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ABSTRACT

We propose the Hardware-in-the-Loop (HIL) test of an adaptive satellite attitude control system
with reaction wheel health estimation capabilities. Previous simulations and Software-in-the-Loop
testing have prompted further experiments to explore the validity of the controller with real momen-
tum exchange devices in the loop. This work is a step toward a comprehensive testing framework for
validation of spacecraft attitude control algorithms. The proposed HIL testbed includes brushless
DC motors and drivers that communicate using a CAN bus, an embedded computer that executes
control and adaptation laws, and a satellite simulator that produces simulated sensor data, estimated
attitude states, and responds to actions of the external actuators. We propose methods to artificially
induce failures on the reaction wheels, and present related issues and lessons learned.

INTRODUCTION

Reaction Wheel (RW) arrays are crucial means for attitude control on many satellites due to their
ability to precisely execute the control actions required for attitude maneuvers via exchange of an-
gular momentum.' As such, it is a highly critical subsystem that incorporates levels of redundancy
in the case of actuator faults. Extensive research has been made to enhance the capabilities of atti-
tude controllers so that they minimize the hardware cost and computational load as much as possible
whilst being able to guarantee tracking.>~ Methods such as Sliding Mode Control (SMC),% Model
Predictive Control (MPC),”-8 neural networks® as well as a variety of adaptive controllers'~!# have
been proposed for attitude control, each with varying capabilities and degrees of success. The ad-
vantage of adaptive controllers is their ability to compensate for uncertaities in the system dynamics,
whilst maintaining stability.

In our previous work,'> we proposed a method to simultaneously learn the health of a satellite’s
RWs and attitude tracking under scenarios of failing or degraded RW(s). Our method involves a
Lyapunov-based adaptive controller with an integral concurrent learning (ICL)-based adaptive up-
date law that ensures convergence of the estimated health of the RWs once a finite excitation condi-
tion is met. This controller was shown to guarantee exponential convergence of error states and RW
health estimates. We demonstrated via MATLAB/Simulink-based numerical simulations that the
controller correctly estimated the health of each RW and performed the alternating attitude tracking
reference required by the mission. We presented simulations with arrays of 4 and 6 RWs, a varying
number of degraded RWs and varying levels degradation. A Software-in-the-Loop (SIL) test of the
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controller was conducted to test the real-time capability with embedded hardware (NVIDIA Jetson
Nano), achieving comparable results.

The promising SIL experiments have prompted us to continue with a Hardware-in-the-Loop
(HIL) test to validate the adaptive controller in more realistic conditions, including hardware lim-
itations, sensor noise, and communication latency that are difficult to replicate in simulation. In
addition, we aim to use this controller to demonstrate and validate our envisioned modular testbed,
currently under development, at the Space Vehicle and Robotics (SVR) lab at the Florida Institute
of Technology.

HIL testing is a vital aspect in the development of real, flight ready controllers and actuator-driver
systems as it is a mission critical system that can afford little to no failures. The sim-to-real gap is
large and poses a number of issues when developing control systems, the greatest of which is the
ability to model the behavior of the actuating system in simulation as close to the real behavior as
possible. RW dynamics, although can be approximated in simulation, are often hard to be precisely
emulated due their physical complexity and interaction with motor drivers, sensors, inner control
loops, among others. Hence, the need to verify the health estimation capability of a controller using
real hardware is of great importance.

The contributions of this paper are two fold:

* We develop a Hardware in the Loop testing architecture to verify actuator health estimation
performance of the adaptive controller with real RWs.

* We highlight the problems encountered during HIL testing of a RW array, and provide solu-
tions and discussion on each.

This paper is organized as follows. First, we provide an overview of the adaptive controller that
is being tested in this HIL set up. Then we present the architecture design of the testbed. The next
sections describe the experimental setup and procedures to integrate each component to realize the
test. Finally, we discussed the results and concluded with future work.

ADAPTIVE ICL CONTROLLER

Since the focus of this paper is to highlight and analyze the HIL testing for this adaptive controller,
this section only briefly overviews the design and architecture of our controller. For further, more
detailed explanation and derivation of the controller and its stability analysis, we refer the reader to
our previous paper.!>

The Equations of Motion for the attitude of a spacecraft with N RWs are given as
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where ! 2 RS2 is the spacecraft angular velocity expressed in the body coordinate system,
2 R3 is the vector of Modified Rodrigues Parameters (MRP) that represent the orientation of
the spacecraft with respect to the inertial frame, =1 1; 2; : n]T 2 RN is a vector con-
taining the N RW angular velocities, u = Jrw - = [U3; Ug; :un]" 2 RN is the control input
that represents the torque applied by each RW, J 2 R® 3 is the total inertia matrix, Jryw 2 R=o



is the inertia of the flywheels about their spin axis, = diagf 1; »2; 7 NOg 2 RN N g the
uncertain RW health matrix, G = $&y; $5; ;8NQg 2 R3 N js the RWA configuration matrix,
and §; 2 R3 is the direction of the it RW’s spin axis expressed in the body coordinate system. The
matrix Iy, 2 R™ ™ represents an identity matrix of dimensionm m,anda 2 R3® 3isa the
skew-symmetric matrix built with the vector a = [ay; a; az]" 2 R3.

The designed auxiliary control law Ug that stabilize the spacecraft attitude is

1
Uug="1 (! +JrwG )+JRlg J¢ RIg+4JB 1 7BF o Kr ()

where 2 Rxg is a constant control gain, 2 R3 2 is a symmetric, positive definite control gain
matrix, R 2 R® 3 is a rotation matrix between the spacecraft desired and body frames, ¢ 2 R%is
the error MRPand r = o+ 2 R3 is a modified error state.

The torque commands to be sent to the RWs, U, are recovered as

u= 6" ug ©))

where ()Y is the Moore-Penrose pseudo-inverse of () and " can be obtained by numerically inte-
grating the adaptation law given by:
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where ™ 2 RN is the estimate of the vector containing RWs’ health factors =1 1; »; N ]T,

- K1; 2 RN N are constant, positive definite adaptation gain matrices, Uj 2 R3andY; 2 R® N
are integrals of input-output data terms, and the matrix B 2 R3 3 is a matrix used in the MRP
kinematics.'®

TESTBED ARCHITECTURE DESIGN

Figure 1 illustrates the overall architecture of the HIL testbed developed for the experiment.
This architecture extends the already tested and proven SIL setup with ROS2 middleware used as
for communication between computers in a local network.!” The HIL testbed includes a Satellite
Simulator implemented in Matlab/Simulink running on a Linux computer, an NVIDIA Jetson Nano
embedded computer hosting various software and algorithms undertest, and the RW testbed, which
consists of hardware components including four Maxon EC 60 flat brushless motors'® emulating
RWs, each controlled by a digital position controller EPOS4 Compact 50/5CAN'’communicating
via USB/CAN bus, and an artificial fault injection mechanism used to simulate various RW fault
scenarios.

As shown in Figure 1, the ROS2 nodes in the HIL test setup utilize the publisher/subscriber model.
Satellite Simulator Node (SatSimNode) runs the simulation of the satellite dynamics, environment,
actuator models, and sensor models. The sensor models, including sun sensors, magnetometers,
and gyroscopes, are modeled by adding noise and realistic sampling rates. The noisy sensor out-
puts are processed by the attitude determination block, which employs an Extended Kalman Filter
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Figure 1: Overview of Testbed Architecture.

(EKF) based on multiplicative quaternion? to estimate the attitude states, i.e., satellite inertial an-
gular velocity !, and quaternion ¥ MRPs . The SatSimNode provides desired attitude states,
satellite configuration parameters, and estimated states data. It also receives the controller outputs
and actuator states data, i.e., RW angular velocity and current measurements back from the testbed.

The embedded computer operates two ROS2 nodes, each designated for a specific function. Using
the estimated attitude states, desired spacecraft states, and satellite configuration, the ControllerN-
ode calculates the required torque command. Depending on the test configuration, the torque com-
mand is converted to angular velocity or current commands. The ControllerNode publishes this
command to the network via a ROS2 topic. The RwNode then subscribes to this command topic
and forwards the commands to the digital controller using a USB/CANopen interface. Simultane-
ously, the RwNode acts as a publisher and delivers angular velocity and current measurement as the
actuator states back to the network, which is received by both the ControllerNode and SatSimNode.
The final step is to create the closed-loop HIL system and ensure synchronization between the sim-
ulation model and the physical hardware.

The testbed is built with a modular design. It is possible to swap in new actuators, sensors, or
embedded computers with minimal changes to the overall architecture. It is flexible to make the
transition between testing modes, from pure simulation, also called Model-in-the-Loop (MIL), to
SIL, or HIL modes. This architecture is scalable to support future upgrades, such as air-bearing
tests, satellite integration and testing campaigns, and comprehensive end-to-end system tests.

EXPERIMENTAL SETUP

Figure 2 shows the experimental setup used to validate the controller and its RW health estima-
tion capability with actual hardware. The NVIDIA Jetson Nano is connected to one digital motor
controller via USB interface, and the remaining motor drivers are interconnected through a CAN
bus, using the CANopen protocol. A dedicated power supply unit is installed to power the elec-
tronics. The Jetson Nano communicates with MATLAB/Simulink wirelessly in a local network and
exchanges data using the ROS2 middleware.

Performing a HIL test introduces a number of complexities that are either ignored or not present



Figure 2: HIL Experimental Setup

in simulation, one of which is the assumption that all states of the RW are available to the controller,
or whether the inner controller loop of the motor controller is closed via current or angular velocity.
These considerations greatly impact the design of the controller and whether a real-time HIL test is
feasible or representative.

As a rst proof of concept, we arti cially induce failure through manipulation of the control
command being sent to each RW, as is common practice in many recent litétatdgesting full
failure of the RW is simple, the power stage of the failing RW can be disconnected, whilst other
failures can be induced by manipulating the amount of effort that is sent as command to the motor
controller with respect to the effort output by the main attitude controller. This is hormally a scaling
factor that is applied to the required control effort.

EXPERIMENTAL PROCEDURE

The process of transferring a completely simulated system to one where the actuators and sensors
are real hardware connected to the integrated, embedded controller and state estimator is a large
jump to complete altogether. As such, we break down the process of implementing the physical
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