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a b s t r a c t

This paper presents an improved real-time sequential filter (IRTSF) for magnetometer-
only attitude and angular velocity estimation of spacecraft during its attitude changing
(including fast and large angular attitude maneuver, rapidly spinning or uncontrolled
tumble). In this new magnetometer-only attitude determination technique, both attitude
dynamics equation and first time derivative of measured magnetic field vector are directly
leaded into filtering equations based on the traditional single vector attitude determina-
tion method of gyroless and real-time sequential filter (RTSF) of magnetometer-only
attitude estimation. The process noise model of IRTSF includes attitude kinematics and
dynamics equations, and its measurement model consists of magnetic field vector and its
first time derivative. The observability of IRTSF for small or large angular velocity changing
spacecraft is evaluated by an improved Lie-Differentiation, and the degrees of observability of
IRTSF for different initial estimation errors are analyzed by the condition number and a solved
covariance matrix. Numerical simulation results indicate that: (1) the attitude and angular
velocity of spacecraft can be estimated with sufficient accuracy using IRTSF from
magnetometer-only data; (2) compared with that of RTSF, the estimation accuracies and
observability degrees of attitude and angular velocity using IRTSF from magnetometer-only
data are both improved; and (3) universality: the IRTSF of magnetometer-only attitude and
angular velocity estimation is observable for any different initial state estimation error vector.

& 2014 IAA. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Miniaturization is a popular concept in the design of low-
earth orbiting (LEO) spacecraft so that the attitude determina-
tion and control system with one or two kinds of sensors
(such as star sensor, sun sensor, earth horizon sensor and
magnetometers) become one of hot spacecraft technologies
[1–5]. Among these sensors, three-axis magnetometer (TAM)
is an important and essential sensor for LEO spacecraft to

determine attitude and angular velocity, and implement
attitude control, because of its small volume andmass, reliable
performance, low power consumption and firm installa-
tion [6]. Therefore, using only TAM (TAM-only) as attitude
determination sensor will be helpful for the spacecraft min-
iaturization development, e.g. the EduSAT microsatellite [7].
However, an all-sided TAM-only attitude determination tech-
nology requires that TAM to be a solely reliable sensor to
determine the attitude of spacecraft not only in the period of
steady-state (attitude) control but also in the period of
attitude changing (fast and large angular attitude maneuver,
rapidly spinning or uncontrolled tumble).

As for the TAM-only attitude determination method in
the period of steady-state control of spacecraft, in the

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/actaastro

Acta Astronautica

http://dx.doi.org/10.1016/j.actaastro.2014.05.002
0094-5765/& 2014 IAA. Published by Elsevier Ltd. All rights reserved.

☆ Foundation item: National Natural Science Foundation of China
(Ref. 11272028).

n Corresponding author.
E-mail address: mahongliang317@sina.com (H. Ma).

Acta Astronautica 102 (2014) 89–102

www.sciencedirect.com/science/journal/00945765
www.elsevier.com/locate/actaastro
http://dx.doi.org/10.1016/j.actaastro.2014.05.002
http://dx.doi.org/10.1016/j.actaastro.2014.05.002
http://dx.doi.org/10.1016/j.actaastro.2014.05.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actaastro.2014.05.002&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actaastro.2014.05.002&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actaastro.2014.05.002&domain=pdf
mailto:mahongliang317@sina.com
http://dx.doi.org/10.1016/j.actaastro.2014.05.002


early, the attitude, attitude rate, and constant disturbance
torque estimation filter based on attitude kinematics and
dynamics equations was proposed by Psiaki et al. [8]. Then,
to process initial condition uncertainties and estimate
three-axis attitude and attitude rate from magnetometer
data, through an attitude representation of minimum
quaternion, they developed a globally self-initializing
attitude determination filter for steady-state control
spacecraft with wire booms [9]. Also, via using a square-
root unscented Kalman filter algorithm, a magnetic-only
orbital and attitude estimation scheme is proposed by Cote
and Lafontaine, and applied to a sun-synchronous LEO
steady-state control spacecraft [10]. Hart presented a
method to estimate attitude and attitude angular velocity
by extended Kalman filtering and an additional single-axis
Kalman filtering of state initialization for a gravity-
gradient stabilized spacecraft [11]. Summarized these
TAM-only attitude determination methods in the period
of steady-state control of spacecraft, they can be regarded
as an attitude determination method of spacecraft with
only one single observation vector (TAM-only measure-
ment vector) without angular rate measurements from
gyros [12]. However, these methods for spacecraft to
effectively estimate attitude and angular velocity in the
period of attitude changing (fast and large angular attitude
maneuver, rapidly spinning or uncontrolled tumble) have
not been verified, because the measurement equation of a
single observation vector only involves attitude informa-
tion and is not related with attitude changing.

In the period of spacecraft attitude changing, to deter-
mine the attitude and angular velocity from TAM-only
measurement data, two approaches of deterministic
magnetometer-only attitude and rate determination
(DADMOD) [13,14] and real-time sequential filter (RTSF)
[14,15] were used successfully to obtain the attitude and
angular velocity by Natanson, et al., during the earth
radiation budget satellite (ERBS) experienced an on-orbit
uncontrolled tumble. Then, based on TAM-only measure-
ment data, these two methods are also used to estimate
the three-axis attitude and rates of rapidly spinning
gyroless spacecraft [16]. However, according to their
related numerical calculation results, although the DAD-
MOD algorithm is alike with TRIAD algorithm [17] includ-
ing two dependent measurement vectors to sufficiently
determine attitude, that is a magnetic field vector and its
first time derivative, the TAM measurement noises in
DADMOD algorithm are not processed during the attitude
calculation, and because the second time derivative of
magnetic field vector used in the DADMOD algorithm is in
a small enough magnitude, the calculation result of angu-
lar velocity determination involves large uncertainties.
Therefore, the accuracies of attitude and angular velocity
determination using DADMOD algorithm are not sufficient.
Compared with DADMOD algorithm, RTSF can process the
measurement noises of TAM via attitude determination
filtering and acquire a corrected angular velocity vector,
but the attitude estimation accuracy of RTSF is also
insufficient, because the angular velocity is not directly
estimated via the process noise model including attitude
dynamics equation and only corrected via a first-order
Markov rate correction model of filter, indirectly.

Taking into account the defects of two previous TAM-
only attitude determination methods for attitude changing
spacecraft, an improved real-time sequential filter (IRTSF)
based on RTSF, including attitude dynamics equation as a
part of process noise model, is proposed to enhance the
accuracies of attitude and angular velocity estimation of
attitude changing spacecraft in this paper. Moreover, in
order to evaluate the presented attitude determination
filter, the observabilities of IRTSF for the attitude changing
spacecraft with small or large initial angular velocity are
evaluated by the Lie-Differentiation [18], and the degrees
of observability of IRTSF for different initial estimation
errors are analyzed by the condition number [19] and a
solved covariance matrix [20].

The organization of this paper proceeds as follows.
First, an improved attitude filter IRTSF based on TAM-
only sensor, RTSF and attitude dynamics equation will be
designed to estimate the attitude and angular velocity of
spacecraft in the period of attitude changing. Next, obser-
vability analysis is used to evaluate the feasibility of the
new TAM-only attitude determination filtering method
(IRTSF). Finally, numerical simulations are implemented
to verify the presented TAM-only attitude filtering method
(IRTSF).

2. Mathematic modeling for improved real-time
sequential filter (IRTSF)

In this section, to obtain the mathematic model of
IRTSF, the process noise model and the measurement
model of TAM-only attitude filtering system are, respec-
tively, established by attitude motion equations and
TAM-only measurements corresponding to the attitude
changing spacecraft.

2.1. Coordinate systems

To depict the attitude changing of an on-orbit space-
craft, two coordinate frames, including the inertial refer-
ence frame Si and the spacecraft body frame Sb, are
established for IRTSF. The origin of the inertial frame Si
locates at the center of mass of spacecraft, and its three
axes xi, yi and zi point to the inertial space. The body frame
Sb also has its origin at the center of mass of spacecraft,
and its three axes xb, yb and zb point to three principle axes
of spacecraft body.

If the axes order of rotation from the inertial frame Si to
the body frame Sb is chosen 3�1�2, a set of rotation Euler

angles denoted by ϕ θ ψ
� �T respectively represents the

roll, pitch and yaw angle of spacecraft relative to the
inertial reference frame Si. Also, the attitude transforma-
tion matrix from the inertial frame Si to the body frame Sb
is given by

Abi ¼ LyðθÞLxðϕÞLzðψÞ ð1Þ
where the subscript bi represents two transformed coordi-
nate frames and their transformation order, and Lxð�Þ, Lyð�Þ
and Lzð�Þ are the principle rotation matrices about x-, y- and
z-axis. The transition relationship of these two frames is
shown in Fig. 1. Also, in this paper, to simplify the related
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