundation
for enhancing operational safety and reliability in hazardous missions within practical
engineering applications. For instance, Li et al. proposed an integrated flow compensation
backstepping controller to address overshoot issues in high-frequency electrohydraulic
systems caused by high-response position tracking, as well as the dynamic performance
trade-offs resulting from conventional over-damping or feedback coefficient reduction
strategies. This controller resolves the contradiction between overshoot suppression and
response speed in traditional methods by synthesising nonlinear friction, delay, and dead-
band factors, while simultaneously converting flow error and delay compensation in real
time [20]. In their seminal paper, Zhang et al. proposed a series of Kirigami structures
with the aim of addressing the challenge of balancing operational range and overshoot in
flexible strain sensors for large deformation detection. This strategy employs a domino
effect to adapt to high-curvature deformations, thereby expanding the sensor’s operational
range while reducing overshoot. This provides an effective solution balancing operational
range and overshoot for large deformation scenarios [21]. Liu and Xiong proposed a
multi-objective optimisation control method based on an overlimit suppression strategy
to address ammonia nitrogen and total nitrogen exceedances in wastewater treatment.
The establishment of a water quality prediction model was achieved, and this was then
combined with a dynamic multi-objective evolutionary algorithm. The purpose of this
combination was to optimise setpoints and implement tracking control. During exceedance
events, the external recirculation, carbon sources, and dissolved oxygen were regulated,
and secondary optimisation was performed to reduce nitrate nitrogen levels. This approach
led to a substantial reduction in both exceedance duration and energy consumption, thereby
effectively suppressing water quality exceedances [22].

The structure of this paper is as follows: Section 2 of this study establishes a decoupled
model of the attitude dynamics for spacecraft mock-ups. This provides a theoretical
foundation for controller design. Section 3: This section undertakes a systematic analysis of
the phase plane characteristics of traditional dead-zone-hysteresis controllers. The analysis
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reveals the inherent limitations of these controllers with regard to steady-state accuracy
and disturbance rejection capability. Section 4: This section puts forward a proposal for
an enhanced ADRC-based solution. The design of NTD, NESO, and dynamic parameter
adaptation mechanisms enables auto disturbance compensation and overshoot-free control,
as evidenced by stability analysis. In Section 5, the validation of simulations is conducted
under three typical operating conditions. A quantitative evaluation of the engineering
effectiveness of the improved algorithm is provided by comparing it with ground test
data. In conclusion, Section 6 offers a comprehensive summary of the research findings,
highlighting the limitations of the study and outlining potential avenues for future research.

2. Establishment of Posture Kinematic Models

The attitude dynamics model provides the theoretical foundation for the design and
performance analysis of spacecraft attitude control algorithms. The present section is
concerned with the attitude control requirements of spacecraft simulators in ground-based
full-physical experiments for space docking. It establishes a complete set of attitude dy-
namics equations based on classical mechanics theory. This objective is realised through
the delineation of inertial coordinate systems and the subsequent derivation of the mo-
ment of momentum theorem. In consideration of the prevailing engineering characteristic,
which dictates that “attitude angular velocity is significantly smaller than orbital angular
velocity”, a decoupling and simplification of the coupled three-axis dynamics model was
undertaken. This approach culminated in the derivation of an independent pitch channel
control model. The model under discussion explicitly defines the quantitative mapping
relationship between the control input torque, the external disturbance torque, and the
attitude angular acceleration. This simplified model preserves the core dynamic charac-
teristics of the controlled object while eliminating complex coupling terms and reducing
computational redundancy. The model provides an accurate and efficient mathematical
foundation for the subsequent design, analysis and validation of controllers.

The motion of an object is invariably relative to a particular reference coordinate
system, which is associated with specific objects or celestial bodies. In the event of Newton’s
first law being valid within a coordinate system, said system is designated as an inertial
(coordinate) system. It is hypothesised that the system under consideration consists of N
particles, with the corresponding density function expressed as p;(i =1,2,--- ,N). The
mass of particle p; is denoted as m;, and the total mass is givenby M = g m;. The reference

i=1
coordinate system Oxyz is defined as an inertial frame. The position vector from point O to

p; is denoted as r;, and the velocity vector of p; is denoted as v;. The centre of mass of the

system is denoted as C, the position vector from O to C is rc, and the velocity of C is vc.

The resultant external force acting on p; is denoted F;. The total momentum of the system
N

is defined as Q = ) m;v;. In accordance with Newton’s laws of motion, the subsequent

i=1
fundamental theorems of dynamics may be deduced.

The reference point, denoted by the symbol Og, can be either fixed or non-fixed in the
coordinate system Oxyz. The vector from point O to point Og is denoted by rg, the velocity
of point Og is denoted by vg, and the vector from point Og to point p; is denoted by rg;. The

N
quantity Hg = Y rg; X m;v; is defined as the moment of momentum (angular momentum)

i=1
of the system with respect to point Og. From this, the following equation can be derived:

d N
EHSZZrSiXFi_VSXQ 1
i=1
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Equation (1) is the momentum theorem: the differential with respect to time of the
angular momentum of a system about a reference point Og is equal to the sum of the
moment of external forces acting on the system about point Os and the vector product of
the velocity vector of the reference point and the momentum of the system.

When the reference point, denoted by the symbol Os, is designated as the centre
of mass, denoted by the symbol C, of the system under consideration, this reference
point assumes particular significance in practical applications. In this particular instance
vs X Q = 0, so we have the following:

dH N
th =) rci xF; (2)
i—1

Equation (2) demonstrates that when the system’s centre of mass C, is selected as the
reference point, the moment of momentum theorem assumes the same concise form as
when a fixed point is adopted as the reference point. The centroidal coordinate system is
thus employed to investigate the rotational motion of objects.

Consider a spacecraft simulator with its centre of mass at C. A body coordinate
system, denoted Cxyz, is established (rigidly attached to the simulator). The inertia matrix
of the simulator is represented by I in the Cxyz coordinate system. The projections of the

simulator’s angular velocity vector onto the axes of Cxyz are denoted by wy, wy, w;. By
T
defining w = (wx wy wz) , it can be demonstrated that the components of the moment

of momentum Hc of the simulator relative to its centre of mass C, in the Cxyz coordinate
system can be expressed as follows:

Hc = (HCx Hey HCZ)T = I<wx Wy WZ)T ©)

The external torque applied to the simulated component is denoted T. In accordance
with the theorem of angular momentum, the following equation is established:

d
ZHC=T (4)

It can be posited that Hc is the relative micro-business within Cxyz, denoted as HC:
HC +wxHc=T (5)

In this context, w denotes the angular velocity vector of Cxyz. Expressing Equation (4)
in matrix form results in the following:

(Iw)*+o xIw=T (6)
where
0 —wz Wy T, T
D= | wy 0 —Wy T=|T, w = (wx wy wz> (7)
—wy Wy 0 T,

It can be posited that Ty, Ty, T; is the component of T in Cxyz.
Since I is immutable in Cxyz, we have the following:

Iw+® xIw=T (8)
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Specifically, taking Cxyz as the principal inertia coordinate system, we have
L, 0 0
I=10 L, O )
0 0 L

If the analogue component is treated as a rigid body with three attitude angles (roll,
pitch and yaw) denoted 6, ¢ and 1, respectively, then the following attitude dynamics
equations apply under conditions of very small attitude angular velocities:

L0+ (I — ) woyp = Ty
Lp=T, (10)
L+ (I — L) wob = T

In this equation, Ty, Ty, T> denote the three components of the external torque in the
body coordinate system of the simulator, I, I, I, represent the three principal moments of
inertia of the satellite simulator, and wy is the orbital angular velocity of the simulator.

The attitude angular velocity of the simulator is generally much smaller than wy.
Therefore, the terms containing woip and wpf in the above equation can be neglected.
Consequently, the dynamical equations of the three axes can be fully decoupled, allowing
for the independent design of controllers.

Taking the roll channel as an example, the dynamical equation is given by

L0 =T,

(11)
Tx = Tcx + de

In this equation, Tox and Ty, denote the control input torque and the external distur-
bance torque of the roll axis, respectively. The system is designed such that Tox > Ty, in
which case the above equation can be rewritten as follows:

¢ =ac+aq (12)

In this expression, a. and a4 represent the control angular acceleration and the dis-
turbance angular acceleration, respectively. a. is a constant whose sign and duration are
determined by the nonlinear switching controller.

To more intuitively demonstrate the spatial correlation and interaction between each
physical quantity and the rigid body of the spacecraft simulator, we have constructed
a physical schematic diagram of the attitude dynamics of the simulator, following the
definition of the body coordinate system and the roll, pitch and yaw attitude angles. This is
shown in Figure 2:

I Spacecraft Simulator
® Mass Center C

Yan — Roll Axis

—> Pitch Axis

—> Yaw Axis

—> Angular Velocity o

— Angular Momentum H

— Control Torque T,

—> Disturbance Torque T,

— - =Roll Angle @

— - = Pitch Angle ®

— - - Yaw Angle y

Roll

Figure 2. Physical schematic for attitude setting of spacecraft simulator.
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This diagram simplifies the analogue component body while clearly integrating the
core modelling elements. These are the body coordinate system (with the simulator’s centre
of mass, C, as the origin), the roll angle, 6, the pitch angle, ¢, and the yaw angle, ¢ (which
characterise the attitude state), as well as the angular momentum, Hc, the control torque,
T, and the disturbance torque, T;, which drive attitude changes.

3. Dead Zone—Design of Hysteresis Relay Controllers and Phase Plane
Characteristics Analysis

Based on the simplified attitude dynamics model of the spacecraft mock-up presented
in Section 2, the design of the controller must address two key challenges. Firstly, the
spacecraft mock-up has a low angular rate and is susceptible to minor disturbances. This
requires the avoidance of actuator wear caused by the controller’s high-frequency switching.
Secondly, the presence of external disturbance torques necessitates robust disturbance
rejection from the controller. The deadband-hysteresis relay controller is well-suited to
this scenario due to its inherent properties: deadband filtering mitigates minor errors
and hysteresis suppresses high-frequency chatter. This section will first complete the
mathematical modelling and parameter definition of this controller. It will then analyse
its motion trajectories and stability under disturbance-free, weakly disturbed and strongly
disturbed conditions using the phase plane method. Finally, the operational principles and
limitations of the controller will be clarified.

3.1. Controller Design

The mathematical description of the nonlinear switch controlling the a. symbol and
duration for the simplified attitude dynamics model is as follows:

1 829[)
1 > (1—h)fp,e<0
0 —(1-hfp<e<bpe>0
e = 1Moo = e < fo.c (13)
0 *9D<€§(1*h)9D,8<0
-1 SS—GD
-1 e<—(1—-h)fp,e>0
e=0-y (14)

where u. denotes the command signal output by the controller; € denotes the input signal
to the Schmitt trigger, which is also the error signal; f denotes the reference input signal;
y denotes the measurement signal output by the attitude sensor; 6p denotes the deadband;
h denotes the hysteresis coefficient.

This nonlinear switching controller is a nonlinear system with dead-zone relay charac-
teristics, as shown in Figure 3. The hysteresis coefficient h is a dimensionless parameter
that typically ranges from 0 to 1 and defines the width of the hysteresis loop. It introduces
a hysteresis interval, hfp, when the error changes direction. This reduces the controller’s
frequent actions near the switching point, which directly influences system stability and
response speed. For example, when the error increases to a specific threshold, the controller
does not switch immediately. Instead, the error must exceed the threshold by a certain
proportion to trigger switching. Additionally, the controller adopts distinct switching
thresholds for increasing and decreasing errors, forming an asymmetric switching logic
(also known as the hysteresis effect). For example, when the error rises from low to high, a
higher threshold, 0p, is required to activate the controller, whereas when the error drops
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from high to low, a lower threshold, (1 — 1)6p, is required to deactivate the controller. For
such nonlinear switches, the phase-plane method is generally employed for analysis.
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Figure 3. Traditional dead zone—hysteresis relay controller block diagram.

3.2. Phase Plane Method

The phase plane method is an effective approach for studying nonlinear vibrations [23].

For example, the general form of the dynamic equation for the free vibration of a single-
degree-of-freedom system is

X+f(x,x)=0 (15)

In the equation, x and x denote the displacement and velocity of the particle, respec-
tively, while f(x, ) is a linear or non-linear function of x and x. If we take

y=x (16)
we can obtain the following:
dx y

At this point, if a coordinate plane Oxy is constructed using x and y as rectangular
coordinates (as shown in Figure 4), this plane is referred to as the phase plane of the system.
The system’s instantaneous motion state (x,y) corresponds to a point on Oxy (called a
phase point). As each distinct point on the phase plane corresponds to a unique state of
the system, the system’s variation in motion state can be represented by the movement
of a phase point on the phase plane. The path traced by the phase point during its
movement is defined as the phase trajectory, and different phase trajectories within the
phase plane never intersect. As time progresses, the phase point moves from left to right
in the upper half-plane (y > 0) and from right to left in the lower half-plane (y < 0). On
the horizontal axis, the phase trajectory is orthogonal to the axis y = 0,dy/dx — co. The
key to analysing the motion properties of the system lies in the characteristics of phase
trajectories, primarily their direction and behavioural features. For stability analysis, the
quantitative variations or laws of the phase point’s motion along the trajectory are less
important. Thus, the phase-plane method is a qualitative or geometric approach: it maps
all possible motions of a vibration system onto the phase plane, providing a “portrait” of
the system’s motion properties.
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Figure 4. Phase plane, phase point, and phase trajectory.

A particular point on the phase plane, where both the numerator and denominator
on the right-hand side of the vibration equation become zero, is designated a singular
point of the phase trajectory. Consequently, all singular points are located on the horizontal
axis. At a specific point, denoted by the symbol x = y = 0, it can be deduced that the
velocity and acceleration of the system are both zero. From a physical perspective, this
corresponds to a “static” equilibrium state of the system, signifying that the singular point
is indeed an equilibrium point. The equilibrium state (or singular point) of the system
can be classified as either stable or unstable. Stable singular points include stable foci and
centres. In contrast, unstable singular points include saddle points.

3.3. Analysis of System Disturbance-Free

Firstly, the state variables for the deadband-hysteresis relay controller must be defined,
with the error and its derivative selected as the phase plane state variables:

e=0-y

e=—y=—(ac-uc+ay) (18)

Depending on the existence of perturbations, two scenarios are analysed. In the
absence of perturbations, the dynamic equation is

€= —a- U (19)

In this context, it is important to note that the constant, denoted by the symbol 4,
remains constant. The phase plane of the system is divided into three regions: the positive
saturation region, the negative saturation region, and the dead zone. In the event of ¢ > 6p,
ore > (1 —h)0p (with ¢ < 0), the system operates in the positive saturation region of the
phase plane (where #, = 1) and the dynamic equation is expressed as follows:

€= —a, (20)

In the upper half-plane, the phase trajectory moves clockwise with a constant slope of
—a, and the error ¢ increases accordingly. In the lower half-plane, the phase trajectory also
moves clockwise with a constant slope of —a., but the error ¢ gradually decreases.
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When ¢ < —6p, or when ¢ < —(1 —h)fp (with ¢ > 0), the system operates in the
negative saturation region of the phase plane (where u, = —1), and the dynamic equation
is expressed as follows:

£=a. (21)

In the lower half-plane, the phase trajectory moves clockwise with a constant slope of
a. (accompanying the change of ¢); subsequently, in the upper half-plane, it continues to
move clockwise with the constant slope of 4., and the error € gradually decreases. When
—(1—=h)bp < e < Op (with e > 0), or when —0p < e < (1 —h)bp (with ¢ < 0), the system
is in the dead zone of the phase plane (where u. = 0), and the controller ceases to act. The
corresponding dynamic equation is

=0 (22)

The deadband threshold is 6p = 1, the hysteresis coefficient is set to 0.2, respectively,
and the control acceleration amplitude is a. = 0.5. Figure 5 shows the phase trajectory
diagram of the system under no disturbance:

Figure 5. Phase trajectory diagram of the system under no disturbance.

In the absence of significant disturbances, the deadband-hysteresis controller uses a
‘saturation zone acceleration/deceleration—hysteresis transition—deadband drift’ switch-
ing logic to make the attitude error oscillate periodically within a finite range. This process
ultimately causes it to converge towards the equilibrium region. This periodic oscillation is
a compromise between ‘suppressing high-frequency switching” and ‘deadband static error”:
the deadband prevents unnecessary control during minor errors, while the hysteresis elimi-
nates high-frequency jitter. However, this comes at the cost of achieving ‘zero static error’,
as the error is limited to a preset range. Furthermore, the influence of & and 0p, is evident in
the deep coupling between trajectory morphology and equilibrium region stability.

Next, we will discuss how the hysteresis coefficient # and deadband threshold 6p
synergistically regulate phase trajectories and system stability under disturbance-free
conditions. Adjusting the hysteresis coefficient to 1 = 0.5, while keeping the deadband
threshold and acceleration amplitude constant, produced the phase trajectory diagram
shown in Figure 6.

The hysteresis coefficient controls the characteristics of trajectory transitions by altering
the hysteresis width. As & increases, the hysteresis boundary approaches the origin, thereby
widening the hysteresis width. This broadens the buffer zone through which the trajectory
transitions from the saturation region to the dead zone. This suppresses high-frequency
switching and shortens the oscillation period. However, as the trajectory approaches
the dead zone boundary, its amplitude increases. Conversely, decreasing & narrows the
transition interval, causing frequent controller switching. This reduces the amplitude of
the trajectory, but intensifies high-frequency oscillations and prolongs the period. With
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the hysteresis coefficient and acceleration amplitude held constant, setting the deadband
threshold 6p to 1.5 yields the phase trajectory diagram shown in Figure 7.
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Figure 6. Phase trajectory diagram of an undisturbed system after adjustment of the hysteresis

coefficient.
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Figure 7. Phase trajectory diagram of the disturbance-free system after adjusting the deadband
threshold.

The deadband threshold 6p directly determines the extent of the deadband and hys-
teresis regions. As 0p increases, the boundaries of these regions expand simultaneously,
resulting in the equilibrium and buffer zones broadening. At the same time, the maximum
oscillation amplitude increases due to constraints imposed by the deadband boundary,
and the time required for convergence from the initial state to the equilibrium region
increases accordingly.

In an undisturbed scenario, the system’s stability depends primarily on the equilibrium
region’s asymptotic stability. From a Lyapunov stability perspective, increasing / broadens
the equilibrium region while slowing the convergence rate. Concurrently, a wide hysteresis
loop exerts a stronger damping effect on minor error fluctuations within the equilibrium
region, thereby enhancing the margin of asymptotic stability. Conversely, decreasing h
narrows the equilibrium region, steepens the transition gradient from the saturation zone
to the hysteresis zone and accelerates convergence to the equilibrium region. However,
narrow hysteresis bands can easily induce boundary oscillations, causing minor oscillations
within the equilibrium region and reducing local stability margins. Increasing 6p broadens
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the equilibrium region, enhancing the system'’s tolerance to initial errors and expanding
the attractor domain. However, the control inertia caused by the wide dead zone prolongs
convergence time and weakens local asymptotic stability. Decreasing 6p, on the other hand,
shrinks the attractor domain but shortens the convergence path, thereby increasing the
local stability margin.

3.4. Analysis of System Disturbance Presence

The subsequent discourse herein encompasses a detailed examination of two distinct
scenarios, each characterised by the occurrence of disturbances. Initially, the case of
a; < ac is analysed, with a; > 0 specified. The dynamic equation of the system under
these conditions is as follows:

€= —(ac-uc+ay) (23)

For the condition ¢ > 6p, or ¢ > (1 —h)fp (with ¢ < 0), the system operates in
the positive saturation region of the phase plane (where u. = 1), and the corresponding
dynamic equation is

e=—(ac+aq) (24)

Compared with the disturbance-free case, the phase trajectory moves clockwise with

a slope of larger magnitude, leading to a faster rate of both increase and decrease in the

error. For the condition ¢ < —fp, or ¢ < —(1 — h)6p (with € > 0), the system is located

in the negative saturation region of the phase plane (where 1, = —1), and the dynamic
equation is

£E=a.—ay (25)

In this case, the phase trajectory moves clockwise with a slope of smaller magnitude,
resulting in a slower rate of error variation (both increase and decrease). For the condition
—(1—h)bp < e < Op (withe > 0), or —0p < ¢ < (1 —h)fp (with ¢ < 0), the system lies in
the dead zone of the phase plane (where u. = 0), and the dynamic equation is

£ = ag (26)

The dead zone threshold is set to 6p = 1, the hysteresis coefficient to & = 0.2, the
magnitude of the control acceleration to a. = 0.5, and the disturbance acceleration to
a; = 0.1. The phase trajectory diagram of the system (under the presence of disturbance) is
presented in Figure 8.
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Figure 8. Phase trajectory diagram of the system under disturbance.
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From Figure 8, it can be observed that when a; < 4., the phase trajectory still main-
tains limit cycle stability and exhibits no tendency to converge to a fixed point. Inside
the dead zone, the disturbance induces a unidirectional variation in the error: the error
continuously decreases until the negative saturation region is triggered, then rebounds to
generate a limited deviation, ultimately forming a closed trajectory (i.e., a limit cycle). This
characteristic reflects the robustness of the controller against weak disturbances: as long as
the disturbance intensity does not exceed the control capability, the system error remains
bounded, and the oscillation range can be optimised by adjusting the dead zone size 0p
and hysteresis width .

Similarly, the co-regulation of the dead zone threshold p and hysteresis coefficient &
(on the phase trajectory and system stability) under the disturbance condition a; < a. is
discussed. By adjusting the hysteresis coefficient to i = 0.5 (while keeping the dead zone
threshold and acceleration magnitude unchanged), the corresponding phase trajectory
diagram is presented in Figure 9.
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Figure 9. Phase trajectory diagram of the perturbed existence system after adjustment of the
hysteresis coefficient.

It has been demonstrated that, in response to an increase in #, the buffer region of the
dead zone-hysteresis controller undergoes an expansion in accordance with its switching
logic. Specifically, when the trajectory moves from the dead zone boundary towards the
origin, it must pass through a wider hysteresis region in order to exit saturation control. This
leads to an extended movement time of the trajectory in the saturation region, accompanied
by greater accumulation of control energy. The phase trajectory is characterised by the
following manifestations: An augmentation in the limit cycle amplitude A reduction in the
oscillation period A transition in loop morphology from “compact” to “expansive”.

Concomitant with the maintenance of the hysteresis coefficient and acceleration mag-
nitude, the dead zone threshold, denoted by the symbol 0p, is adjusted to 1.5, and the
corresponding phase trajectory diagram is presented in Figure 10.

As the 0p increases, the boundaries of the dead zone expand, thereby enlarging the
trajectory’s operational space within this region. In the context of weak perturbations,
the trajectory undergoes a transition from the saturation zone to the dead zone, resulting
in an expansion of the dead zone area. This, in turn, leads to an augmentation of the
uncontrolled drift time during periods of disturbance influence. This phenomenon leads
to an augmentation in the oscillation range for each cycle. The phase trajectory results
manifest as follows: a significant increase in the amplitude of the limit cycle, an elongation
of the oscillation period, and a more gradual slope of the trajectory within the dead
zone. Moreover, the expanded dead zone leads to a decline in the proportion of trajectory
movement near the origin, consequently resulting in a flatter limit cycle shape.
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Figure 10. Phase trajectory diagram of the disturbance-prone system following adjustment of the
deadband threshold.

The assessment of stability under weak perturbations is chiefly determined by the
stability of the limit cycle trajectory. As the parameter / increases, the buffering effect of the
wide hysteresis loop against disturbance energy strengthens. The application of transient
micro-disturbances results in a wide hysteresis loop, which allows trajectory adjustments
across a broader range. This prevents energy accumulation from frequent switching and
enables gradual absorption of disturbance effects. It has been demonstrated that, as the
limit cycle’s tolerance to disturbances improves, the trajectory stability margin diminishes.
Conversely, when h decreases, the narrow hysteresis loop renders the controller more
sensitive to trajectory deviations; even minor disturbances trigger control actions, rapidly
correcting trajectory shifts. The outcomes pertaining to stability can be summarised as
follows: an augmentation in the trajectory stability margin is observable, whilst concomi-
tantly, the disturbance filtering capability is diminished. In the context of narrow hysteresis
loops, frequent controller switching enables the accumulation of energy in high-frequency
disturbances through the action of switching. This process has the potential to induce
minor oscillations in the limit cycle. The deadband threshold exerts a significant influence
on stability, accomplished by modulating the disturbance filtering capability and control
response speed. This modulating process can be conceptualised as a trade-off between
filtering minor disturbances and delaying responses to major disturbances. It has been
demonstrated that, as the fp increases, a considerable deadband is employed, thereby
filtering out minor disturbances. However, it has also been observed that this deadband
amplifies significant disturbances that occur in the vicinity of the deadband boundary, a
phenomenon that can be attributed to the delayed intervention of control mechanisms.
The outcomes of stability are manifest in two ways. Firstly, there is an enhancement of
robustness against minor disturbances. However, secondly, there is a reduction in resilience
to major disturbances. Furthermore, an extensive deadband serves to diminish the limit
cycle’s resilience to drift, thereby rendering the loop susceptible to gradual displacement in
the presence of sustained disturbances. When 6p decreases, a narrow deadband enables
more timely controller responses to disturbances but fails to filter out minute disturbances,
leading to energy accumulation from high-frequency switching. The outcomes of stability
are manifest in two distinct forms. Firstly, there is an enhancement of robustness against
large disturbances; secondly, there is a reduction in robustness against small disturbances.
Concurrently, under narrow deadband constraints, the stability of the centre position within
the limit cycle is enhanced, as control actions can expeditiously counteract the cumulative
effects of disturbances.

Finally, the case where a, < a; is discussed. When a, < a4, the disturbance term
dominates the system: the error will increase or decrease unbounded, and the phase
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trajectory exhibits a divergent state. By setting a; = 1, the corresponding phase plane
diagram is presented in Figure 11.
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Figure 11. Phase trajectory diagram of a system with excessive disturbance.

In the presence of substantial disturbance conditions, the deadband-hysteresis con-
troller’s capacity to counteract disturbances is inadequate. This results in the system
transitioning from bounded oscillations to unbounded divergence, accompanied by an
infinite increase in attitude error until ultimately leading to control failure. This deficiency
is attributable to the controller’s fixed threshold in conjunction with its open-loop control
architecture. Specifically, the thresholds for deadband and hysteresis are pre-set constants
incapable of dynamic adjustment according to disturbance intensity. Moreover, the con-
troller produces a fixed acceleration output via switch logic, exhibiting an absence of both
disturbance perception and compensation capabilities.

In summary, the deadband-hysteresis nonlinear controller is a nonlinear system incor-
porating deadband relay characteristics, capable of suppressing high-frequency oscillations
while achieving rapid response. However, the accuracy and disturbance rejection of the
system are constrained by fixed parameters and switching logic, and thus, require improve-
ment. The hysteresis coefficient /1 is a dimensionless parameter, typically ranging from
0 to 1, which is utilised to define the width of the hysteresis loop. Its function is to intro-
duce a hysteresis interval, hfp, in the direction of error change, thereby reducing frequent
controller switching near the transition point. This directly influences system stability and
response speed. For instance, when the error increases to a certain threshold, the controller
does not switch immediately; instead, it requires the error to exceed a certain percentage
of that threshold before triggering the switch. The controller utilises distinct switching
thresholds for increasing and decreasing errors, thereby forming an asymmetric switching
logic known as the hysteresis effect. To illustrate this, consider an error that rises from low
to high. In this scenario, it is necessary to reach a higher threshold, 6p, in order to trigger
controller action. Conversely, an error that falls from high to low necessitates reaching
a lower threshold, (1 — &)6p, to cease action. The dual-threshold design is intended to
prevent frequent control state switching due to minor disturbances near the setpoint. This
is believed to result in the suppression of high-frequency oscillations and enhancement
of robustness. The deadband configuration of the controller is engineered to attain static
equilibrium within the specified range through the deliberate suppression of control inputs,
thereby establishing ¢ = 0. This mechanism serves to circumvent superfluous control
actions, thereby enhancing system stability and optimising energy efficiency.

An analysis of the deadband-hysteresis relay controller under multiple operating
conditions via the phase plane method reveals the following: Despite the fact that this con-
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troller has the capacity to circumvent minor errors through redundant control mechanisms,
such as dead zones, and to suppress high-frequency jitter via hysteresis, thereby fulfilling
the fundamental requirements for the attitude control of spacecraft simulation components,
it is evident that the controller exhibits four core limitations. Firstly, steady-state accuracy
is constrained due to the presence of dead zones, which prevent error convergence to zero.
Consequently, maintenance is only possible within a preset range, rendering the system
unsuitable for high-precision Earth-pointing tasks. Secondly, the system demonstrates a
weak disturbance rejection capability. In the presence of weak disturbances, the system
exhibits a propensity for limit-cycle oscillations. Conversely, under strong disturbances,
the control torque is unable to counteract the disturbance, resulting in the divergence
of the phase trajectory. Thirdly, the parameter adaptability of the system is suboptimal.
The hysteresis coefficient and deadband threshold are immutable values, incapable of
dynamic adjustment in accordance with real-time error and disturbance intensity. This
inherent limitation gives rise to the paradoxical phenomenon of ‘excessive deadband under
weak disturbances and insufficient deadband under strong disturbances’. Fourthly, the
system exhibits a deficiency in dynamic compensation, with a reliance on error and error
derivative-based decision-making. This approach does not take into account the inertial
characteristics of the analogue components or unmodelled dynamics. Consequently, it
is unable to proactively estimate and counteract total disturbances. These issues directly
constrain improvements in attitude control performance, necessitating the introduction of
a more robust control framework for enhancement.

4. Design and Analysis of a Dead-Time-Hysteresis Relay Controller
Based on Self-Disturbance Suppression Control

In addressing the inherent limitations of deadband-hysteresis relay controllers in
steady-state accuracy, disturbance rejection capability, and parameter adaptability, as re-
vealed in Section 3, this section introduces the ADRC theory and proposes an improved
controller design that simultaneously incorporates “nonlinear switching characteristics”
and “auto disturbance rejection capability.” The core design approach is founded upon
the following principles: The transient characteristics of the reference signal are optimised
through NTD to resolve overshoot in step command responses. The limitations of tra-

7 oa

ditional controllers” “passive disturbance rejection” are overcome by employing NESO
for real-time estimation and compensation of total system disturbances. The original
deadband-hysteresis controller is embedded within the nonlinear feedback loop of ADRC,
and dynamic parameter adjustment logic is designed to achieve adaptive tuning of hys-
teresis width and deadband threshold. Furthermore, the section rigorously verifies the
theoretical reliability of the improved controller through local stability analysis (Routh-
Hurwitz criterion) and global stability analysis (Lyapunov function method), providing a

solid theoretical foundation for subsequent simulation validation.

4.1. Design of NTD

The function of the tracking differentiator is to provide two signals: one is the target point
transition signal, and the other is the differential signal of the target point transition signal.
The transition signal can be considered as facilitating the system’s incremental approach to
the target point, thereby preventing sudden changes and overshoot. Therefore, the transition
signal functions as an inertia element, thereby facilitating the gradual generation of a curve that
approaches the target point, while simultaneously ensuring that overshooting is prevented.

The tracking differentiator provides two signals: one representing the transition signal
of the target point and the other representing the differential of this transition. The transition
signal can be understood as the gradual approach to the target point, without any abrupt
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changes or overshoot. In other words, the transition signal can be interpreted as an inertial
component that avoids overshoot and generates a curve towards the target point gradually.
The NTD first establishes a second-order integrated series system, the differential

{ x1 =2 (27)

Optimal control of a system requires deriving a control strategy based on the system

equation of which is

equations, initial conditions, terminal conditions, constraints, and cost function, such that
the value of the cost function is minimised whilst satisfying the conditions and constraints.
The second-order integral series system equations may also be expressed as

. 01
X =
[0 0

The system’s initial, boundary and constraint conditions are, respectively, as follows:

1

X
+0

u (28)

’ x(tf) = M tf +

0 ,ul <r (29)
Xo tf

0

Here, r denotes the rapid tracking factor: the greater r’s value, the faster the system
tracks the desired value. However, when r increases beyond a certain threshold, the
approach speed does not change significantly. If the aim is for the system to reach the
terminal condition at the fastest possible rate, the performance metric is denoted as

ty
J= 1dt (30)
tq

The Hamiltonian function can thus be obtained:
H(x(8),u(t), A(), 1) = 1+ A1 (Dxa(8) + Ao (£)ut) G1)

According to the classical variational approach, the conditions for optimising perfor-
mance metrics are as follows:

JoH \
9H L J—0 (32)

Further obtained is the following;:

-

At this point, a contradiction arises: since the Hamilton function is linear in u, the

M

0

A1+

=0, =0 (33)

2

extremum must exist and lie on the boundary rather than at the point where the partial
derivative is zero. According to the conjugate condition equation

0 M
+ |- =0 34
A i (34)
We can obtain
Af(t) =G
35
{ A (t) = —Cit +C (39)
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From the Minimum Principle, it follows that when the Hamiltonian H = 1+
A1(t)xa(t) + Ap(t)u(t) attains its minimum, the term A, (t)u(t) also reaches its min-
imum. Given the constraint |u| < r, the optimal control u*(t) is determined as
u*(t) = —rsign(A;(t)). When A3 (t) = —Cqt 4+ Cp > 0, we obtain u*(t) = —r. Furthermore,
based on the initial conditions, we can derive that

{ xp(t) =zp — 1t (36)

x1(t) = 21 + 2ot — %T’tz

Eliminating ¢ yields

1 1
xi(t) = _27x22(t) +z1+ Ezzz (37)

Similarly, when A} (t) = —Cit 4+ Cp <0,

L 2 T >
t = — t [
x1(t) o X2 (t) +2z1 722 (38)

Depending on the initial value, the optimal control alternates between r and —r.
Considering the curve passing through the origin, we have

u=—r,x(t) = —%x2(t),x2(t) > 0 29
u=rx(t) = Lx2(t), x2(t) <0 (9

The switch function can be expressed as

x (t) _ xz(f)z\?rfz(f)\
— ' x|%| (40)
U = —rsign (x1 + T)
Therefore, the NTD is obtained by setting the control rate of the controlled variable u
as the composite function of rapid optimal control and treating x; as the target transition
signal and x; as the differential signal of the target transition signal:

{ = 41)

Xy = —rsign (x1 —e+ —xzz"f')

Here, x; denotes the current error and e represents the target input error. The contents
within the function brackets can be seen as having two parts: the ‘displacement’ of the target
error and the “displacement” during the process of reducing the error velocity to zero. When
the “displacement’ of the target error exceeds the ‘“displacement’ of the deceleration process—
meaning that decelerating to zero fails to achieve the target error—the error decelerates
with acceleration u = —r. Conversely, the error accelerates with acceleration u = r.

4.2. Design of Observers for Nonlinear Expanding States

The ESO, in a sense, constitutes a versatile and practical disturbance observer. The
control block diagrams for the basic state observer and the ESO are illustrated in Figure 12.
Compared to the pre-extension state, the ESO estimates the system’s ‘total disturbance” or
“unknown disturbance’. The core concept of the ESO is to expand the disturbance affecting
the controlled output into new state variables, employing a special feedback mechanism
to establish observability of the expanded states. The ESO does not rely on the specific
mathematical model generating the disturbance—namely, the function f describing the
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object’s transfer relationship—nor does it require direct measurement of its effect. It utilises
only the input—output information of the original object.

U Y U Y
State Variable X > 0 State Variable X >

Y

\

' . '

<«— State Observer |«

z, «——— Expansion state observer <
Zl ¢

Estimation of
State Variable X

Figure 12. Basic state observer and ESO.

For a typical system,

(42)

X=AX + BU
Y=CX

Let X be an n-dimensional state variable, U and Y be p-dimensional and g-dimensional
vectors, respectively (typically ¢ < n,p < n). By taking the output vector Y and input
vector U of the plant as inputs, the following new system can be constructed:

Z=AZ-L(CZ-Y)+BU=(A—-LC)+LY+BU (43)

In this equation, Z denotes the estimated state vector; L is an appropriately selected
matrix. This new system is designed using the output vector Y and input vector U of the
plant. Let e = Z — X represent the error between the state variables of the two systems.
Subtracting the equations of the two systems yields the system of equations satisfied by the
error variable e:

e=(A—-LC)e (44)

As long as the matrix L is chosen to render (A — LC) stable, e will converge to 0,
and thus Z will approach X. The state Z of the newly designed system can approximately
estimate all state variables X of the original system. When the above conditions are satisfied,
the newly constructed system is referred to as the state observer of the original system.
This state observer can also be rewritten as

{e=CZ—Y 5)

Z=AZ-Le+BU
Here, e is the output error of the system. Thus, the state observer is a new system
constructed by modifying the original system via the feedback of the output error.

For the dead zone-hysteresis relay controller, if the disturbance term a; is no longer a
constant but a nonlinear function f (e, é) of € and ¢, the state variable is defined as

xl} - H (46)
X2 3

Then the following nonlinear system can be established:

X =

Xp =1
xp = f(x1,x2) +acu (47)
y=x
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When the function f(x1, x2) is not specifically determined a. is known, the following
state observer is constructed:

e1 =21 Y
z1 =20 — ey (48)
2y = —lye; +acu

Here, the unknown function f(x1, x) is omitted; however, it still acts as a disturbance
in the error system. To effectively suppress its influence, the following nonlinear feedback
form is adopted based on the nonlinear feedback effect:

—Bo1g1(e), —Bo2g2(e) (49)

Here, g(e) is chosen as the fal function, which is a common nonlinear function used in
ADRC. It exhibits distinct behaviours in different error regions. Small-error region: It shows
linear characteristics, avoiding excessive sensitivity to minor disturbances and suppressing
high-frequency noise. Large-error region: The error signal is amplified nonlinearly, acceler-
ating the convergence speed of the observer. Additionally, the fal function has filtering
properties. Compared with first-order filters, it achieves better filtering performance: the
filtered signal can track the input signal rapidly without delay and the signal amplitude is
barely affected. At this point, the nonlinear state observer is given by

e1=21—Y
z1 = 22 + Bore1 (50)

. 1,
zp = Bonle1|2sign(er) + acu

Next, the real-time disturbance f(x1(t),x2(t)) acting on this nonlinear open-loop
system is expanded as a new state variable x3, denoted as

x3(t) = f(x1(t), x2(t)) (51)

Let x3(t) = w(t); then the system can be extended into a new nonlinear system:

X1 = X2
Xp = X3 +acu
. 52
i = w(t) o
y=n
The ESO for this expanded system is given by
e1=21—Y
71 =2+ Porer 53)

1
z3 + Bozle1|2sign(er) + acu

. 1
z3 = Pos|er|*sign(er)

k%)

In order to achieve the aforementioned objective, it is necessary to design the coef-
ficients Bo1, Boz2Boz of the ESO in such a manner that e; — 0, thus facilitating state obser-
vation. Nonlinear functions have the capacity to either weaken or enhance the observer
dynamics; therefore, adjustments should be made based on actual system responses. If the
observer exhibits slow convergence and tracking lag, it is necessary to increase wy to raise
the gains Bg1, Bo2, Boz of the system. If significant chattering occurs in the observed values,
it is advisable to reduce wy and lower the gains to suppress noise.
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—> NTD

4.3. Improved Controller Design and Stability Analysis

The enhanced ADRC controller, as demonstrated in Figure 13, consists of four core
modules arranged sequentially: the NTD, NESO, dynamic deadband module, adaptive
hysteresis coefficient module, and deadband-hysteresis nonlinear feedback controller. The
sequence of signal transitions is as follows: the command signal is initially input to the
NTD, resulting in the generation of the target transition signal x; without overshoot and
its derivative xp. The NTD output x1 combines with the system attitude feedback z; to
form the tracking error, which is then fed into the adaptive hysteresis coefficient module.
Concurrently, the system output y and control input u are input to the NESO, which
estimates and outputs the total disturbance z3 and state estimates z1, z in real time. The
tracking error is then entered into the adaptive hysteresis coefficient module, while the
disturbance estimate z3 is fed into the dynamic deadband module. The dynamic deadband
module calculates and outputs the adaptive hysteresis width coefficient and deadband
threshold in real time. In conclusion, the enhanced nonlinear feedback controller generates
the ultimate output signal based on the error and its derivative, in conjunction with the
compensated control law and dynamic parameters. This process ensures precise actuation
of the actuator.

A Disturbance |

Adaptive |

a .

™ Hysteresis - :

—(X‘ ) I
Al_ 3 > -0, 0 h . “ : -
- = >

X, 6, B = .
_Q‘? i ! Executing Satelli :

-—1 || Dynamic Agency ate llte i

Deadzone Dynamics :

I

Smithee Trigger !

I

Z |

z, | NESO * |

Figure 13. Block Diagram of an Improved Dead-Time-Hysteresis Relay Controller Based on ADRC.

The incorporation of the dead zone-hysteresis relay controller within the ADRC results
in the non-linear control law of the new system becoming

1—2z3 e>06p

1—2z3 e>(1—h(t)bp,e<0

L= —(1—h(t))6D§s<6D,%>0 (54)
—z3 —0p <e< (1—-h(t))bp,e <0

—1—2z3 ¢e<—6p

—1—-2z3 e<—(1—h(t))fp,e>0

Herein, z3 denotes the total system disturbance estimated by the NESO, 0, is the dead
zone threshold dynamically adjusted based on the disturbance estimate z3, and h(t) is
the hysteresis width dynamically adjusted according to the real-time system error. The
expressions for Op and h(t) are given as

{ 0p = Opy + kd|Z3| (55)

B(t) = ho- (1- L)

€max
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where k,; represents the sensitivity of the control dead zone to disturbance estimation; 6pg
is the initially set dead zone threshold; /iy denotes the baseline hysteresis coefficient (it
determines the maximum hysteresis width when the error is zero); emax is the maximum
allowable system error.

This paper builds upon an in-depth analysis and phase-plane method investigation of
the dead-zone-hysteresis relay controller, the results of which identified the inherent limi-
tations of the controller. These limitations are as follows: constrained steady-state accuracy,
insufficient disturbance rejection capability, and potential limit-cycle oscillations or diver-
gence under strong disturbances. In order to surmount these constraints, the present paper
introduces a self-disturbance-rejection control framework for systematic enhancement,
centred on the design and implementation of the NESO. The NESO offers a novel pathway
to achieving high-precision control by real-time estimation and compensation of the total
system disturbance. This section rigorously proves the stability of the NESO, thereby
establishing a robust theoretical foundation for the entire ADRC enhancement scheme.
This proof ensures the theoretical reliability of the controller and provides fundamental
assurance for its effectiveness in practical engineering applications.

To establish the state-space model required for the NESO, we define the total distur-

bance as § = a + a4 based on f (9, 9) = a4. The system equation is then rewritten as

6= ac+ f(e, é) (56)
The following definition of state variables is proposed:

X1 = 0
X, =6 (57)
X3 = f(@, 9)

The system state space equations are as follows:

5(1 = X2
Xo = X3+ ac (58)
%5 = wl(t)

Here, w(t) denotes the bounded disturbance rate of change. In the NESO design
section, the real-time disturbance f(x(t), x2(t)) acting on this nonlinear open-loop system
is expanded as a new state variable x3. Accordingly, the state estimation equations of the
NESO take the following nonlinear feedback form:

z1 = 22 + Bo1g(e1)
zp = 23+ Bopg(e1) + acu (59)
z3 = Bosg(e1)

In these equations, e; = z; — x; is the observation error; Bo1, o2, Boz < O are the
observer gain parameters. As mentioned earlier, the fal function is adopted as the nonlinear
feedback g(e):
|* - sign(e), le| >0

60
e/s1%, le] <6 (60)

fal(e,a,0) = {|e
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Here, « is an exponential parameter (satisfying 0 < a < 1) that controls the degree of
nonlinearity; § > 0 is a threshold parameter that defines the width of the linear interval.
An observation error vector is defined as

€1 =21—X1
e =2y — X (61)
€3 =23 — X3

The error dynamics equation can be derived by subtracting the state derivatives of the
observation system from those of the true system:

e1 =21 — X1 =ey+ ,301fﬂl(€1,0(1,5)
é2 = 22 — 5(2 =e3+ ﬁozfal(el, o, (5) (62)
é3 = 23 — 5(3 = ‘Bogfﬂl(el,ﬂég,é) — w(t)

The Lyapunov stability analysis presented in this section is predicated on the assump-
tion that the rate of change in the total disturbance is finite. This standard assumption aims
to establish a clear theoretical benchmark for the convergence behaviour of the NESO. It
is noteworthy that the fal nonlinear feedback function employed in this observer exhibits
inherent structural robustness in practical applications. This robustness extends beyond
the assumed constraints, accommodating disturbances with non-smooth or stochastic
components. It is evident that the small-error linearisation and large-error saturation char-
acteristics of fal facilitate this particular behaviour. The simulation validation in Section 5
below will confirm this engineering robustness.

The core objective of stability analysis is to demonstrate that as t — oo, the observation
errors ey, ey, e3 converge to zero or a bounded small range. First, local stability analysis is
performed: this focuses on scenarios with small observation errors (i.e., |e1| < &) where the
fal function operates in the linear region. By linearizing the error dynamics equations and
analysing the distribution of their eigenvalues, the asymptotic stability of the NESO in the
small-error steady-state phase is verified.

When |e;| < 4, the fal function is linearized as

€1
517a

fal(e1,a,0) = = keq (63)

Substituting this into the error dynamics equations yields the linearized error system:

e = Ae+ Bw(t) (64)
where the system matrices are
Boik 1 0 0
A= |Bpk 0 1|,B=1]0 (65)
Bosk 0 0 -1

The characteristic equation of the system matrix A is then

det(AI — A) = A3 — Bg1kA? — BookA — Bogk = 0 (66)
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The Routh-Hurwitz criterion is applied here. The necessary and sufficient conditions
for the system to be asymptotically stable are

—ﬁ()]k >0
—Bosk >0 (67)
Boirk - Bo2k > —Boszk

Since k = 51%“ and Bo1, Boz, Boz < 0, only the following condition needs to be satisfied:

Bor - Boz > —Posd " (68)

It is evident that at this juncture, the system stability criterion is satisfied, and NESO is
locally asymptotically stable.

Next, global stability analysis is performed. This analysis targets scenarios with
arbitrary initial observation errors (covering the region where |e;| > ¢). By constructing
a Lyapunov function, the globally uniformly ultimately bounded property of the error
system is proven.

A quadratic Lyapunov function is selected as follows:

1 1 1
V(€1, €, 33) = 53]2 + 5622 + 5632 (69)

Obviously, V > 0 holds for all (e, ep,e3) # (0,0,0), and V(0,0,0) = 0, which satisfies
positive definiteness.
The time derivative of V is calculated as

V= e161 + exen + e3e3 (70)

Substituting the error dynamics equations into the above expression yields

V = 61(62 + ﬁglfal(e1, 1, 5)) + 62(83 + ﬁozfal(el,wz,é)) + 63(ﬁ03fal(€1,0(3, (5) — w(t))
= e1ep + exes +e1Borfal(er, aq,0) + exPopfal(er, az,0) + e3Posfal(er, az, d) — esw(t)

Since the fal function exhibits positive definite dissipativity, for any e € R, the

(71)

following holds
e- fal(e,a,8) > min(1,6%)]e|*t! > 0, (e # 0) (72)

Combining the boundedness of the disturbance (Jw(t)| < Fmax, where Fnax denotes
the upper bound of the maximum absolute value of the disturbance rate of change), each
term is estimated. For the cross terms,

1 1
e1er +exez < 5812 + 622 + 5632 (73)

For the dissipative terms, let kg = min(1,6*1,5%2,6%); then,
Botei fal(e1,a1,8) > Botkoler| ™"

Booeafal(er, az,8) > Bookole|*2t! (74)
Bosesfal(ey, a3,8) > Boskoler|* !

Similarly, for the disturbance term,

1 1
leaw ()] < Ses® + 5 Fax (75)
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Substituting the above estimations into V and rearranging yields

. 1 1
V< 5612 + €22 + Borkoler | + Bozkoler |t + Boskoler |2t — EFl’znax (76)

When e; > A (where A is a bounded threshold satisfying /301k0A"‘1+1 = %AZ), the
following holds

1
—BortkoAM 1 < —56’12 (77)

Similarly, the same treatment is applied to the terms involving Bop; and Bg3. At
this point,

- 1 1
V<5 (e et +es?) — 5 Fha 78)

This indicates that V is negative definite. According to the globally uniformly ulti-
mately bounded theorem, there exists a constant B > 0 such that as t — oo, the observation
errors ey, €3, e3 converge to a bounded set. In other words, the NESO possesses globally
uniformly ultimately bounded stability.

4.4. Convergence Analysis of Estimation Errors in Disturbance Models

The convergence of disturbance estimation errors is indicative of the NESO’s
robustness.
The third equation of error dynamics is as follows:

e3 = Posfal(er, a3,6) — w(t) (79)

When the system enters the steady state e; — oo, fal(ej, a3,6) ~ke; — 0, so
e3 ~ —w(t). Integrating this yields

e3(t) =~ e3(0) — /Ota)(’r)dr (80)

Since w(t) is bounded, the rate of change of e3(t) is finite. Combined with the conclu-
sions of Lyapunov analysis, the convergence speed of the disturbance estimation error is
positively correlated with the observer gain.

When the system is in the steady state, e; converges to a minimal range, and
e3 ~ Bosk(e1,a3,6) — w(t) at this point. Since the steady-state value of e; is negligible,
the steady-state value of the disturbance estimation error is mainly determined by w(t)
and ﬁog:

~ lw(®)]
e3(c0) ~ Bosk (81)

The order of magnitude of this value is 1 x 10~%, which is much smaller than the
control acceleration, indicating that the impact of the disturbance estimation error on
control performance is negligible.

This section thus represents the culmination of the design and theoretical validation
of an enhanced dead-zone-hysteresis controller based on ADRC. The core achievements
are reflected in three aspects: firstly, the generation of an overshoot-free, fast-response
target transition signal via an NTD resolves the original controller’s overshoot issue for
step commands; secondly, real-time disturbance estimation and active compensation are
achieved by expanding the total disturbance into new state variables via NESO. The local
asymptotic stability and global uniform boundedness of the system have been rigorously
proven. Thirdly, a dynamic parameter adjustment logic based on error and disturbance
estimates has been devised, enabling adaptive matching of hysteresis width and deadband
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threshold to operating conditions. This fundamental innovation effectively addresses the
inherent limitations of the original controller, which were a consequence of the fixed pa-
rameters. Convergence analysis of disturbance estimation errors demonstrates the NESO’s
high disturbance estimation accuracy, with negligible impact on control performance.

5. Test Results

In Section 4, the theoretical design of an enhanced controller founded upon ADRC has
been concluded. This design has been demonstrated to resolve the original controller’s defi-
ciencies, namely its substandard steady-state accuracy and inadequate disturbance rejection.
Nevertheless, the validation of its effectiveness and engineering practicality remains to be
substantiated through simulation under actual operating conditions. This section employs
real data from ground-based full-physical spacecraft docking performance experiments
as the comparative benchmark. A triad of core operational simulation scenarios has been
devised with the objective of comprehensively validating the engineering adaptability and
performance advantages of the enhanced ADRC-based deadband-hysteresis controller.
The simulation environments meticulously replicate the critical operational characteristics
of the ground experiments.

In order to ascertain the fundamental operating condition, the attitude setting of the
spacecraft mock-up in the experiment was compared with the actual attitude data from
the experiment. This finding serves to validate the efficacy of the enhanced algorithm
in the context of steady-state error control and low-redundancy control actions, thereby
ensuring that the spacecraft model meets the ‘high-precision, low-loss’ requirements during
routine operations.

In order to account for the dynamic conditions that prevail during the separation
experiments, where the connector maintains a stable attitude prior to disengagement, a
comparison was made between the simulation outcomes and the actual experimental atti-
tude data. This finding serves to substantiate the algorithm’s efficacy in mitigating transient
disturbances and its expeditious attitude recovery performance, thereby underscoring its
capacity to adeptly manage sudden disturbances during separation.

In addressing the critical operational scenario requiring rapid and precise establish-
ment of initial roll and pitch conditions prior to docking, the improved algorithm’s perfor-
mance in rapid attitude adjustment and overshoot-free response was validated through
comparison of simulation results with actual experimental data. This ensures that the craft
meets the docking mission’s requirements for ‘rapid convergence and high precision” in
initial attitude.

The enhanced algorithm’s performance in steady-state accuracy, disturbance rejection
capability, and rapid response is evaluated by quantifying the consistency between simu-
lation outcomes and ground-test data. This provides a foundation of empirical evidence
upon which to base the practical engineering deployment of the system.

5.1. Parameter Selection Specifications and Sensitivity Analysis

The parameter design of this controller adheres to the principle of combining theoreti-
cal guidance with engineering optimisation, with the following specifications:

(1) Initial static parameters: The deadband threshold, designated as 8¢, has been deter-
mined to be 0.001, and the hysteresis coefficient, denoted as hy, has been established
as 0.1. These parameters are deduced through phase plane analysis, a method that
ensures the system’s convergence to the equilibrium region in the absence of external
disturbances. The fast-tracking factor r is optimised through NTD transition process
planning, balancing response speed and overshoot suppression.
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Error / degree

(2) Dynamic adjustment law design: The dynamic adjustment of parameters 6p and h
incorporates disturbance estimation sensitivity k; and error normalisation factor emax,
forming Equation (55). In this configuration, k; guarantees that for each unit increase
in |z3], Op expands by 0.01°, thereby preventing high-frequency actuator switching.
Furthermore, emax imposes limitations on the adaptive range of the lag coefficient,
thereby enhancing steady-state accuracy.

(8) NESO Gain Stability Constraints: It is imperative that the Bg1, Bo2, Bos values sat-
isfy the Routh-Hurwitz conditions to ensure that the observation error remains
globally bounded.

(4) Parameter tuning procedure: Initial values are established in accordance with theoret-
ical constraints. Subsequently, a series of parameter sweep simulations are conducted
under three typical operating conditions. The optimisation targets encompass a steady-
state error of less than £0.01°, a convergence time of less than 3 s, and the absence of
overshoot. The final values align with the data obtained from the ground tests.

5.2. Standard Posture Configuration

The system parameters for conventional attitude setting are shown in Table 2.

Table 2. System parameters for conventional attitude setting.

System Parameters Data System Parameters Data
hy 0.1 Bo1 -20
€max 0.01 Boz2 —300
fpo 0.001 Bo3 -20
ky 0.01 ac 5
r 5

The simulation results corresponding to this conventional attitude setting are pre-
sented in Figures 14-16.
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Figure 14. Conventional Attitude Setting Test Results—Rx. (a) Input for the Rx target in conven-
tional attitude setting. (b) The Rx output attitude for conventional attitude setting. (c) Rx error in
conventional attitude setting. (d) Disturbance acceleration.
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Figure 15. Conventional Attitude Setting Test Results—Rz. (a) Input for the Rz target in conven-
tional attitude setting. (b) The Rz output attitude for conventional attitude setting. (c) Rz error in
conventional attitude setting. (d) Disturbance acceleration.
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Figure 16. Conventional Attitude Setting Test Results—Ry. (a) Input for the Ry target in conven-
tional attitude setting. (b) The Ry output attitude for conventional attitude setting. (c) Ry error in
conventional attitude setting. (d) Disturbance acceleration.

The simulation results of conventional attitude setting scenarios demonstrate that the
improved algorithm enables the spacecraft mock-up to be controlled with high precision
and low loss through the dynamic adjustment of deadband thresholds and hysteresis
width. The attitude angle converges within 3 s with no significant overshoot, and the
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steady-state error stabilises at +-0.01 degrees. The operational data trends of the simulated
curve demonstrate a high degree of correlation with those of the spacecraft model during
routine attitude setting tests. This demonstrates its capability to meet the engineering
requirements for long-term steady-state operation, as evidenced by the implementation
of ‘low redundancy manoeuvres’ and ‘high attitude retention accuracy’. Consequently, it
establishes its position as a reliable solution for routine orbital attitude control.

5.3. Stability of the Attitude of the Simulated Connector in Separation Tests

The system parameter settings for maintaining the attitude stability of the simulated
connector in the separation test are shown in Table 3.

Table 3. System parameters for maintaining the attitude stability of the simulated connector in
separation tests.

System Parameters Data System Parameters Data
ho 0.1 Bo1 —60
€max 0.01 Bo2 —1000
fpo 0.001 Bos —60
k4 0.01 ac 14
r 1

The simulation results corresponding to this control system are presented in Figure 17.
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Figure 17. Yaw angle of the simulated connector in separation tests. (a) Simulated yaw input to the
target in the separation test. (b) Yaw output of the simulated connector in separation tests. (c) Yaw
error of the simulated connector in separation tests. (d) Disturbance acceleration.

In the attitude stabilisation scenario for the separation test connector, the core objective
of the simulation is to validate the capability of the algorithm to maintain a stable yaw angle
of the connector prior to separation. Therefore, the focus is on evaluating the improved
algorithm’s performance in suppressing minute disturbance torques and maintaining
yaw angle stability before separation, using the actual yaw angle of the connector before
separation in the ground full-physical experiment as the benchmark. The simulation results
show that, during the entire pre-separation preparation phase, yaw angle fluctuations
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caused by the improved algorithm remain within the range of +0.01°. Compared to the
original deadband-hysteresis controller, the improved algorithm demonstrates greater
precision in maintaining yaw angle stability without inducing high-frequency oscillations
in response to minor disturbances. This outcome shows that the enhanced algorithm can
maintain precise alignment of the connecting body’s yaw angle with the experimental
reference value. This is achieved by estimating persistent minor disturbances prior to
separation using an NESO, while dynamically adjusting the deadband threshold and
hysteresis width. Yaw angle stability before separation is essential for the precise execution
of subsequent manoeuvres. Thus, this simulation outcome directly validates the utility
of the algorithm during critical preparatory stages of separation trials by resolving the
engineering risk of attitude drift caused by minute disturbances that previously affected
the original controller prior to separation.

5.4. Establishment of Initial Conditions in Docking Experiments

The system parameter settings for establishing initial conditions in the docking experi-
ment are shown in Table 4.

Table 4. System parameters established for initial conditions in the docking experiment.

System Parameters Data System Parameters Data
hy 0.1 Bo1 —40
€max 0.01 Boz2 —1000
fpo 0.001 Bo3 —40
ky 0.01 ac 10
r 0.5

The simulation results corresponding to this control system are presented in Figure 18.

[=
S

—— Initial Conditions| &

4 Rx/Rz 1

2
8 g 0 0.04
e &h
s 0 5 -1
) = L Wt st =]
w2 g -2
~ a5}

4 3 -0.04

3 10
-6 ‘ ‘ ‘ ‘ ‘ -4 — R
0 1 2 3 4 5 6 7 8 9 10 0 2 4 6 8 10 12 14 16 18
t / seconds t/ seconds
(€] (b)

Figure 18. Results of establishing initial conditions in the docking experiment. (a) Initial conditions
for Rx and Rz to be established for the docking experiment. (b) Establishing systematic errors in the
initial conditions of the alignment experiment.

For establishing initial conditions in docking experiments, the improved algorithm
achieves rapid convergence with high-precision attitude adjustment through the non-
overshoot transition characteristics of the NTD and dynamic hysteresis width regulation.
The convergence time from initial zero position to target attitude is merely 3 s, with
no overshoot whatsoever. The final attitude error is controlled within £0.01°, meeting
the stringent requirements of millimetre-level precision and second-level response for
initial attitude in docking tasks. Simulation plots demonstrate that the rotational or pitch
angles of the aerospace mock-up rapidly and accurately transition from initial position
to predetermined docking conditions, indicating its potential for high-precision, rapid
attitude adjustment tasks in future engineering applications.
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In summary, the enhanced controller employs a triple-innovation design comprising
‘NTD optimisation of command response, NESO active compensation for total disturbances,
and dynamic parameter adjustment for operational condition adaptation’. This approach
comprehensively resolves the inherent shortcomings of the original deadband-hysteresis
controller, namely ‘low steady-state accuracy, weak disturbance rejection capability, and
poor parameter adaptability’. The high correlation between simulation results and ground-
based full-physical test data suggests that this algorithm holds promise for future practical
engineering applications. It shows adaptability to diverse operational scenarios—including
routine operation of the analogue unit, pre-separation attitude stabilisation, and initial
condition establishment during docking—while remaining consistent with the engineering
logic validated through ground experiments. This provides a valuable foundation and data
support for the potential subsequent model-based application and in-orbit deployment of
spacecraft attitude control algorithms.

6. Conclusions

The present paper addresses the attitude control requirements in ground-based full-
physical experiments for spatial docking performance. The objective of this study is to
address the fundamental limitations of conventional deadband-hysteresis relay controllers,
namely low steady-state accuracy, inadequate disturbance rejection capability, and limited
parameter adaptability, by proposing an enhanced algorithm based on ADRC. The inno-
vation lies in the deep integration of ADRC’s ‘self-disturbance rejection” characteristics
with the ‘nonlinear switching” advantages of hysteresis, manifested as follows: Firstly,
a dynamic adaptive logic for deadband and hysteresis parameters has been designed.
The aforementioned factors enable real-time adjustment based on disturbance estimation
and error magnitude, thereby resolving the contradiction in traditional controllers where
‘deadband becomes redundant under weak disturbances yet insufficient under strong dis-
turbances’. Secondly, the construction of an NESO incorporating a fault function to expand
total disturbances into new state variables for real-time estimation and compensation,
mechanistically overcomes control failure under strong disturbances. Thirdly, the intro-
duction of NTD to orchestrate overshoot-free transitions resolves overshoot issues in step
responses. The simulation results demonstrate that the enhanced algorithm demonstrates a
high degree of consistency with ground-based full-physical experiment data for spacecraft
docking performance. A conventional attitude setting is characterised by steady-state error
remaining within +0.01°. It has been demonstrated that, prior to separation, the yaw angle
of the connecting body is maintained at a stable level. During the initial condition establish-
ment process for docking, convergence time is observed to be no greater than 3 s, with no
occurrence of overshoot. At the simulation level, it has been demonstrated to fully satisfy
core performance metrics, thus indicating excellent engineering application potential.

This paper provides a theoretical exposition of the motion characteristics and param-
eter sensitivity of traditional controllers. Employing the phase plane method, this paper
systematically reveals these characteristics. Under the standard assumption of bounded
disturbance change rates, the present study refines the stability analysis framework for
nonlinear attitude control. It should be noted that the stability analysis of the NESO is
conducted under this standard assumption, while a comprehensive theoretical framework
capable of rigorously accommodating non-Lipschitz disturbances, such as Coulomb fric-
tion jumps, remains an important topic for future research. At the engineering validation
level, the simulation results demonstrate the potential of the proposed enhanced ADRC
framework in ground-based experimental setups simulating spacecraft mass—inertia char-
acteristics, indicating a promising yet preliminary stage of research. Nevertheless, several
clear limitations persist: the validation has not yet encompassed extreme in-orbit condi-
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tions or full-spectrum disturbance environments; parameter tuning remains empirically
dependent; and, most critically, the lack of HIL validation represents a key gap in assessing
the algorithm’s adaptability to real-world engineering factors such as sensor quantization
and actuator saturation. Furthermore, the current study focuses on validating the per-
formance potential of the proposed framework, while the computational load associated
with the NESO—involving multiple state variables and nonlinear function evaluations—
would require dedicated optimisation for implementation on resource-constrained em-
bedded systems. Consequently, the current outcomes should be regarded as promising
but preliminary. Subsequent work will prioritise the establishment of a semi-physical
simulation platform for HIL testing, along with the development of automated parame-
ter tuning tools and the investigation of computationally efficient implementations (e.g.,
simplified NESO variants or fixed-point arithmetic), to advance this framework from simu-
lation validation toward future engineering implementation and to ensure its feasibility in
resource-aware applications.
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ADRC  Auto disturbance rejection control
NESO Nonlinear extended state observer
NTD Nonlinear tracking differentiator
DDPG  Deep deterministic policy gradient
ESO Extended state observer

DOF Degree of freedom

HIL Hardware-in-the-loop
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