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ABSTRACT

This paper describes a comparison study of magnetic attitude control
torque generation performance of a momentum bias satellite operated in
Low Earth Orbit (LEO) with various orbit inclinations. The satellite is
equipped with two magnetic torquers that are placed along the +x and +y
axes where magnetic control torque is generated when these magnetic
torquers couple with the geomagnetic fields and its vector direction is
perpendicular to both the magnetic fields. The control algorithm was
structured using a proportional (P) controller for satellite attitudes/nutation
control and a proportional-integral (Pl) controller for managing the excess
angular momentum on the momentum wheel. The structured control
algorithm is simulated for 23°, 53° and 83° orbit inclinations and the
generated attitude torque performances are compared to see how the
variation of the satellite orbit affects the satellite’s attitude torque generation
as the magnitude and direction of the geomagnetic fields vary with respect
to the altitude and latitude while the magnitude and direction of the
magnetic fields generated by the magnetic torquers vary with respect to
the orbital motion. Results from simulation show that the higher orbit
inclination generates optimum magnetic attitude control torque. Note that
this work is the extension of the previous work published in The
International Journal of Multiphysics [1].

Keywords: Coupled magnetic fields, magnetic torquer, magnetic attitude
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1. INTRODUCTION

Momentum bias satellite takes advantage of the gyroscopic stiffness effect provided by the
momentum wheel. The nominal angular momentum value generated by the momentum
wheel that is placed along the pitch axis not only keeps the pitch axis inertially fixed but it
also stiffens the roll/yaw axes thus enabling 3-axis stabilization. However, with a continuous
act of external disturbance torques, the gyroscopic stiffness effect is insufficient to maintain
high roll/yaw attitude accuracies. This is worsening by the nutation effect induced on the
momentum wheel and the momentum wheel itself cannot independently remove its
accumulated angular momentum which eventually gets saturated [2]. Therefore, an
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additional actuator is necessary on this type of satellite in order to eliminate those drawbacks
thus achieving a high pointing accuracy along all the three axes. As for the mission operated
in Low Earth Orbit (LEO), magnetic torquer has been a primary option in dealing with these
issues as the strength of the geomagnetic field is relatively high within LEO and the magnetic
torque itself is lightweight, requires low power consumption and inexpensive.

Magnetic torque is generated when magnetic field generated by magnetic torquer couples
with the geomagnetic fields where its vector direction is perpendicular to both the magnetic
fields. In a system developed by Fan et al. [3] , two magnetic torquers were used and aligned
along the roll and yaw axes where controllers were developed based on the PD controller.
Each of these magnetic torquers was used to control any roll/yaw axis that was normal to
them while the momentum unloading was achieved by both magnetic torquers. Similar
control strategy and controller were also adopted by Lv et al. [4]. The only difference
between these two works is on the control gains optimization method. The former used
multiobjective optimization approach while the latter used genetic algorithms (GA) method.
It was proven from simulations that these two proposed optimized control gains design
demonstrated high pointing and stability accuracies. The UoSat-12 [5] and SNAP-1 [6-7]
were amongst the satellite built by SSTL that employing three magnetic torquers for attitude
acquisition, nutation damping and momentum unloading purposes. Therefore, the developed
control scheme for these satellites is quite similar. During the attitude acquisition phase, the
magnetic torquer along the pitch axis was used to reduce the roll/yaw angular rates first, then
the magnetic torquer along the roll/yaw axis was used for controlling the pitch angular rate
thus bringing it to a Y-Thomson mode of stabilization for the momentum wheel start-up.
While during the nadir pointing phase, the magnetic torquer cross-product control law was
used for the nutation control and the wheel momentum unloading. The first Algerian
microsatellite called Alsat-1 was also built with the collaboration with SSTL. This satellite
opted to use the reaction wheel for a fine yaw pointing during the nadir pointing phase [8].
Therefore, the magnetic torquers were only used for the nutation and momentum unloading
controls. The control algorithm for the attitude acquisition phase was similar with the one
implemented on the UoSat-12 and SNAP-1 missions. While during the nadir pointing phase,
the algorithm was slightly different due to the employment of the reaction wheel. The in-
orbit results for this satellite obtained from the ground station demonstrate the operation
success of the satellite pointing requirements [9-10]. For a nanosatellite developed by
graduate students at the Hankuk Aviation University called HAUSAT-2, only the magnetic
torquer along the pitch axis was used during the nominal mode for the roll/yaw control in
order to avoid any interference with the pitch axis control. The momentum dumping of the
wheel was accomplished using the magnetic torquer along the roll and pitch axes. Due to the
mission power constraint, the momentum dumping process was proposed not to be operated
in a continuous mode. Instead, the specific angular momentum value was set as a boundary
where the dumping process was only performed when this boundary value is exceeded.
Despite this intermittent control, simulations performed showed that this approach satisfies
the attitude mission requirements. Another research based on the three magnetic torquers was
carried out by Chen et al. [11]. In their work, the ACS system for a small satellite equipped
with reaction wheels and magnetic torquers was considered. In the case of a reaction wheel
failure along the roll and yaw axis, a strategy to alter the reaction wheel along the pitch axis
to a momentum wheel then combined with three magnetic torquers in order to provide the 3-
axis stabilization. To accomplish the wheel start-up, the momentum unloading algorithm
based on the magnetic torque cross-product control law was developed in order to unload the
excessive wheel momentum.
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In this paper, the system described in [1] and [12] will be simulated for 23°, 53° and 83°
orbit inclinations and the generated attitude torque performances during nominal attitude
operation along these orbits will be compared to see how the variation of the satellite orbit
affects the satellite’s attitude torque generation as the magnitude and direction of the
geomagnetic fields vary with respect to the altitude while the magnitude and direction of the
magnetic fields generated by the magnetic torquers vary with respect to the orbital motion.
The system is equipped with two magnetic torquers that are aligned along the roll and pitch
axes where they are used for momentum unloading and controlling roll/yaw
attitude/nutation, respectively.

2. MISSION CONFIGURATION
The satellite mission for this work is nadir pointing and its configuration is depicted in Figure 1.
The momentum wheel along the -y axis is used to provide gyroscopic stiffness along this axis.
The magnetic torquer along the +x axis is used for momentum unloading while the magnetic
torquer along the +y axis is for controlling roll/yaw attitude and nutation. Lastly, the gravity
gradient boom that is extended along the -z axis is to increase the moment of inertia along the x
and y axes axis, thus, giving the gravity gradient stabilization along the z axis. Note that for nadir
pointing mission, the z axis points toward the earth, the y axis is normal to the orbital plane and
the x axis points toward the satellite’s orbital motion and complete the right-hand orthogonal
system.

Based on this configuration, the linearized dynamic equation of motion of the satellite
along roll and yaw axes defined for the attitude and nutation are as follow

hox 0 hy, J{ 10 } T, (1
. 0 1 T
hOz

z

_hw, 1
x O /IA wx %x O Tx (2)

where i and h _are roll and yaw angular momentum, w, and w, are satellite’s body angular
velocity components, @, is orbital frequency and hwy is wheel bias momentum. Note that the
momentum wheel gives the perfect attitude pointing along the pitch axis [13], therefore, only
controlling the angular momentum value of the momentum wheel is of interest herein. The
linearized equation along the pitch axis only considering the angular momentum of the wheel

is written as follows
[hw’y} =[1][Ty:| (3)

The external torque T, T, and T, in Eq. (1), Eq. (2) and Eq. (3) consists of two essential
parts which are the disturbance torque and the control torque. Their relation can be defined
as follows
T T,+T,,

T, |=| 1,47, @
T T,+T,,
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Table 1: Satellite parameters

Parameter Value
Weight 50 Kg
Dimension 690 x 366 x 366 mm
I 178 Kgm?
Iy 181 Kgm?
L 4.3 Kgm?
hwy 8.04 Nms
Mmagnetic torquer 15 Am2
T, = 12.8x107° +8.6x107 sin (a)ot) Nm
Input T,, =55%10"° +55x107 sin (e,t) Nm
T, =12.8x107° +4.3x10° sin (w,t) Nm
Initial conditions ¢(0) =5°, 0(0)=5°, (0) = 5°

®,(0) =0, w(0) =0

Figure 1: Satellite configuration

In this work, the disturbance torque consists of the gravity gradient torque T,
aerodynamic torque 7, , magnetic torque T gnetic and solar radiation torque T, ., while the
control torque is generated by the onboard magnetic torquers. Details of satellite parameters

is described in Table 1.

3. MAGNETIC CONTROL TECHNIQUE

The magnetic control torque, T, is induced when the magnetic fields generated by the
magnetic torquers onboard satellite, M couple with the geomagnetic fields, B whereby the
vector of the generated torque is constrained to be perpendicular to both the magnetic fields.
This interaction is mathematically described as

T, -MxB )

The required magnetic field need to be generated by the magnetic torquer is calculated
based on the following equation
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Mz—%(BxAh) ©)

where K is the unloading control gains. Then, the total magnetic control torque can be
defined by inserting Eq. (6) into Eq. (5)

T, =—%(BxAh)xB (7

As the magnetic field vector components expressed in the reference coordinate system
along 23°, 53° and 83° orbit inclinations are non-zero, there will be a direct coupling
between the roll and yaw angular momentums for the existing magnetic torquers.
Therefore, decoupling matrix is introduced to eliminate this effect and a filter for the
wheel momentum control is used in order to minimize the impact of the momentum
wheel control action on the roll/'yaw control. Therefore, with these strategies, the
magnetic torquer along the pitch axis is strictly used for controlling roll/yaw axes while
the magnetic torquer along the roll axis is for the wheel momentum unloading. Based on
this strategy, the magnetic dipole moment need to be generated for attitude and nutation

control are as follow

B A B A
M)' == bzﬂ ho s M, == )Bz13 hOz (®)
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M, :_—}322] wx+—XBZ22 o, )

While the magnetic dipole moment needs to be generated for momentum unloading is as
follow

BA, |k, es+1
M, =——" 2‘2( L ]Ahw (10)
’ B s
The values of the geomagnetic field magnitude along the orbit can be defined by a series
of spherical harmonics as follow [14],

n

k n+l
V(r.0,A)=RY, (EJ Y. () cosmA+h] sinmA)P" (6) (11)
n=1 r

m=0

where R is the equatorial radius of the earth, (r, 6, A) are the geocentric distance, co-latitude
and east longitude from Greenwich,(gzq, h:l”) are the Schmidt normalized Gaussian
coefficients and PZ’(B) is the associated Legendre functions. There two available main
models of Gaussian coefficients that are available are the International Geomagnetic
Reference Field (IGRF) and the World Magnetic Model (WMM). In this work, the IGRF
model has been chosen. The general solution of this function expressed in spherical
coordinate system can be written as follows

k n+2 n
B. :2[§J (n+1)2(g”"” cosmA+h"" sinmﬂ,)P"‘”’ )
n=1 m=0 (12)

k n+2 5 -

n=1 m=0
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-1 u R " & nm x n,m m
Bl:sin9n1(7j Em(—gv sinmA+h"" cosm) P"" (6) (19

In the satellite application, the magnetic field data are conveniently expressed in the
Earth-Centered Inertial (ECI) coordinate frame. The transformation of the data from
Right Ascension-Declination coordinate frame to ECI coordinate frame can be defined
as follow

(B, cos 6+ B, sind)cosa— B, sina
B, =| (B, cosd+B,sind)sinct—B, coso (15)
(B, sind— B, cos§)

However, in this work the geomagnetic field value defined by Eq. (15) are transformed
into Local Vertical Local Horizontal (LVLH)

BLVLH =|: A (Q):I BECI (16)
Where A (q) is a transformation matrix defined as follow

-0 -4+q 2409 +9:9,)  2(495—9,9,)
[A@)]=| 2000-0a0) -d+&-¢+d 2(0q+9,49,)
2

2(9,9:+9,9,)  2(045-04,)  —4 —4 +4:+4; -

Based on the parameters described in Table 2, values of the geomagnetic field for 23°,
53° and 83° orbit inclinations have been generated and plotted in Figure 1. The B, and
B_ components vary with respect to the orbital motion as these two components are
measured along the +x and +z axis of the LVLH coordinate system which are lying in the
orbital plane. Whereas the B ,, component is measured along the +y axis which is normal
to the orbital plane and only influenced by the rotation of the earth. It is also shown that
the magnitude of the geomagnetic field is stronger over the pole and weaker over the
equatorial.

Table 2: Orbital parameters

Parameters Value
Altitude, h 540 Km
Inclination, ¢ 53°
Eccentricity, e =0

Right ascension of ascending node, Q 0°
Argument of perigee, 0°

True anomaly, v 0°
Simulation time, ¢ 5 orbits
Epoch 1 April 2010

Orbital frequency, w, 0.0011 rads !
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Figure 2: Comparison of the geomagnetic field models along 23°, 53° and 83° orbit
inclinations

4. NUMERICAL TREATMENTS

Series of simulations have been performed to see the attitude torque generation performances
along the 23°, 53° and 83° orbit inclinations. Simulations are performed using the
MATLAB® SIMULINK® software. Details of the satellite parameters and orbital parameters
are given in Tables 1 and 2, respectively. Note that, the tuning of the control gains is based
on the geomagnetic field values along the 53° orbit inclination and the same gains are later
used to simulate the performance along the 23° and 83° to see the effect of varying the orbit
inclination. Detail values of gains are given in Table 3.

Table 3: Control parameters

Attitude gains A, =-0.002
A,, =-0.002
Nutation gains N, =-12
Ny,=12
Ap=k
k=)
. . 2¢
Momentum unloading gains k ==
w’l
o =4x1073
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Figure 4: Comparison of the angular momentum performance
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Figure 5: Comparison of the magnetic dipole moment generation
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Figure 6: Comparison of the magnetic control torque generation
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The roll and yaw attitude performances are depicted in Figure 3. The plots show that the
roll axis oscillates with and accuracy between 0° and 0.15° for 83° orbit inclination, between
-0.5° and 0.4° for 53° orbit inclination and between —4° and 4° for 23° orbit inclination.
Meanwhile, the yaw axis oscillates with and accuracy between —0.1° and 0.15° for 83° orbit
inclination, between —0.6° and 0.9° for 53° orbit inclination and between —5° and 5.5° for
23° orbit inclination. It can be clearly seen that the attitude performance of the satellite
improves as the orbit increases. This is actually reflects the geomagnetic field values that is
stronger over the pole and weaker over the equatorial. Figure 4 shows the comparison of the
angular momentum unloading performance. The performance along the 83° orbit inclination
reaches steady state error after 1.5 orbits while along the 23° and 53° orbit inclinations, they
take only half orbit with a tight momentum control within the 8.04 Nms vicinity. These
attitude and momentum unloading performances are achieved with magnetic dipole
moments generated by each magnetic torque onboard as shown in Figure 5 and the torque
generated along the roll, pitch and yaw axes are shown in Figure 6.

5. CONCLUSION

In this paper, the control torque generation of a momentum bias satellite employing magnetic
torquers onboard has been simulated for 23°, 53° and 83° orbit inclinations to see how the
orbit inclination variation affects the magnetic control torque generation. The control
algorithm was structured where the magnetic torque along the roll axis is used for
momentum unloading while the magnetic torque along the pitch axis is used for roll/yaw
attitude/nutation control. Simulations were performed using the MATLAB® SIMULINK®
codes. Results from the simulations show that the higher orbit inclination generates optimum
magnetic attitude control torque for this satellite configuration.
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