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Abstract

Magnetic cleanliness and in-flight identification and rejection of residual magnetization effects for a magnet-
ically controlled 3U CubeSat are considered. The routine we propose starts from accurate acquisition of all
the components’ magnetic fields at the stage when the engineering model of the spacecraft is ready. This
allows making a map of the assembled CubeSat’s internal magnetic fields using electromagnetic simulation
and analysis software. Such maps can be produced for each operational regime of the spacecraft and com-
pose a magnetic atlas in accordance with the concept of operations. By feeding the maps to the extended
Kalman filter, which processes the magnetometer data and estimates the residual magnetic dipole and the
magnetometer bias along with the state variables, we ensure a better initial guess for the disturbances,
which is crucial for the filter’s convergence. It is shown to be of importance, whenever the level of magnetic

disturbances abruptly changes as the spacecraft switches between the regimes.
keywords: CubeSat, magnetic control, residual magnetization, disturbance identification

1. Introduction

This study has been conducted as a part of the
Skoltech University project to deploy a swarm of
four 3U CubeSats in LEO. The principal objective
of the mission is collective gamma-ray bursts detec-
tion, which assumes coordinated attitude determina-
tion and control of the spacecraft in the swarm [10].
Magnetic control is a frequent choice for CubeSat
missions when pointing requirements — and such is
the case for the mission we consider — are not very
demanding. Magnetic actuators are admittedly low
cost, relatively simple to manufacture, and the re-
search on their use in the attitude control loop is
abundant. It has been shown, however, that for
spacecraft with small moments of inertia a major dis-
turbance that significantly degrades attitude control
accuracy is due to residual magnetization [7]. Fur-
thermore, prior research [2] indicates that even per-

TAC-20-C2.9

fect identification of the residual magnetic dipole does
not allow its full compensation for larger values of the
magnetic dipoles in CubeSats that are reported in the
literature [15].

Magnetic disturbances have concerned many satel-
lite missions over the lifetime of space industry,
whether for purposes of surrounding field data studies
as in CASSINI[3] and THEMIS[9] or for purposes of
attitude control [5]. Electromagnetic compatibility
tests and magnetic cleanliness techniques were de-
veloped to face this issue [13] and implemented by
space agencies. These techniques appear to be suf-
ficient for most of the large missions. It has been
shown, however, that the level of residual magnetiza-
tion can change during the spacecraft’s lifetime, and
can significantly affect the rotational dynamics of the
observed defunct satellites in LEO [12]. This implies
that even for large spacecraft the residual magnetiza-
tion can become one of the governing factors in rota-
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tional dynamics that must not be overlooked. More
so, for a LEO CubeSat that plans to use magnetic
control, the disturbances due to residual magneti-
zation become critical and require utmost attention
during design, assembly and operation phases.

There are two factors to consider in magnetic
attitude determination and control: Earth’s mag-
netic field measurement through magnetometer and
control through magnetorquers. Disturbances affect
both sides as residual magnetic field of the satellite
is measured in the first step and torque due to resid-
ual magnetization distorts the control action in the
second step.

Through this work, a complement procedure to
electromagnetic cleanliness routines [13] is proposed
in which residual magnetization effects are assessed,
mitigated and mapped in various stages of the Cube-
Sat lifecycle. An under development CubeSat design
is used to build a software model that would calcu-
late the magnetic field and torque parameters due to
printed circuit boards (PCB) and solar panel (these
are selected to exemplify the procedure). The soft-
ware model is to be verified using hardware measure-
ments until its accuracy is ensured. The field val-
ues from the model are then imported to a simula-
tion of the control algorithm implementing extended
Kalman filter to check the spacecraft controllability
and consequent need to further mitigate the distur-
bance.

The paper has the following structure. Section 2
describes the general electromagnetic cleanliness rou-
tines, briefly overviews the physics of residual magne-
tization and defines the model we employ to capture
its effects. The Section ends with the results obtained
for the existing design of PCBs and solar panels. Sec-
tion 3 introduces the model of the spacecraft rota-
tional dynamics and the adopted onboard algorithm
to identify and reject the magnetic disturbances. The
same algorithm is used while still on the ground to
construct the maps for principal operational regimes
of the spacecraft, by estimating magnetometer bias
and torque due to residual magnetization. Section 77
presents the simulation results and shows how the us-
age of the atlas enhances attitude determination and
control routines. Finally, the Conclusion offers a dis-
cussion of the obtained results and delineates future
work.

2. Residual Magnetization

2.1 Electromagnetic cleanness

Stable magnetic control requires accurate mea-
surements and precise extended Kalman filter state
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estimates. For a CubeSat with a preliminary design,
sources of magnetization are neither known nor lim-
ited which leads to their interference the control loop
and causes the controller to diverge. According to
ECSS standards [13], the study of a spacecraft’s level
of magnetization is called ’'Electromagnetic compat-
ibility program’. The purpose of the program is to
ensure that the magnetic field at sensitive points (i.e
magnetometer or sensitive payloads) is limited and
modelled so its effect is known and can be removed.
Many satellites such as SELENE[11], THEMIS[9],
CASSINI[3], etc.. have been reported to follow such
programs. The steps of the program can be summa-
rized into a few points:

1. definition of a tolerance range for magnetic field
at certain vulnerable points along with the cor-
responding admissible level of residual magneti-
zation;

2. identification of main sources that produce mag-
netic field;

3. establishment of a general plan in all subsystems
to minimize the sources and their effect;

4. measurements of subsystems magnetic field
along with the overall satellite magnetic field at
the sensitive points to monitor the change due
to the program and confirm that it is within the
established limits;

5. repetition of the above procedure in a loop until
the required levels of magnetic field and residual
magnetization are obtained.

The categorization of the magnetic disturbances’
sources can be represented as [8]:

1. frequency operating components especially high
frequency ones which in terms of values are
higher than 10 Hz (i.e converters, power elec-
tronics components (switches, transistors, capac-
itors), motors, antennas and modems);

2. current flow through the components and wires;

3. static charge accumulated in satellite parts espe-
cially strongly magnetizable materials (soft mag-
netic materials);

4. AC/DC sources.

After the identification of the sources, minimiza-
tion methods range between shielding parts, replac-
ing soft magnetic material with hard magnetic mate-
rials (harder to get magnetized), applying symmetry
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plans in subsystem placement and in wiring to have
cancellation effects (i.e double wiring some of the high
current carrying wires) and addition of magnetic ele-
ments to cancel the effect of other sources.

This procedure, when fully implemented, is known
to produce an acceptable accuracy for large satellites
[3, 9, 11]. Small CubeSats however — for various rea-
sons — are not always taken through a thorough mag-
netic cleanliness procedure, which circumstance may
and often does result in poor controllability. Thus, a
model of detailed distribution of magnetic field is re-
quired. In the following sections, field due to specific
components of the satellite is to be calculated. We
focus on the electric power subsystem (EPS) compo-
nents as they tend to have one of the most significant
effects. Additionally, seeing how current paths could
be the hardest to model and yet the most abundant in
terms of parasitic magnetic field, they were the ones
to be handled. Other sources such as soft magnetic
materials have a different process of elimination that
could only be done through measurements. The rest
of the sources and the model of the full satellite are
intentionally left beyond the scope of this paper as
our goal here is only to outline the pipeline of our
tentative CubeSat magnetic cleanliness program.

2.2 Physics

As speculated earlier, the atlas build requires ob-
taining two quantities: the magnetic field and the
torque due to residual magnetization.

Biot-Savart law calculates the magnetic field pro-
duced by a current-carrying wire as follows:

Ho r
b_47rl/dLXr3 (1)
with b as the magnetic field, uo the magnetic perme-
ability of space, I is the current going through the
wire, dL is a vector segment of the wire and r is the
vector from the point of field calculation to the mid-
dle point of the wire segment. This covers the first
input parameter needed.

The torque due to residual magnetization is often
described using another quantity — residual magnetic
moment, which is expressive of the magnetization
strength of a magnetic producing part. Unlike mag-
netic field, residual magnetic moment does no depend
on the observation point. The following equation cal-
culates the torque T acting upon a satellite having a
residual magnetic moment vector m and immersed
into an external magnetic field beg;:

T:mxbert.

(2)
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For a single planar closed loop of wire, RMM can
be calculated as

m=1-A4A (3)

where I is the current going through the loop and
A is the area of the loop.For a planar loop, m is
perpendicular to the plane of the loop. Alternately,
if the current is still confined to a closed circuit:

1
m:f/rde
2

This definition cannot be applied to the case under
study because of the closed-circuit assumption. The
assumption removes the effect of forces in the torque
calculation as for closed loops the total magnetic force
is zero. That, however, is not the case for a PCB of
solar panels, where forces do not cancel each other
out and thus should be taken into account.

Thus, another representation of torque and RMM
is adopted. Elementary force dF and torque dT act-
ing upon a current-carrying wire due to a surrounding
magnetic field are given by:

(4)

dF = I(dL X begy) (5)

(6)

. T
Let us introduce for any vector a = (az,ay,a.)" a
skew-symmetric matrix as:

dT =1 x (IdL X beg)

0 —a, ay
Wa=| a, 0 —Ay (7)
—ay Ay 0

Expressing vectors r and IL as skew matrices changes
the equation 6 to:

Ttotal =M- bewta (8)
where

M=) W(r)W(dL). (9)

M will be further referred to as torque matrix be-
cause it can be used to calculate the torque acting on
the satellite due to external magnetic field as in equa-
tion (8). This matrix is reference-point dependant
and unless specified otherwise it will be calculated
for the spacecraft’s center of mass. This matrix is de-
scriptive of residual magnetization of any component
within the spacecraft in terms of torque it produces
and thus covers the second quantity required for the
model.

The work was done on an under development 3U
CubeSat with known positions and designs for the
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Fig. 1: Cubesat with positioned components

components to be analysed as in Fig. 1. The stud-
ied components belong mainly to EPS as it is usu-
ally the one carrying the most significant currents.
The placed components are its PCB, solar panels
and onboard computer PCB. Their full size place-
ments could be seen as the transparent boxes inside
the satellite. Their representative wires are marked
in blue for the PCBs and in green for the solar panels.

The analysis and assumption for PCBs and solar
panels were carried out separately and are presented
in the following paragraphs.

PCBs were imported from Altium software (see
Fig. 2). As much as it is helpful in design, it is not
specialized in field and torque design so another soft-
ware was needed for the task. MATLAB was a good
choice and it was possible to use through the import
of Gerber files from Altium with the aid of a preexist-
ing library [4]. Nonetheless, the import had only the
tracks of the PCB but not the components, currents’
values or directions. The read files were plotted in
MATLAB to result in what is seen in Fig. 3.
Because some of the information was missing in
the imported Gerber files, assumptions were made to
facilitate the calculations. The assumptions are:

1. Current flows from on side of the PCB to the
other side in all tracks. This first side is defined
to be the one where the power source is placed
and the second side is the opposing one.

TAC-20-C2.9
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Fig. 4: PCB detected tracks

2. Given the main current input to the whole PCB
and the thickness of all tracks, an assumption
was made that the maximum current would pass
through the thickest track. The current passing
through the rest of the tracks would be a ration
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in their thickness calculated from maximum cur-
rent input and maximum track width.

3. Each track follows a one direction and contains
no branching within.

Using these assumptions, several tracks were de-
tected but others were not. In Fig. 4, the red tracks
are the detected ones from the overall PCB tracks
shown in blue.

Now that all inputs for PCB definition are defined,
it is possible to proceed to field an torque calcula-
tions.

Solar Panels contribute with a considerable
amount in CubeSat‘s magnetic field. That is because
it is the main source of power during the Sun expo-
sure. Due to this the effect of the panels is calculated.
On the other hand, batteries, being a power source
during eclipse, were not considered as their magnetic
field contribution occurs only through the connection
wires which are left for a later study.

To model the solar panels we adopted the approach
described in [14], where wires representation was con-
sidered and each solar cell in the panel was replaced
with a single wire connected from both sides to the
wires of other cells. The resulting model is shown in
Fig. 1 as the green wires.

Magnetic Field Distribution was calculated for
all points within the CubeSat to reach a conclusion
about the least affected positions of the satellite with
the currently analysed components.

The results are divided into two modes: Constant
valued PCBs in Fig. 5 and varying solar panels due
to the change of the sunlight incidence angle seen in
Fig. 6, 7.
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Fig. 5: Magnetic field distribution due to OBC PCB
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Variation in solar panels produced x10°
magnetic field with sun exposure angles

z axis

Fig. 6: Varying magnetic field due to sun incidence
angle on solar panels

Variation in solar panels produced <10
magnetic field with sun exposure angles

2z axis

X axis

Fig. 7: Varying magnetic field due to sun incidence
angle on solar panels

The values were only recorded at the points that
were chosen to have the magnetometer at and im-
ported to extended Kalman filter model.

3. Attitude control

3.1 Reference frames

The following reference frames will be used:

1. The Earth-Centered Inertial reference frame
(ECI) FI, whose origin is at the Earth’s center
and axes coincide with those of the J2000 frame.

The Orbital reference frame F©, whose origin is
at the center of mass of the satellite, z-axis point-
ing away from the center of the Earth, y-axis
along the cross product of the satellite’s center
of mass position and velocity vectors, and x-axis
completing the frame according to the right hand
rule.

2.
3. The Body-fixed reference frame F? with the ori-
gin at the satellite’s center of mass. Its three axes
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are assumed to coincide with the three principal
axes of inertia of the satellite.

All vector transformations are given in the quater-
nion notation. A quaternion ¢*¥¥ is said to relate
two reference frames 7~ and FY if representations
of any given vector 7 in these frames are related by:

Y YX X

rY = VX opX o gV X

(10)

3.2 FEquations of Motion

According to the results of the preliminary design
[1] the CubeSats in consideration will have no deploy-
ables. Thus, the modelled satellite is further assumed
to be rigid body with a constant inertia tensor. Un-
der this assumption, the rotational motion can be
described by the Poisson’s and Euler’s equations:

OB

1
iOF = —¢OF o OB

. 7 (1)

TGP 4 WP x JPWwP =15 (12)
where ¢©8 is the unit quaternion that transforms any
vector from the FZ frame to the F© frame, w is the
absolute angular velocity of the satellite (projected
onto the body-frame), J is the tensor of inertia of the
satellite, JZ = diag (A, B, C), Ty is the external
torque acting on the satellite, QF is the satellite’s
angular velocity with respect to the F© frame:

QB:qBOO[O wo O]TquO—wB, (13)

where wq is the mean motion of the satellite in orbit.
All vectors in Eq. (13) are written in the 5 frame.

In all subsequent simulation we start from ran-
dom initial conditions. The initial state quaternion
q9P is generated as a random four-dimensional vec-
tor (and then normalized), the initial angular velocity
win is also a randomly generated vector, whose abso-
lute value does not exceed 5 deg/s.

3.3 Environment

In the course of preliminary studies [1, 10] esti-
mates have been carried out to determine the or-
der of magnitude of the environmental torques that
may act on a 3U CubeSat. Four sources of en-
vironmental torques have been estimated: gravity-
gradient torque, aerodynamic drag torque, solar radi-
ation pressure torque, and the torque due to residual
magnetization. Taking into account available data on
3U CubeSat residual magnetic dipole [15], which can
be as large as m,., = 0.01 A-m?, we conclude that
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magnetic disturbance may indeed become the dom-
inant source of attitude determination and control
errors.

Based on the estimates it is decided to include
into the right-hand side of the Equations (12) as con-
stituents of TZ ., torques due to gravity and resid-
ual magnetization, whereas all other environmen-
tal torques will be modeled as normally distributed
random variable Tﬁst. The models for the former
torques as well as the parameters for the normal dis-
tribution for the latter torques are specified below.

Gravity-gradient torque The gravity-gradient
torque is given by the formula:

Tyrav = 3w§ (eOB X JeOB) , (14)

where e? is the unit vector from the center of the
gravity field to the body’s center of mass.

Residual magnetization From the calculations
made in the Section 2.2, we are getting constant
matrices of CubeSat’s residual magnetization from
PCBs, such as EPS ans OBC: Mgps, Mogc and
Miun. It must be noted, that the latter matrix is
computed for the maximum possible current in the
solar panel and thus when used in the magnetization
model it should be rescaled as the current in the ith
solar panel is proportional to the cos «;, where oy is
the incident angle of sunlight (see Fig. 8).

Fig. 8: Varying residual magnetization of solar panels
due to sun incidence angle on solar panels

Thus the total torque matrix M. is modeled as:

Mres = MEPS + MOBC+

4
+ - Zmax (0,cos ;) - Mgyn,

i=1

(15)

where the factor max (0, cos ;) is used to indicate
that only those panel have current running through
them that are lit by the Sun, ¢ € {0, 1} is the Earth’s
shadow indicator function.
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Magnetic torque The torque acting upon a body,
whose magnetization consists of control moment
mg;; and residual magnetization from components
M,..s in the Earth’s magnetic field b is

T,, =m5 , x b? + M,., - b?, (16)
where b® is the local geomagnetic field vector repre-
sented in the FP frame.

Geomagnetic field representations Three dif-
ferent representations of the geomagnetic field are
used in the subsequent simulations:

e the on-board model b,,,4;, which is generat-
ing the magnetic field representation within the
attitude determination loop of the ADCS using
direct dipole model as follows [6]:

cosusin ¢
cos1t
—2sinusin?

bO HOME

model — FR% (17)

where jip ~ 1.257-107% N- A2 is the magnetic
permeability of free space, ug ~ 7.94-10%2 A-m?
is the magnetic dipole moment of the Earth, R,
is the orbit radius, 7 is the inclination of the orbit,
and u is the argument of latitude.

e the actual magnetic field of the Earth by,
as the satellite’s environment is modeled to differ
from the one computed by the on-board model
by a normally distributed random vector:

bO = bO + Yepo,

env model (18)

Feno ™~ NB (“enqja Zenv)

where the parameters of the random vector rep,,

are set to p,,, = 1078 [ 1 11 ]T T and
Yeno = (2 . 10_8)2 I3x3.

e the magnetic field bs.,s as measured by the
satellite’s on-board sensors:

B _ B
bsens - benv =+ Fsens,

Tsens ™~ N3 (lj’sens’ 255"5) (19)
where variance of the random vector rge,s is
set to Xgens = (2 . 10_7)2 - I3x3, whereas fisens
should take into account the influence of the
satellites’ residual magnetization in accordance
with the model for the parasitic magnetic field
b,es induced at the location of the magnetome-
ter as given in Section 2.2.
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3.4 Control Algorithm

The Lyapunov-based control algorithm [6] is con-
sidered to align the F? frame with the F© frame as a
mission requirement. The control magnetic moment
to be generated by the actuators is computed in the
beginning of each control loop as

m2 ., pp= kb, xQ% —kbE, xS (20

est

where b2, is the processed measurements of the mag-

netic field b2, QP is the relative angular velocity
of the spacecraft, k,, and k, are controller gains, S is
the attitude error between the reference and actual
attitudes given by

S = 4¢0"q°" (21)

where q(])go and qP© are the scalar and vector parts
of the unit quaternion ¢Z°.

The disturbance rejection algorithm implies that
the estimate of torque due to residual magnetization
is obtained and translated into the actuation avail-
able from the magnetorquers. Thus, we reject the
magnetic disturbance by generating additional mag-
netic moment:

B __ B B
My = Mg pp — Mg (22)

B
res

The algorithm to obtain the estimate of m.,  is
described in Section 3.5.

Each control loop consists of two parts - actuation
and measurements, the duration of each part is .-
and tgsens. During the actuation phase the magne-
torquers are generating a constant magnetic moment
calculated before the actuation according to Equa-
tion (22). After the actuation is over the measure-
ments part starts, during which the magnetorquers
are switched off and at the end of this period the

sensors data are read and processed.

3.5 Extended Kalman Filter

Let us now introduce the extended Kalman filter
to estimates the conventional state vector (compris-
ing the attitude quaternion ¢©® and the angular ve-
locity vector w) along with residual magnetization
effects. The latter include the residual magnetic mo-
ment mZ . (which must be generated by the mag-
netorquers to cancel out the torque due to residual
magnetization) and the magnetometer bias b2, due
to residual magnetization.

EKF is a recursive estimator with the state evolu-
tion and observation models represented by nonlinear
equations,
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x(t) =f(x(t) +w(t) (23)

z=h(x(t))+v(t) (24)

Equations (23) and (24) represent the state evolu-
tion and observation models respectively, where x (t)
is the state vector at time ¢ and z is the measurement
vector at the time instant k. w (¢) and v (t) are the
process and observation noises which are assumed to
be Gaussian noises with zero means and have Q ()
and Ry respectively as covariance matrices.

As specified earlier the state vector the EKF esti-
mates is:

OB
q

wB
X = B

TES

bB

Tes

(25)

The evolution model is thus represented by the
Equations (11) and (12).

The EKF algorithm is divided into two succes-
sive phases, Prediction and Update. In the following
equations, the superscript -’ and 4’ represents that
the value is from Prediction phase or from Update
correspondingly: X, - Prediction phase, )22' - Update

phase. The subscript k and k-1 represents current
and previous steps, respectively.
Prediction
tk
X, :/ f(x)_,,t)dt (26)
th—1
P, = &Pf @) +Q(1) (27)

where %, is the predicted state vector, Q - is the
noise covariance matrix, P, is the predicted states’
covariance matrix, ®; = I+ F (z) At, where At =
tetrl + tmeas 1S the control loop period, and T (z) is
the Jacobian matrix of the vector f (x) with respect
to the state vector x,

L of (x)
F = 2
(Xk) ox xk ( 8)
For the problem in hand
F Fonp
F= aw m 29
<©6><6 ©6><6> ’ (29)

where @y, «,, is n by n matrix consisting of zeros, Fy,
is 6 by 6 matrix obtained as the Jacobian matrix of

TAC-20-C2.9

the Equations (11) and (12) (see [6] for details and
derivation), and, finally, IF,,; is given by

B O3x3 O3x3
Fmb == (lebﬁodel @3)(3 9 (30)
where Wi,z is the skew-symmetric cross-product
operator corresponding to vector bfmdel.
Thus, the evolution matrix @ is given by
P = H12><12 +F- (tctrl + tsens) . (31)
Update
Ke = Py H] (HPCH] +Ry) . (32)
X =%, + Ky [ze —h (%, 1) ] (33)
Pl = (I - KyHg) Py (34)

where )2;' is the updated state vector, ]P’;l' is the up-
dated states’ covariance matrix and Hy is the Jaco-
bian matrix of the vector h (x) with respect to the
state vector x,

(35)

The observation model for a magnetometer-based
filter is given by:

z~h(x)= qBO obgwdel quO +bB

res

(36)

According to Equation (35), the observation ma-
trix Hy, is given by

H,; = (2Wernodel Osx6 H3X3) . (37)
The Ry matrix is set constant according to
Ry, = diag ([ 07,, o}, o5 ]) (38)

where of , of and oj_are the variances of measure-
ment errors of the magnetic field in the local z, y and
z of the sensor, which can be found in the magne-
tometer specifications.

Note: for better convergence it might be advis-
able to use unit vectors of the magnetometer mea-
surements and magnetic field model in (36) — (38).
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4. Simulation Results

The satellite orbit is assumed circular with an al-
titude of 400 km and inclination of 52°. The ini-
tial conditions are given by a random (normalized)
quaternion and a random angular velocity (bounded
by 5 deg/s 30). The inertia matrix for the CubeSat
model is J = diag[14 15 7]-1073 kg:m?. The con-
troller goal is to align the satellite’s body-frame and
the orbital frame. The controller gains are tuned to
ky =60 -wy! and kg =12 N-m -T2

The available COTS magnetorquers restrict the
magnetic dipole components to 0.2 A-m? each in the
nominal conditions. Each control loop consists of two
parts - actuation and measurements, the duration of
each part is to = 5s and tgens = 1.

The position of the magnetometer for which the
parasitic magnetic field was evaluated in Section 2 is
(0,0,—5.2) cm in reference to the body frame.

The magnetometer sensor noise is characterized by
zero mean Gaussian white noise with a standard de-
viation omagn = 200 nT. Initial covariance matrix Py
is a diagonal matrix [12x12] with diagonal elements:
Oén ) Uq20’ ggo’ 03}0’ O—‘%O’ 03)0’ Ugnres ’ 072’ﬂres ) Jgnres ) UQBbias7
0By.sOB,,..» Where og, 04y, Om,., and op,,,
are assumptions of uncertainty in initial values
for quaternions, angular velocities, residual mag-
netic moment and magnetometer bias respectively.
In this study o, = 7/2, 0, = 0.01 rad/s,
Om,.. = 0.1 Am? op,, . = 1075 T. The EKF is
initialized with the identity quaternion and zero
angular velocity.

The environmental torques (except for the gravity-
gradient torque, which is fully incorporated into the
model of dynamics) are modeled here as a random
torque represented by zero mean Gaussian white
noise with a standard deviation o4,q = 3-107% N-m.

4.1 Controller Simulation Results

The first simulation in this section is carried out
in the absence of magnetic disturbances of any sort.
Figure (9) shows the magnetic moment required by
the controller (20)

It can be seen that after the initial transient pe-
riod is over, the required magnetic moment never ex-
ceeds 2:1073 A-m2. This is to signify how fine the
magnetic control actually is. Let us also recall that
the controller gains are tuned in accordance with a
very particular procedure that involves linearization
of the dynamics in the vicinity of the required regime
and usage of Floquet theory [6]. Thus, the controller
gains values cannot be raised just because it might
seem that the controller’s reaction to the attitude
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errors is small. To the best of our belief, the re-
quired magnetic moment as shown in the Figure 9
is actually nearly optimal. Having figured out, how
much magnetic moment is needed for successful mag-
netic control, let us recall that the residual magnetic
moment 3U CubeSats may range from 10™% A-m?
to 1072 A-m? as per Reference[15]. Obviously, the
problem of in-flight identification and compensation
of residual magnetic moment along with providing
the required control magnetic moment, seeing that
the former may be greater than the latter by an or-
der of magnitude, appears to be rather challenging.

g 8 8

Control Magnetic Moment, [A- m?]

3
Time in hours

Fig. 9: Magnetic moment during the actuation

The level of control magnetic moment shown in
Figure (9) also sets the limit to the admissible level
of residual magnetization, which clearly cannot ex-
ceed 1072 A-m? if we are to hope to preserve the
controllability of the system. The reasoning behind
this estimate is that in case the torque due to residual
magnetization and the control torque are of the same
order of magnitude then for a 10% error of m,.., esti-
mation by EKF the uncompensated disturbance is by
an order of magnitude less than the control torque. If
this ratio is not exceeded our numerical experiments
show that the control authority is still preserved.

This estimate is important for the second step
in the pipeline of our magnetic cleanliness program.
That is, when the magnetic model is built and verified
by measurements, the decision whether or not some
of the satellite’s components need to be redesigned
is made on the base of the threshold value obtained
here.

4.2 Constant Magnetic Disturbance

Let us now estimate, how great a residual magnetic
moment can be for the previously described controller
to be able to compensate it. We shall assume that
the controller’s performance is acceptable, when the
pointing error after the system is settled does not
exceed 15°. The threshold actually takes its origin
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from the Swarm mission requirements mentioned in
the Introduction.

The setup for this numerical experiment is as fol-
lows. We shall add to the system a certain constant
value of residual magnetic moment m,.s. The direc-
tion of this vector shall be constant throughout all
simulations carried out in this experiment and de-
fined as e, = [1 1 1] /v/3, and the magnitude
shall be varied to test the controller’s limits.

Changing pointing errar with increasing RMM

— yaw

pitch
25 | — mil
I stdyaw
T std_pitch
04 I stdroll

Euler Angles error, [deg]

00010 00015 00020 00025 00030 00035 00040

Residual magnetic dipole (order), [A * m~2]

00000 00005

Fig. 10: The control quality degradation with in-
creasing of the residual magnetic moment

Simulation results for identification and rejection
of a constant magnetic moment and the correspond-
ing magnetometer bias are shown in (Fig. 10). Each
point in the plot of (Fig. 10) represents 30 simula-
tions (with random initial conditions). The ordinate
values correspond to the mean RMSE of the Euler
angles after the system has settled. Error bars cor-
respond to standard deviations calculated for each
point. It can be seen that the performance threshold
expressed through Euler angles is still not exceeded
when the magnitude of residual magnetic moment is
at 2.5- 1073 A-m?, which agrees with the earlier es-
timates (see Fig. 9).

The graphs in Fig. 11 - 13 show the detailes for an
example simulation with residual magnetic moment
of 2.5 -1073A - m2. The initial conditions for the
example run are:

¢9B(0) = (0.157,0.693,0.593, 0.378) ,
w(0) = (0.01,0.01,0.01) rad/s.

Fig. 11 shows the controller convergence for the
maximum admissible constant magnetic disturbance
with the errors in all three Euler angles bounded by
15° threshold. The graphs in Fig. 12 and Fig. 13
show relative errors of the residual magnetic moment
and the magnetometer bias estimates by EKF, which
are about bounded by 6% and 20%, respectively. Let

TAC-20-C2.9

us note in this experiment we model magnetic distur-
bance using the residual magnetic dipole model and
thus can compare its modeled and estimated values.

Orientation

[geg]

Fig. 11: Pointing accuracy in case of constant resid-
ual magnetic disturbances

1e-2 Zoomed relative error of m_res_est

relative error
S

m_
o]
5
I~]
=
=

Fig. 12: Relative error in magnetic moment estima-
tion

Zoomed relative error of B_bias_est

0.2010 §

0.2005

02000 4

relative error

0.1995 §

0.1990 1

0.1985 4

Fig. 13: Relative error in magnetometer bias estima-
tion
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4.3 Varying Magnetic Disturbance

Now let us evaluate the system’s performance us-
ing the model of residual magnetization described
earlier. For this experiment we shall take assume
the torque matrices and parasitic magnetic field val-
ues obtained in Section 2, although rescaled to satisfy
the limits set in Section 4.1.

Tracking a slowly varying magnetic distur-
bance. This numerical experiment is to test the
EKF performance in the presence of slowly varying
magnetic disturbance caused by the spacecraft rota-
tion and, consequently, changes of the incident an-
gles of sunlight for every solar panel. The results in
terms of the torque due to magnetic disturbance and
controller convergence in terms of Euler angles are
presented in Fig. 14 and 15, respectively.

Torque from RMM

[N*m]

-3

Fig. 14: Varying torque with time due to the sun in-
cidence angle on solar panels

Orientation

[geq]

Fig. 15: Pointing accuracy in case of varying mag-
netic disturbances due to the sun incidence angle
on solar panels

The magnetic moment to which the filter con-
verged is estimated as m,., ~ 5-107* A-m? and

TAC-20-C2.9

magnetometer bias is about 7.7 - 107% T. The point-
ing accuracy for this particular example is about 5
degree, which agrees with the earlier simulations for
constant residual magnetic moment. The conclusion
we draw is that the filter successfully tracks varying
magnetic disturbance.

Recuperating after abrupt changes in mag-
netic disturbance. In this numerical experiment
we shall demonstrate the reaction of the control sys-
tem to an abrupt change in the magnetization regime
(which is simulated by inclusion of another source
of magnetization into equation (15)). Furthermore,
we shall also show how a map value for torque due
to magnetic disturbances and magnetometer bias are
obtained, and how using a map with this values
makes the system more robust.

Torque from RMM

Fig. 16: Varying torque with time due to abrupt
changes in the regime at about 10h

Orientation

— Roll

[dea)

Fig. 17: Pointing accuracy in case of abrupt changes
in the regime at about 10h

Fig. 16) shows the torque due to magnetic distur-
bances. It is seen that at ¢ = 10 hr there is an abrupt
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change in the level of disturbance caused by a regime
change.

The reaction of the control system to the regime
change is show in Fig. ??7. The filter has converged
before the change took place, but at ¢ = 10 hr it could
not track the change in the estimated parameters.
As a result the control accuracy degraded to 20-30
degrees, and it took almost 2 hours for the system to
regain control authority.

It is important to note that after these two hours
EKF recovered and converged to new estimates of
residual magnetic moment and magnetometer bias
as shown in Fig. 18,19). These values can be saved
as a map for the new regime, which can be further
used to provide an initial approximation for the mag-
netic disturbance parameters should this regime be
switched on again. Obtaining these maps for all prin-
cipal regimes is equivalent to having an atlas of mag-
netic disturbances.

1e-3 Zoomed estimated residual magnetic moment

9 10 1 12 13 14 15 16 17
hours

Fig. 18: Estimated zoomed values of residual mag-
netic moment in case of abrupt changes in the
regime at about 10h

1e-5 Estimated magnetometer bias

0.0 25 5.0 75 10.0 125 15.0
hours.

Fig. 19: Estimated values of magnetometer bias in
case of abrupt changes in the regime at about
10h
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We shall now repeat the same experiment with the
only difference of making the control system prepared
for the rapid change in the residual magnetization
level. This time as soon as we switch between the
regimes that as we have found out are characterized
by significantly different magnetic disturbances, we
shall feed a magnetic map to the EKF and see its re-
action to it. By feeding the map to the filter we imply
using the values it converged to during the previous
experiments to update the corresponding variables in
the prediction step of the EKF.

Orientation

— Roll

[deg]

Fig. 20: Pointing accuracy in case of abrupt changes
in the regime at about 10h and feeding the atlas
of pre-estimated changes

Fig. 20 shows how the control system passes
through an abrupt regime change. It is seen in the
Euler angle plots that there is a reaction and the con-
trol quality becomes worse, but only to the extent
corresponding to the increased level of disturbance.
It is but one example, however, our numerical exper-
iments show that in-flight usage of the magnetic dis-
turbance atlases are indeed advantageous and allow
spacecraft a certain degree of autonomy for overcom-
ing magnetic disturbances. Furthermore, such atlases
need and can be updated during the spacecraft’s life-
time, which can also be performed autonomously.

5. Conclusion

This study considers the design of a CubeSat and
in-flight performance of its attitude control system
with magnetic actuation in the presence of distur-
bances caused by residual magnetization. It is shown
that the magnetic field produced through PCBs and
solar panels poses a significant value and should be
monitored over each operation regime of the satel-
lite to create an atlas of magnetic disturbances. Our
numerical experiments show that such atlas does en-
hance EKF performance in terms of preserving con-

Page 12 of 13



71th International Astronautical Congress, The CyberSpace Edition, 12-14 October 2020. Copyright (©) 2020 by International
Astronautical Federation (IAF). All rights reserved.

trol authority over the spacecraft even during abrupt

changes of the disturbance levels.

This paper pre-

sented a magnetometer-based EKF, however, as a fu-
ture study we are going to fuse other sensors (gyros
and sun sensors) with the magnetometer to see if this
will make the control system more robust.
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