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Abstract

Precise calibration of attitude determination sensors prior to deployment necessitates
advanced platforms with two or three degrees of freedom that ensure high accuracy
and real-time monitoring capabilities. In response to this requirement, a two-degree-
of-freedom testbed has been designed and implemented to enable thorough functional
evaluation of sensors and systems before their deployment phase and to offer real-time
tracking of platform dynamics and sensor responses. The system is composed of two
primary subsystems: a mechanical framework and an electronics subsystem. The
mechanical framework is engineered with high precision to mitigate misalignments
and ensure accurate component placement, including a reaction wheel that enhances
control system efficiency. The electronics subsystem incorporates key elements such as
batteries, actuators, communication interfaces, and control boards, enabling seamless
and efficient operation. A PID controller has been employed to achieve precise and
stable control of the platform. Experimental evaluations demonstrate that the system
achieves angular accuracy of 0.11° in the pitch axis and 0.20° in the yaw axis. These
findings underscore the platform’s efficacy as a reliable tool for pre-deployment
calibration and performance testing of attitude determination sensors and establish its
foundation as a versatile hardware-in-the-loop platform for detailed sensor
performance evaluations.
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1- Introduction

Evaluating the functionality of subsystems and
individual components plays a crucial role in space
system development, particularly for attitude
control mechanisms. Rigorous testing processes,
such as hardware-in-the-loop (HIL) techniques, are
essential for ensuring optimal performance [1].
Utilizing versatile platforms with multiple degrees
of freedom—such as two- and three-axis
configurations—has proven effective for these
evaluations [2]. These platforms often incorporate

dynamic elements and sensory equipment,
including  gyroscopes, accelerometers, and
actuators, enabling precise simulation of

operational conditions [3]. This research presents an

innovative two-degree-of-freedom testbed designed
specifically for evaluating and calibrating sensors
and related systems. Its modular and economical
structure facilitates the seamless integration of
different components, delivering both precision and
cost efficiency. Such systems have demonstrated
utility in advancing the capabilities of attitude
control setups. Notably, control algorithms tailored
to mechanical setups with two degrees of freedom,
like the lightweight dual-axis gimbal systems
designed for precise angular movements, underline
the importance of such developments in spacecraft
engineering [4]. By focusing on accessibility and
affordability, this newly developed platform makes
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strides in creating adaptable solutions for space-
related testing scenarios. Its flexibility design offer
opportunities to explore control techniques and
refine critical technologies, making it a valuable
asset in the ongoing progress of space system
innovation.

2- Design and Methodology

The experimental setup is constructed around a
dual-axis mechanism, where a rotating base
supports an elongated arm equipped with reaction
wheels at its extremities. The arm's rotation relative
to the base defines the inclination angle (8), while a
secondary rotational axis () is facilitated through a
turntable that underpins the entire assembly. The
frame, crafted using 3D printing technology,
leverages PLA polymer for its lightweight nature,
production flexibility, and suitability for intricate
designs. These characteristics ensure precise
alignment during assembly, reducing the risk of
component  misalignment and  enhancing
operational stability.

To control the system's orientation, reaction wheels
generate rotational forces. Achieving substantial
angular momentum without excessive weight was
realized by integrating 3D-printed components
with. The orthogonal arrangement of these wheels
minimizes cross-axis torque disturbances, ensuring
efficient  control. Additionally, movable
counterweights are strategically positioned to
balance the structure and maintain equilibrium in
diverse configurations. Even when motors are
inactive, the system incorporates stabilizing joints
that uphold structural integrity.

This modular and lightweight setup provides a
versatile platform for testing advanced control
algorithms, making it ideal for dynamic
experiments in  orientation regulation. As
demonstrated in Fig. 1, the design effectively
addresses challenges associated with multi-axis
dynamics.

The developed system incorporates diverse control
algorithms, which can be implemented on the
processing hardware. It facilitates seamless online

communication with a computer, supporting real-
time monitoring and enabling adjustments to the
controller parameters. This feature allows for the
implementation, testing, and observation of various
control strategies. The structure of the control
system is depicted in fig. 2.
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Figure 1: Overview Of The Constructed Two-Degree-Of-Freedom
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Figure 2: Block diagram of the two-axis angle control of the
constructed device.

3- Discussion and Results

The accuracy of the attitude control system was
evaluated in both pitch and yaw axes, with the
reliability of the system's accuracy tested through
100 repeated trials for each axis, showing steady-
state errors below 0.11 degree and 0.20 degree,
respectively.

The dual-axis performance was further analyzed
by optimizing controller gains, as summarized in
Table 1, and the step responses for the first axis (8)
and the second axis () are illustrated in Fig. 3 and
4.
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Table 1: pid control coefficients for pitch and yaw at three input

identification of the optimal response for a specific
gain value.

angles
Axis  Angle° K, K; K,
15 1.8 0.0007 0.05
0 30 0.95  0.0007 0.7
45 0.5 0.00055 0.2
15 35 0.001 1
Y 30 14 0.0005 0.15
45 1 0.0004 15
--=.K =8.0
P
- Kp =6.0
K =40
k=25
—K =18
20 30 40 50

time(s)

Figure 3: step response of the first axis for different proportional
gain coefficients
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Figure 4: Step response of the second axis for different
proportional gain coefficients

In Fig. 5, the system responses for the first axis
are presented for various integral control gains. This

figure highlights how changes in the integral gain
affect the system's behavior, enabling the

8r —©6— 15 degrees
30 degrees
7 —O— 45 degrees
6
5
— 4r
3
2l
1 //
ol e
-1
0.2 0.4 0.6 0.8 1 1.2
K (¢ 107)

Figure 5: steady-state error of the first axis versus varying
integral gains
In Fig. 6, the steady-state error of the second
axis is plotted against varying integral gains,
illustrating the system's behavior and
identifying the optimal integral gain for the best

response.
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Figure 6: Steady-state error of the second axis versus varying
integral gains

4- Conclusion
This study introduced a two-degree-of-freedom

testbed designed for precise calibration and
functional evaluation of attitude determination
sensors prior to deployment. The platform,
equipped with a high-precision mechanical
framework and an electronics subsystem, ensures
real-time tracking of dynamics and sensor
responses. The mechanical framework minimizes
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misalignments, and the electronics subsystem
integrates  actuators, control  boards, and
communication interfaces for seamless operation.
The system's performance was assessed under
varying proportional and integral gain coefficients
to determine the optimal response for precise and
stable control. Experimental results demonstrated
angular accuracies of 0.11° in the pitch axis and
0.20° in the yaw axis, validating the platform’s
reliability as an effective tool for pre-deployment
calibration and performance testing of attitude
determination sensors.
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