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ABSTRACT: This study presents a hybrid control framework for the attitude regulation of a three-
degree-of-freedom satellite subject to parametric uncertainties, external disturbances, actuator
constraints, and implementation imperfections. The core robust controller is formulated using the
Super-Twisting Algorithm, which guarantees finite-time convergence and robustness while effectively
suppressing the high-frequency chattering typically associated with conventional sliding mode control.
To enhance tracking precision and improve adaptability under nonlinear and uncertain conditions,

deep reinforcement learning is incorporated as an adaptive compensator within the control loop.  Keywords:

Three representative algorithms, namely Deep Deterministic Policy Gradient, Twin Delayed Deep Satellite Attitude Control

Deterministic Policy Gradient, and Proximal Policy Optimization, are investigated and comparatively . .
. . . . . Super-Twisting Algorithm
evaluated in terms of stability, convergence behavior, and control efficiency. To systematically tune

the learning hyperparameters and reduce the computational burden associated with manual trial-and- Deep Reinforcement Learning

error procedures, the Taguchi design of experiments method is employed to perform multi-objective ~ Taguchi Design of Experiments
optimization considering both tracking performance and control effort. The performance index is defined
as a composite measure that combines time-weighted tracking error and control energy. Numerical
simulations together with experimental validation on a satellite attitude simulator demonstrate that the
proposed hybrid control architecture reduces settling time and control effort while improving disturbance

rejection capability, without compromising stability or steady-state tracking accuracy.

1- Introduction

Space mission complexity has driven increasingly
stringent demands on satellite attitude control in terms of
robustness, precision, and reliability. Sliding Mode Control
(SMC) offers strong robustness to matched uncertainties
but suffers from chattering; the Super-Twisting Algorithm
(STA) effectively mitigates this drawback while preserving
robustness [1-3].

Deep Reinforcement Learning (DRL) has emerged as
a compelling model-free paradigm for nonlinear uncertain
systems, including spacecraft attitude control, offering
adaptability without requiring precise dynamic models [4-6].
However, hyperparameter sensitivity and limited robustness
guarantees hinder standalone DRL deployment in safety-
critical applications, motivating hybrid robust-learning
architectures [7]. Efficient hyperparameter tuning is essential
for DRL performance; the Taguchi method provides a
systematic, low-experiment alternative to exhaustive search
[8, 9].

This paper presents a hybrid STA-DRL framework for
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three-DOF rigid satellite attitude control, in which DDPG,
TD3, and PPO agents augment the STA baseline with
Taguchi-tuned hyperparameters. Performance is evaluated
under nominal conditions, disturbances, and parametric
uncertainties using an ITSE-based composite index, validated
through comparative simulations.

2- System Modeling

In this study, the attitude dynamics of a rigid satellite are
formulated in an affine nonlinear form suitable for robust and
learning-based control design. The simulation framework
employed is schematically illustrated in Fig. 1.

Let 7 € R® denote the Euler angle vector and @ € R’
represent the angular velocity vector expressed in the body-
fixed frame. The satellite attitude dynamics can be expressed
as the following affine nonlinear system:

n= 10 o)
(1

o= f,(no)+gmnr
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Fig. 1. General structure of the Isfahan University
satellite attitude simulator [10].

where 7 € R’ denotes the control torque vector.
The nonlinear functions f,(-), f,(-), and the control
distribution matrix g(-) are defined as:

S(n,0) = Rw
f.(0)=1"(~ox(Iw)+mg(r xK)) 2
gm=1"

This affine representation provides a compact and suitable
foundation for the subsequent development of the super-
twisting-based robust controller and the deep reinforcement
learning framework.

3- Control Structures

Two control structures are investigated to evaluate the
contribution of the learning-based component: STA and hybrid
STA-DRL. The learning-based controller operates in parallel
with the super-twisting algorithm, generating an adaptive

torque component that augments the baseline control law,

r= TSTA + TDRL (3)

This structure preserves the inherent robustness of
the sliding-mode controller while allowing performance
refinement through reinforcement learning.

4- Results

Table 1 and Fig. 2 summarize the experimental evaluation
of the four control strategies implemented on the satellite
attitude simulator.

As shown in Table 1, all controllers achieve comparable
tracking accuracy (MSE ~10%), with STA yielding the lowest
error indices. STA-TD3 improves settling time (26s—22s)
and reduces control effort, while also providing the highest
tolerance to torque command disturbances (0.255 N-m) and
white-noise torque (3%10%). STA-DDPG shows the greatest
resilience to direct impulse torques (3.25 N-m). Figure 3
confirms stable closed-loop behavior across all strategies,
with hybrid controllers exhibiting smoother control inputs
and reduced steady-state chattering, especially STA-TD3.

5- Conclusion

This study presented and experimentally validated a
hybrid attitude control framework combining STA with
DRL (DDPG, TD3, and PPO), in which STA provides
baseline robustness while the DRL agent acts as an adaptive
corrective term. All controllers achieve stable and accurate
attitude regulation, with differences primarily in transient
performance, control effort, and disturbance robustness.
STA-TD3 offers the best overall trade-off, followed by STA—
DDPG; STA alone excels in error minimization, while PPO
is less competitive in practical metrics. Experimental results
confirm stable behavior under sensor noise, communication
delays, and inherent platform disturbances, with performance
distinctions reflected in control chattering, effort, and reaction
wheel momentum regulation. These findings highlight the
importance of incorporating actuator constraints, command
smoothing, and torque-variation penalties in both control and
reward design for practical deployment.

Table 1. Performance comparison of each control scenario and maximum tolerable disturbance level.

Method MSE ISE ITSE CE Ts TCD’ BIT" WNTP*
STA 1.719x108 2.55 629.9 242 26 0.17 3.15 1x1073
STA-DDPG 3.719x10® 2.937 971 23.58 23 0.25 3.25 3x1073
STA-TD3 4.567x108 2.757 875 23.1 22 0.255 3 3x107
STA-PPO 6.005x10- 2.824 677.2 26.23 24 0.135 2.8 2x1073
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Fig. 2. Experimental implementation results of four con-

trol strategies in the presence of inherent test platform

disturbances: (a) attitude angles, (b) angular velocities,
and (c) control inputs.
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Table 1. STA controller gains.
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Table 2. Taguchi levels for DRL optimization.
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Fig. 2. Control framework for satellite attitude control.
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Table 3. Hardware and software configuration of the computer used for training and simulation.
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Intel Core i7-9700K CPU
16GB DDR4 @ 3000MHz RAM
NVIDIA GTX 1080Ti (11GB) GPU
Windows 11 0S
MATLAB (R2023b) Software
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1. Attitude and Heading Reference System (AHRS)
2. LABVIEW
3. MATLAB/Simulink
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Fig. 3. Hyperparameter optimization results of deep reinforcement learning algorithms using the Taguchi
method: (a) DDPG, (b) TD3, (c) PPO.
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Table 4. Optimal hyperparameter values of the selected DDPG, TD3, and PPO algorithms based on the Taguchi

method.
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Table 5. Training settings of the DDPG, TD3, and PPO agents.
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Fig. 4. Training progress of the DDPG, TD3, and PPO agents for the final Taguchi combination; faint lines
represent episodic rewards and bold lines represent the 20-episode moving average of rewards.
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Fig. 5. Comparison of simulation responses of four control methods: (a) angles, (b) angular velocity, (¢) con-
trol input, (d) angular momentum.
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Fig. 6. Comparison of simulation responses of four control methods in the presence of disturbance: (a) angles, (b)
angular velocity, (c¢) control input, (d) angular momentum.
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Table 6. Performance comparison of control scenarios.
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Table 7. Key performance indices comparing STA and STA-TD3 under torque command disturbance
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Table 8. Simulation model parameters and satellite body specifications.
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Fig. 8. Comparative implementation results of four control methods in the presence of inherent disturbances of
the test platform: (a) angles, (b) angular velocity, © control input, (d) angular momentum.
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