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Abstract

Ensuring accurate spacecraft attitude determination is
paramount for the success of contemporary space missions,
particularly with the ongoing trend of miniaturization and
standardization of satellites to optimize launch costs and
manage constellations efficiently. This paper addresses the
pressing demand for cost-effective and resource-efficient
attitude determination methods in this evolving landscape.
The paper builds on the methodology of the two-step
Kalman Filter, first proposed in [1], to create an estimator
that uses on-board magnetic field measurements and IGRF
model based magnetic field data for satellite attitude and
rate determination. The developed estimator works for a
wide range of satellite angular velocities, is robust to
uncertainties in Magnetic field measurement, satellite
inertia, disturbance torques and satellite state (position and
velocity). The resulting filter emerges as a viable primary
attitude determination solution for small satellites or as an
independent backup estimator in traditional satellites. The
paper also introduces a novel application of the developed
estimator to trigger safe mode, ensuring the safety and
efficacy of emergency operations.

1. Introduction

Accurate spacecraft attitude determination is crucial for
successful space missions, impacting navigation,
communication, and scientific observations. The prevalent
method combines star trackers and gyroscopes for
determining attitude and angular rate, which is accurate and
reliable but bulky, space-consuming, and power-intensive.
With the rise of nano and microsatellite missions favoring
multiple small satellites, there is a need for low-mass,
volume, and power-efficient attitude determination
methods, especially for small satellite missions with
moderate pointing accuracy requirements. Magnetometers,
already onboard most satellites for momentum dumping
via magnetorquers, are highly reliable and efficient in
terms of power consumption, mass, and volume.

The problem of gyroless attitude determination has been
extensively studied. Early methods employed vector-based
determination to calculate direction cosines, such as the
TRIAD, QUEST, and Wahba’s method[2]. Natanson et
al's DADMOD method [3] used magnetic field
measurements, their derivatives, and angular acceleration
knowledge for attitude and rate estimation. The most
popular methods, employing Extended Kalman Filters
(EKFs), have shown varying degrees of accuracy. Psiaki's
Kalman filtering demonstrated errors of around 2-3
degrees after 100 seconds with low initial uncertainty [4].

Searcy and Pernicka's two-step EKF algorithm achieved
attitude errors of less than 1 degree but failed if initial
angular rates exceeded 0.1°/s[1]. Ma and Jiang proposed an
Unscented Kalman Filter (UKF) based algorithm, but it is
computationally inefficient for satellite systems [5].
Wattanarungsan et al.[6] improved reliability and
convergence time by resolving singularity in the estimator
using optimization techniques. Crassidis et al.[7] explored
onboard magnetometer calibration methods.
However, existing methods do not fully address key
concerns in satellite control design:

1) Uncertainty in Moment of Inertia knowledge

2) Magnetometer measurement variance and bias

3) Uncertainty in Satellite position and velocity

4) Very low initial angular velocities (~0.06 deg/s)
The proposed estimation strategy in this paper is robust to
these variations. Additionally, it suggests using the
developed estimator as a safe mode trigger. In scenarios
where the gyro fails or provides faulty measurements, the
proposed innovation vector-based safe mode detection acts
as an additional safety layer.

3. Problem Formulation

The magnetometer-based attitude determination problem
boils down to solving for the rotation angles (spacecraft
attitude) that transforms the magnetic field in spacecraft
frame (Bj) to that in the inertial frame (B;). However, in
order to uniquely solve for the rotation, we need one
additional vector in each frame. These are the derivatives
of the magnetic field in body frame (B,) and inertial
frame(B;). The resulting equations are as follows [1]
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Here q is the spacecraft attitude quaternion, and g€ is the
conjugate. The “vector” part of the quaternion are the last
three elements and the first element is the “scalar” part.
Notice that equations (1) and (2) on simplification yield
only 6 equations for 8 variables (q and q). Equations (3)
and (4) are the constraint equations that result in 8
equations for 8 variables:
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The spacecraft angular velocity can be computed as g* =
1, . . . .
Zaw", where w* = (0, w) is the quaternion representation of



the angular velocity w. Equations (1-4) can in principle be
solved directly for the spacecraft attitude and rate.
However, these equations are highly non-linear and solving
them on-board in real time is not feasible.

4. Solution Methodology

The solution methodology has two steps. The first is to
compute B, and B; by filtering B, (measured with an
onboard magnetometer) and B;. B; is computed using the
International Geomagnetic Reference Field (IGRF) model.
This pre-filtering process to estimate the Magnetic field
derivative is done with a Kalman filter using a third-order
Markov process to model the magnetic field, given by [1]:
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These equations can be used to derive the first Kalman
filter. A brief description of Kalman filters is provided
below, interested readers are referred to [8]. Consider

x=f()+u
y=hx)+v (6)

Where x is the state of the system, y is the measurement, u
is the process noise with covariance Q and v is the
measurement noise with covariance R. The system and
measurement Jacobian matrices F' and H are defined as:
U g nx) 7
F=22 1 =22 (7)
The system dynamics are propagated in time using
equation (6), whereas the error is propagated using the
covariance propagation equation, given by:

P=FP+PFT+Q (8)

Where P is the estimate error covariance. The result of the
system dynamics propagation is known as the apriori
estimate, designated by a “bar” (x). The Kalman Filter
fuses the measurement information with the apriori
estimate to yield the posteriori estimate, designated by a
“caret” (X). The equations for the same are as follows:
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Equation (5) represents the system dynamics of the pre-
filter (used to estimate magnetic field derivatives). The
state dynamics can be written in state space form as:
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The measurement y is

y= [Bx By B, ]T (13)

The state and measurement Jacobian matrix (F and H) can
be directly computed [1].

The second Kalman Filter takes the filtered states (B,,,B;,
B,,B;) and uses it to estimate the satellite attitude and rate
(q, w). The measurements for this filter are:
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The system dynamics consists of the quaternion derivative
and Euler’s rigid body equations of motion, given by:

(14)
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Where T is net external torque acting on the spacecraft and
[J] is the satellite’s moment of inertia. The matrix F for the
second Kalman filter can be computed by taking the
Jacobian of equation (15). Similarly, the matrix H be
computed by taking the Jacobian of the following equation:

(15)
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For brevity’s sake, the complete analytic expressions for
the computed F' and H matrices are not written here.
The implementation of the pre-filter in the current work is
identical to [1]. The second filter however has the
following changes which lead to higher accuracy and
robustness compared to the implementation in [1]

1) Use of the complete inertia matrix, instead of only
the diagonal terms as in [1]. Including the off-
diagonal terms decreased state estimation error.

2) Computing analytic Jacobian matrix H instead of
finite-differencing the measurements as in [1].

3) Using the Joseph stabilized version of the
covariance measurement update (equation (10)).
This guarantees that the covariance matrix Py will
always be symmetric positive definite, leading to
stable and robust implementation [8].

The Joseph stabilized version of the covariance
measurement update is given by [12]:
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4. Results

4.1 Simulation Conditions

In order to demonstrate the efficacy of the developed
estimator, two initial conditions are chosen for the satellite.
A lower initial angular velocity of [0,0,-0.06] degree/s
(inertial rate for typical satellites) and a high initial angular
velocity of [5,-5,5] deg/s. There is no net external torque
acting on the body (to evaluate estimator performance).
The satellite is assumed to be in 450 km circular orbit
around earth, at an inclination of 45 degrees. The inertial
magnetic field readings are generated from the IGRF 2015
model. The satellite moment of inertia is taken to be

[J]1 = [1200 — 20 20 — 20 1050 — 25 20 (18)
—25 1360 Jkg m?



The following uncertainties were included in simulations:
1) 10% uncertainty in Inertia

2) Magnetometer measurement: 500 gamma noise, 100
gamma uncorrected bias

3) Satellite position (15 m) and velocity (0.15 m/s)

Note that uncertainty in satellite position leads to
uncertainty in B; and consequently in Bj, which leads to
increased error in the estimated satellite position and rate
4.2 Pre-filter results
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Figure 1. Variation of Measured magnetic field against the
estimated field for lower initial angular velocity
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Figure 2. Variation of Measured magnetic field against the
estimated field for higher initial angular velocity

The filtered magnetic field for lower and higher initial
angular velocities can be seen in Figures [1] and [2]. For
clarity, only single axis data are plotted here.We see that
the filter converges very quickly (less than 10 seconds) and
the estimated magnetic field closely follows the measured
data, while reducing the noise and error. The error band in
the filtered output for lower initial rate (Figure [1]) is 3e-7
Tesla (300 Gamma) which is lower than the measurement
noise. Even for the higher initial rate (Figure [2]) the error
band in the filtered measurement is 5e-7 (500 Gamma)
which is of the same order as the measurement noise due to
the oscillations in magnetometer readings introduced by
the high satellite spin.

4.2 Attitude and Rate Estimation Results
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Figure 3. Error in Estimated spacecraft attitude compared
to the true attitude for higher initial angular velocity
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Figure 4. Error in Estimated spacecraft rate compared to
the true rate for higher initial angular velocity

The satellite attitude and rate are estimated using the
filtered measurements as input. For high initial angular
velocity (Figure [3]), we see that the filter converges faster
(within 1000 s). The error in attitude estimation is less than
a degree, whereas the angular velocity is tracked within an
error of 0.02 deg/s (Figure [4]).

For the lower initial angular velocity (Figures [5-6]) the
convergence is slower and it takes nearly 4000 seconds
before the attitude and rate are properly tracked. Physically,
as a slowly rotating satellite will introduce smaller changes
in the measured magnetic field, making attitude and rate
determination difficult for the filter.
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Figure 5. Error in Estimated spacecraft attitude compared
to the true attitude for lower initial angular velocity
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Figure 6. Error in Estimated spacecraft rate compared to
the true rate for lower initial angular velocity
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Figure 7. Innovation vector based safe mode detection.
Disturbance rate of [0.5,-0.5,0.5] deg/s is injected at 5000
seconds post convergence.

However, contrary to the results in [1], our filter works
better at lower initial rates, with an attitude error of less
than 0.6 degrees and rates within 0.005 deg/s.

We also introduce a novel application of the Magnetometer
based estimator as a safe mode trigger. Safe mode is
triggered in satellites when the angular velocity exceeds a
pre-set threshold. In traditional satellites, this is done by
tracking the gyroscope rates. However, we propose to do
this by detecting divergence in the innovation vector term
of the second Kalman filter. From equation (10) the
innovation vector is given by yj, — hy(x) i.e the difference
between the measured magnetic field and the estimated
field. When the filter has converged, this takes on a very
low value. We consider a case where a satellite moving
with an initial angular velocity of [0 0 -0.06] deg/s is
injected with a disturbance at 5000 s as seen in Figure [7].
We see an immediate and clear divergence in the
innovation vector, which can be then used to trigger safe
mode for the satellite. In this case, it detects divergence
within 4 seconds. Future work would incorporate closed-
loop simulations and torquer-magnetometer interactions.

5. Conclusions

A two-step Kalman filtering approach was employed to
estimate satellite attitude and rate using noisy
magnetometer readings and the IGRF model. The

modeling details and improvements over previous work
were highlighted. This approach includes a pre-filter for the
magnetic field measurements and a second filter for
estimating satellite attitudes and rates with high accuracy,
even at very low rates. Notably, the estimator achieved
errors of less than 0.6° in attitude and 0.005°/s in rate at
low satellite angular velocities, which is a key novelty of
this work. The filter was also robust to uncertainties in
measurement, satellite position, velocity, and inertia. This
makes it suitable as a backup estimator for traditional
satellites or as the primary estimator for small satellite
missions, where low power, mass, and volume are
prioritized over high angular pointing accuracy.
Additionally, a novel innovation-vector based safe mode
detection algorithm was proposed, triggering a safe mode
warning within 4 seconds. These advancements offer a
practical solution to the challenges of spacecraft attitude
determination, particularly for miniaturized satellites.
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