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Abstract—During satellite mission planning and operation,
the main function of the satellite’s attitude determination and
control subsystem (ADCS) is to gather information about the
satellite’s orientation relative to the inertial reference frame. Ad-
ditionally, this subsystem generates control actions that produce
the required torques for adjusting the satellite’s orientation,
particularly in the context of the Low-Earth Orbit (LEO)
regime. This paper focuses on the satellite three-axis attitude
control problem for a de-tumbling mode of spacecraft using only
magnetorquers as actuators under the presence of noise and
investigates their performance through Hardware-in-the-Loop
simulation (HiLs) tests, which consisted of a relative Earth’s
magnetic field generator along with the SGP-4-based satellite
orbital propagator high-level control software. The design, de-
velopment, and verification of proposed satellite attitude control
system (ACS) strategies are presented. In detail, as an example
of experimentation, the classical B-dot control algorithm is
used for the de-tumbling mode to stabilize and reduce the
angular rate, along with the pointing algorithm for orienting
the satellite to the desired attitude. Then, a cascade Propor-
tional-Integral-Derivative (PID) is implemented to generate
enough torque through the three-axis magnetorquers on the
frictionless air-bearing platform to verify the performance of the
controller using an onboard computer. Finally, the effectiveness
of the co-simulation tested as the primary experiment was
confirmed through the integrated simulation process.

Index Terms—Satellite Attitude Control System, Three-Axis
Magnetorquers, Hardware-in-the-Loop simulation, and Control
Strategies.

I. INTRODUCTION

The attitude determination and control subsystem (ADCS)
is crucial for ensuring satellite orientation stability and
precision when pointing various payloads at specific tar-
gets. It comprises two subsystems: Attitude Determination
(ADS), which employs sensors to determine the satellite’s
attitude or angular rates, and Attitude Control System (ACS),
which utilizes actuators, control algorithms, and controllers
to maneuver the satellite to the desired orientation [1]. The
magnetoquer is a form of ACS actuator that generates a
magnetic field in order to interact with the Earth’s magnetic
field (EMF), which is efficient and reliable, especially in
low Earth orbit [2]. To prepare the satellite for the nominal
mission, the ADCS needs to ensure controllability of its
attitude by reducing its initial angular rate and stabilizing
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the spinning with high angular rates in the de-tumbling
phase of the satellite’s attitude after its launch to orbit [3].
For this reason, Hardware-in-the-Loop simulation (HiLs) is
an intriguing approach used to test and validate software
algorithms for guidance, navigation, and control in a ground-
based environment.

The HiLs setup consists of several components. The
Helmholtz cage, a crucial device, is capable of simulating
the EMF vector experienced by the satellite during its orbital
motion. The magnetometer is integrated into the simulation
loop to provide feedback on the magnetic field. Additionally,
the setup includes an air-bearing platform that facilitates
quasi-frictionless rotational motion, essential for simulating
the attitude dynamics of the satellite under the control of the
magnetic-based ACS [4], [5]. Verifying the satellite process
through the HiLs can help save resources, time, and costs.
The information given by HilLs assisted the designer in
reviewing failure causes and adjusting the control algorithm
[6].

In recent years, research on satellite ACS has been fas-
cinating [7]. Linear strategies controllers, such as the PID
controller, are utilized; this method is extensively used in
ACS and has a simple structure and good stability [8]. Several
control techniques have also been approved. However, ground
testing, such as HiLs, is still required to continuously improve
the performance of the ACS system [9]. Thus, verification
and validation of the control strategy through ground-based
testing through the HiLs is critical to ensuring that the
developed ACS can provide stabilization after deployment.
This work primarily focuses on validating the effectiveness
of the control algorithm tested through HilLs using a three-
axis magnetorquer to de-tumble the satellite model during the
de-tumbling phase scenario and verifying the cascade PID
controller’s performance using an onboard computer.

This paper is organized as follows: The three-axis
Helmholtz cage, which is the main equipment of the HiLs
architecture, is introduced in Section II. Section III presents
the satellite magnetic-based attitude control system methodol-
ogy, including the attitude dynamics and kinematics, satellite
attitude model and control system, magnetorquer model, and
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Fig. 1. A system architecture of the proposed HiLs testbed.

HiLs platform. Section IV presents numerical simulations
to illustrate the control strategy’s effectiveness. Finally, in
Section V, the conclusions and future works are presented.

II. HARDWARE-IN-THE-LOOP SYSTEM ARCHITECTURE

A. Three-Axis Helmholtz Cage

The primary equipment used for generating the EMF based
on Biot-Savart’s law, specifically for ACS validation, is the
three-axis Helmholtz cage. This cage consists of a pair
of co-axial and parallel square coils. The proposed three-
axis square Helmholtz coil has the capability to uniformly
generate an EMF of 1+£0.5 G within a cubic-like area of 0.5
meters from the center. Furthermore, the boundary parameters
of the EMF can also be utilized to estimate the integral wind-
up in the PID controller and ensure that the control signal
remains within the limits of the actuator, which is restricted
by the wire size. In accordance with the mission require-
ments, the design of the Helmholtz coil should be simple
to construct, wind, and bend at the corners. Referring to the
system architecture depicted in Figure 1, a DC power supply
model, specifically the TDK-Lambda with 48V and 1500W,
was employed as the low-level control software. This power
supply controlled the voltage sources in coordination with six
high-voltage Cytron DC motor drives. Each motor drive was
independently responsible for controlling the direction and
intensity of the magnetic field for its respective Helmholtz
coil using a PWM signal derived from a 32-bit STM32F439
microcontroller running at a frequency of 180 MHz. The
microcontroller itself was powered by a 5V low-voltage
power supply. The high-level control software, developed
using C# programming, is responsible for generating the
EMF command. It achieves this by utilizing the SGP4-based
satellite orbit propagator. Additionally, the software provides
closed-loop feedback on the EMF characteristics using the
Honeywell magneto sensor, which is powered by a 12V low-
voltage power supply. The detailed technical specifications
of the HiLs have been presented in Table 1.

Using affordable components, the square-shaped
Helmholtz coils, measuring 2.4 meters, have been developed
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TABLE I
THE HILS TESTBED SUB-SYSTEM SPECIFICATION.

Sub-systems Model Parameters
Input Voltage: 7-58 V
DC Motor Drive (C6ytl§::);1)MD25HV Max output current: 25A

Output PWM Freq.: 16 kHz

Model type: ARM Cortex-M4
32-bit

NUCLEO-F439ZL (o Freq.: 180 MHz

Micro-controller

Power supply

(1 Pe.) Flash memory: 2 Mbyte
1/0 Ports: 168 1/0
TDK-Lambda Output voltage: 48V

CUS1500M-48/RF
(1 Pc.)

Output Current: 32A
Output Power: 1.536kW

CUI Inc. Output voltage: 12V
SMM12-12 Output Current: 1A
(1 Pc.) Output Power: 12W

Delta DRC-5V Output voltage: 5V

10W1AZ Output Current: 1.5A
(1 Pc.) Output Power: 7.5W
Honeywell Range: +2 G

Magnetic field HMR2300 Three Axis Digital Output

Data Interface: RS232
Sample rate: 10-154 Sam/S

sensor (1 PC)

to generate a uniform EMF during three-axis functional
testing on the ground. The HiLs demonstrates its capability to
generate an EMF within a range of 1£0.5 G with uniformity
across a one-meter cubic-like area centered within the cage.
This feature makes it suitable for conducting ground-based
HiLs for attitude control of micro-satellites in de-tumbling
mode, utilizing the B-Dot control algorithm.

III. SATELLITE MAGNETIC-BASED ATTITUDE CONTROL
SYSTEM METHODOLOGY
A. Magnetic Attitude Dynamics and Kinematics

The magnetic attitude dynamics are modeled by consid-
ering the rotation of the spacecraft when using magnetic
actuation. The spacecraft is described as a rigid body with
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Fig. 2. The structure of a satellite ACS with a cascade PID controller.

the freedom to rotate around its center of mass. In order to
describe the satellite’s attitude, the Euler angles transform
the body frame into an inertial reference frame [10]. The
angular rate of the satellite that is represented in the body
frame rotates with respect to the inertial reference frame.
The dynamic equation of the satellite can be approximated
with Euler’s moment as follows [11]:

T=Jw+wx Jw, (D)

where 7 = (7, 7,,7.)7 is the torque vector expressed in
the satellite body frame, w = (w,,w,,w,) is the angular
rate, and J is the moment of an inertial matrix of the
satellite body frame. Based on magnetic actuation, such as
magnetorquer. The Equation (1) then evolves into

Tmtq + Teat = Jw +w X Jw. 2)

where 7,,,, is the vector of magnetic torques achieved
by the magnetorquers and 7.,: is the vector of external
disturbance torques [12].

The attitude kinematics differential equation when using
Euler angles [13] with quaternions can be found in Equation
(3) [14], where ¢ = (o, q), qo is the real part, ¢ = (q1, 2, g3)
is the imaginary part, and i, j, and k are unit vectors of the
quaternion.

QO 0 —Wg _Wy —Wz q0

§= 41 :1 Wy _0 Wz —Wy q1 . 3)
D) 2 |wy —w, 0 wz | g2
q3 W Wy —Wg 0 q3

where w;,w,, and w, are the angular velocities of the
satellite about each axis.

In order to achieve the aim of reducing the angular rate,
the de-tumbling controller is required. The B-dot controller
is a control law used to de-tumble satellites. This project
chose the B-dot controller because it was concluded to be
the best, easiest, and most common controller for de-tumbling
satellites [15]. It is written as Equation (4),

—ky -
72 Tk @
where my, is a vector of the commanded magnetic dipole
moment generated by the magnetorquers, k; is a definite
positive gain matrix, and B is the opposite sign of the time
derivative of the measured magnetic field in the body frame.
This can be approximated by B~ B X uw.

In this project, the de-tumbling and pointing control al-
gorithms will be written in MATLAB to test the satellite
magnetic-based ACS, then verified after adding a control
strategy in the experimental results section.
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B. Satellite Attitude Model and Control System

The closed-loop of satellite magnetic-based ACS includes
magnetorquers, attitude sensors, an attitude controller, and a
satellite model. In this paper, the cascade PID controller is
designed to control the attitude of the satellite model. The
structure of the discrete-time PID controller has the form in
Equation (5).

uk)=ulk—-1) + (K, + Kig + %)e(k) +
K+ Kb~ By 1) 4 B o o
(—Kp + Kig — = )e(k = 1) + —re(k—2),

where e(k) = r(k) — y(k) is the system error, K, is the
proportional gain, ; is the integral gain, K is the derivative
gain, k is the sampling index, and 7" is a sampling period.

The cascade PID controller is designed to be applied to
this task and includes two control loops: an inner loop with
a primary PD controller to control the angular rate and an
outer loop with a secondary PI controller to control the
Euler angles. A satellite model and the designed cascade PID
controller are summarized in the diagram from Figure 2. The
PI controller is designed to reduce the error attitude Euler
angles (eqng) Of the satellite model, and the output of the
PI controller provides the reference for the inner loop (1),
which can be expressed as Equation (6).

T
rvel(k) = Tvel(k - 1) + (Kp,ang + Ki,angg)eang(k)

+ (*Kp,ang + Ki,ang%)eang(k - 1)7

(6)

where €qng(k) = Tang(k) — Yang(k) is the Euler angle

system error. The PD controller adjusts the angular rate.

There is a relationship between angular rate and Euler angles.

Any change in the angular rate causes a change in the Euler

angles. Therefore, the angular rate is controlled by changing

the Euler angles to the desired attitude. The control signal

usqt Of the satellite magnetic-based ACS with cascade PID
controller is calculated using Equation (7).

K pe
usat(k) = usat(k - 1) + (Kpﬂ)el + %)evel(k) +
Kive K ve
(*Kp,vel - %)evel(k - ]-) + 4, levcl(k - 2)

@)
where eyei(k) = 7Typer(k) — yper(k) is the angular rate
system error.

C. Magnetorquer Model

A magnetorquer is one type of actuator for control-
ling satellite attitude. A magnetic dipole moment m =
(Mg, my,m,)T is generated from the coil part to interact
with the earth’s magnetic field to generate torque to control
the orientation of the satellite, where the current magnitude
regulates the strength of the dipole moment. The control
torque produced by magnetorquers is given by [15]; Tiq =
m x B, where B = (B, B,, B.)T is the magnetic field in
the body frame.

Table 2 shows the typical parameters of three-axis square
air-core magnetorquer actuators designed for this task. Fig-
ure 3 depicts three orthogonal magnetorquer that must be
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TABLE 11
MAGNETORQUER PARAMETERS

Parameter Value
Dimensions [mm] 200 x 200 x 10
Number of turns 250

AWG22 Copper wire diameter [mm] 0.6426
Effective area [m?] 3.497 x 102
Resistance 9.7

Maximum magnetic dipole moment @ 0.92 A [Am?]  8.19

Mass [g] 637.8

independently controlled on each axis. Each air core magne-
torquer’s magnetic moment is represented by; m =i -n - A.

where i is the current, n is the number of windings in the
coil and A is the area enclosed by a turn of the coil’s spiral.

Fig. 3. The three orthogonal magnetorquers.

The percentage difference in the magnetic field intensity
given by magnetorquers is verified by comparing the mag-
netic field intensity between calculating and measuring to
confirm the accuracy of magnetorquers. The magnetic field
intensity of the magnetorquer 1m,,:, is calculated through
Biot-Savart’s law in Equation (8),

;2
_ 2poniay,

Boutq(2) = (@2, + 2371 2a, + 2] ®

™

where z is the measure point distance on the z-axis O to

120 mm each 10 mm for this task, pug = 47 X 10~7 H/m

is the magnetic constant, and a,, is the haft length of the

square coil, which is 93.5 mm. The Group3 DTM-130 digital
teslameter is used in the validation.

Wi

Digital Teslameter

Magnetorquer

Power Supply

Fig. 4. The magnetic field measurement of the magnetorquer was done
using a Group3 DTM-130 digital teslameter and supplied power from 0V
to 15V.
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A power voltage of OV to 15V is supplied to the magne-
torquer at 0.5V to measure the actual magnetic field received
(Bmea)- As shown in Figure 4, the percentage difference of
magnetic field intensity (%error) can be defined as follows:

By — B
Bmea

The validation result of the magnetorquer model accuracy
is described in Figure 5. (a) represents a 3D surface plot rela-
tionship between the measured magnetic field from supplied
power voltage OV to 15V and the measuring point distance
on the z-axis of the magnetorquer model, and (b) shows the
magnetic field intensity error of the magnetorquer. The aver-
age percentage difference of magnetic field intensity between
calculating and measuring at the measuring point distance
on the z-axis of 0 to 120 mm, each 10 mm, is 1.26%. It
can be seen that the intensity of the measured magnetic field
depends on the measuring point distance. The magnetic field
intensity will decrease at a more distant measurement point.
The magnetic dipole moment is calculated using Equation
(10) below.

%error = T2 % 100. 9)

4Bmea(2)m
2410
where m,,¢, is the measured magnetic dipole moment of
the magnetorquer and the maximum magnetic moment of the
designed magnetorquer at limited current is 0.92. A copper
coil, AWG22, is 8.19 Am?, which is enough to generate
torque to detumble the satellite model in the HiLs testing.

Mpmeqa = (a2, + z*)' (2a2, + 22z, (10)

D. HiLs Platform

The HiLs platform is used to simulate the de-tumbling
phase by creating dynamic motions with an air-bearing
platform that enables quasi-frictionless rotational motion to
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validate the attitude control algorithm. The HiLs platform is
represented in a block diagram in Figure 6.

The control computer obtains attitude data from the sensors
as well as the magnetic field command, which is then
transmitted to the Helmholtz cage to simulate the EMF.
Following that, the control algorithms developed in MAT-
LAB are executed, and the corresponding driving current
data is sent through the Raspberry Pi 4, which acts as a
wireless USB hub, to the Arduino Due control board. Then
the voltage commands from the control board are sent to drive
the magnetorquers through DC motor drivers to generate a
magnetic field to interact with the EMF from the Helmholtz
cage until the satellite model stops tumbling and reaches the
desired attitude.

To enable current control on the load, the magnetorquers
are powered by three L298N DC motor drivers. These drivers
are capable of delivering a maximum current of 2A with a
power capacity of 25W. The current control is achieved by
utilizing pulse width modulation (PWM) to apply a command
voltage to the load. This PWM modulation adjusts the
duty cycle of the command, thereby controlling the current
flow. Two attitude sensors are used to measure, including
the VectorNav VN-100T IMU sensor and the Wit-motion
HWTI101CT optical gyro sensor, and The battery pack’s
capacity of 160 Wh is a voltage source for USB hub wireless
and DC motor drivers. The components of the HiLs platform
are shown in Figure 7.

IV. EXPERIMENTAL RESULTS

In this section, the HiLs testing is used to validate the
satellite magnetic-based ACS, and the de-tumbling control in
yaw using the B-Dot algorithm with the cascade PID control
is designed to investigate the satellite magnetic-based ACS’s
capability and effectiveness in ground-based testing.

In order to test de-tumbling control of the magnetorquers
around the yaw axis, the initial condition for yaw rotational
motion was created by accelerating to reach a constant angu-
lar rate and produce torque. After that, the satellite magnetic-
based ACS starts to de-tumble the satellite model. In_ this
experimental, the constant EMF from Helmholtz cage ?em ¥
and the satellite model’s initial constant angular rate w;,
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on air-bearing were set to gemf = (0.226, 0.122, 0.453)T
G and w;,: = (0, 0, 0.0698)T rad/sec, respectively. The B-
Dot controller gains of this testing are 100, and the cascade
PID positive gains, including (Kp ang and K; 4ng) of the
PI controller and (K, ye; and K ,.;) of the PD controller,
are tuned by trial and error to find the optimal gains of
this satellite model. The simulation parameters and satellite

inertial properties for the HiLs testing are indicated in Table
3.

TABLE IIT
SIMULATION PARAMETERS FOR HILS

Parameter Value

Bemy [G] 0.226, 0.122, 0.453
wins [rad/sec] 0, 0, 0.0698
Sampling period (T") [sec] 0.05

B-Dot controller gain (k) 100, 100, 100

PI controller gain Kp,ang = (10.5, 10, 9)

Ki ang = (0.7, 0.8, 0.9)
Kpver = (0.14, 0.14, 0.12)
Kaver = (0.6, 0.55, 0.6)

J = (0.5462, 0.5442, 0.8936)

PD controller gain

Inertial properties (J) [kgm?]
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Fig. 8. The angular rate results of the HiLs with the cascade PID controller.

The angular rate results of the control algorithm are shown
in Figure 8. The different axes are represented by their own
graphs. The angular rate of the x,y, and z axes is settled to
the target values (0, 0, 0) rad/sec to complete de-tumbling
with 322.26 sec peak time, 33.82% overshoot, and settling
time within 568.88 sec at 0.0011 steady state error lower than
2% acceptable.

Figure 9 shows the behavior in time of pointing control in
the initial conditions to the desired attitude at Euler angles
(¢, 8, ) = (0, 0, 0) deg. From the experimental results,
the roll and pitch angles are stabilized within 450 sec, and
the yaw angle settles within 892.43 sec at a steady-state error
of 3.58, lower than 2% acceptable.

The experimental results of this testing are represented.
The B-Dot algorithm with the cascade PID controller de-
tumbles the satellite model and points to the desired attitude.
The elapsed time to stabilize, reduce the angular rate and
orient the satellite model to the desired attitude is 892.43 sec.
In contrast, the satellite model on air-bearing keeps rotation in
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the z-axis without the control algorithm, as shown in Figure
10.

V. CONCLUSION

The satellite magnetic-based ACS using the three-axis
magnetorquer has been developed and tested through the
HiLs in the de-tumbling phase, including the Helmholtz cage,
which simulates the EMF in orbit, the air-bearing, which
enables quasi-frictionless rotational motion, and the on-board
computer. Then the control algorithm using a cascaded PID
controller is verified. The experimental results provide critical
testing capabilities for magnetic-based ACS.

The experimental results are well correlated with the HiLs.
The cascade PID controller successfully implemented the
de-tumbling and pointing control using a three-axis mag-
netorquer, compared with the free rotation case without the
magnetorquer and controller. In addition, the experimental
results show that the three-axis de-tumbling reduces the
angular rate of the satellite model below 0.0011 rad/sec
at a steady-state error lower than 2% acceptable. At the
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same time, the pointing control strategy allows reaching
the desired attitude with an error below 3.58 deg at steady
state and a steady state error lower than 2% acceptable.
However, this testing only validates the satellite magnetic-
based ACS in the constant EMF. Further applications of the
HiLs platform are used to validate the satellite magnetic-
based ACS under the EMF simulation by tracking the path
of the LEO satellite in SGP4 orbit and verifying the advanced
attitude estimation and control strategies validation in modern
control approaches such as quadratic regulator controller
(LQR) and Model Predictive Control (MPC) to control the
nonlinear dynamics system of the satellite model through
HiLs on-ground testing platform.
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