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Modern space mission concepts are increasingly dependent on the robust and reliable deployment of spacecraft
with large appendages, such as antennas, booms or solar panels. Such deployment requires the ability
to properly capture and control the coupled system dynamics, which requires accurate in-orbit system
identification of the mass and structural properties. This paper utilises dual Unscented Kalman filters (DUKF) to
develop an online system identification strategy that captures both the structural and mass properties, and the
attitude and orbit dynamics. The dynamics of the flexible multibody problem are derived from the Lagrangian
equations, with the flexible body characteristics modelled with finite element software. A genetic algorithm
is used to optimise the accelerometer placement, and hence improve the DUKF performance. We demonstrate
that this approach can accurately capture the coupled attitude, orbit, and structural dynamics, as well as
being able to provide in-orbit updates for mass properties such as the moment of inertia. The methodology
is explored for two illustrative cases: one in which the initial moment of inertia is incorrectly characterised,
one in which the moment of inertia changes with time. In both cases, the DUKF approach captures both the
system dynamics and the mass properties, which are captured with an error of less than 1%.

1. Introduction accurately capture and control the higher level of deformation observed

in such large structures [8]. Spacecraft of an even greater scale have

Identifying and modelling the mass and structural properties of
spacecraft represents a key challenge for the design of accurate and
reliable attitude and orbit control systems (AOCS) [1,2]. In some cases,
the true values of these properties can differ from those obtained from
finite element (FE) software due to material imperfections or floating
components that are not easily predicted with mathematical models.
Similarly, structural parameters determined via on-ground experiments
can have high degrees of uncertainty as a result of external factors such
as gravity and air friction [3].

This challenge of developing accurate AOCS is increased when the
mass and structural spacecraft change during the mission lifetime, for
example, as a result of propellant consumption during orbital manoeu-
vre [4]. Furthermore, modern spacecraft configurations often include
deployable elements, moving masses, and flexible appendages, all of
which could induce changes in the mass and inertia configuration of the
spacecraft during the mission [5]. Recent telecommunication mission
concepts, including Vasant [6] and INMARSAT-4 [7], utilise large,
lightweight telecommunication antennas and solar arrays to improve
the capacity and resilience of their satellites. The additional benefit of
these appendages is dependent on the ability of the AOCS design to
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been considered for space-based solar power applications [9,10], with
typical designs including high-aspect ratio appendages at the kilometre
length scale. When designs are this slender, lightweight, and flexible,
it is likely that the vibrations can no longer be accurately captured
with linear models, with the vibrations instead being in the nonlinear
region [11]. Although this paper considers only linear vibrations, this
trend towards increasingly large structures and flexible appendages
highlights the importance of AOCS that are capable of accurately
capturing the structural dynamics and integrating them into the control
strategy.

High fidelity models and control systems for the dynamics of a satel-
lite with flexible appendages have long been sought within the field of
structural dynamics [2,12,13]. Typically, multibody formulations are
found using one of three approaches, namely the Newton-Euler [14],
Euler-Lagrange [15] and Kane [16] methods. In the Newton-Euler
method, the dynamic equations for each particle are defined separately
and then coupled via links for which the dynamic behaviour is defined.
Instead, the Euler-Lagrange method derives the equations of motion of
the full system based on its contained energy, which does not require
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the inclusion of constraint equations. Finally, Kane’s method introduces
a Jacobian matrix to relate the Lagrangian velocity variables to New-
tonian ones, allowing the minimum number of ordinary differential
equations capable of fully describing the multibody dynamics to be
found without the need to consider forces between interconnected
bodies. These strategies have an established track record for developing
models for flexible satellites [1,17-20] and this continues to be an ac-
tive research area. Flexible solar panels are modelled as Euler-Bernoulli
beams in [21] and are controlled using a single-point control force. A
similar modelling approach has also been used to investigate active vi-
bration suppression [22], disturbance-observer-based control [23], and
a nonlinear reduced-attitude control law [24]. Across these examples,
the exclusion of torsional modes prevents their immediate application
in real-world applications.

While these works simplify the flexible appendage model by assum-
ing the deformations are in-plane, other studies have explored more
realistic three-dimensional models. The authors of [25,26] explore the
impact of uncertainties for AOCS through the application of a nonlinear
attitude controller, which was shown to be effective in controlling
the attitude, though not for the vibrations of the flexible appendages.
In [27,28], inverse simulation is instead used to control the structure,
showing strong abilities in controlling the attitude dynamics and advis-
ing on feasible manoeuvres, though still underperforming in quaternion
tracking and pointing error reduction. The authors of [29] applied an
estimation-based strategy with fast fixed-time observer for reconstruct-
ing the uncertain dynamics and robust fixed-time controller, through
which they were able to achieve fixed-time system state convergence
despite actuator uncertainty. Model predictive control has also been
successfully applied to spacecraft with flexible rotation in [30,31],
with the former utilising a genetic algorithm to optimise controller
performance.

A key aim of the present study is to design an in-orbit system
identification strategy that is capable of accurately capturing the inertia
properties of an in-orbit satellite. As discussed above, modern space-
craft configurations include flexible appendages, adaptive elements,
and fuel expenditure during manoeuvres, all of which can impact the
ability to accurately capture the inertia. Previous research in this area
initially focused on inertia property identification for spacecraft with
robotic arms [32,33]. In recent years, a greater emphasis has been
placed on the inertia of small satellites, including through the use of
instrumental variable approaches [34], deep neural networks [35], and
least squares methods [36]. However, across these recent investiga-
tions, it is implicitly assumed that the impact of flexible appendages
is negligible. The methodologies also aim to identify a fixed moment
of inertia matrix, which is not guaranteed if the system uses thruster to
perform attitude manoeuvres [4].

The application of sequential filtering techniques has largely re-
volved around the use of Kalman filters [37], including derivatives such
as the Extended Kalman filter (EKF) [38] and Unscented Kalman filter
(UKF) [39]. The application of Kalman filters to estimate the attitude
and modal dynamics of satellites is more established than for subspace
identification methods, with [40] achieving accurate predictions for the
attitude and structural dynamics of a satellite model with single-degree-
of-freedom flexible appendage. EKF-based methods have been used
for attitude identification of CubeSats [41] and rigid body satellites
more generally [42], with [43] offering adaptations to the strategy
that resulted in improved robustness. A robust EKF strategy was also
developed in [44] through the application of multiple scale factors, and
the strategy was also demonstrated to be beneficial in the development
of a robust UKF strategy. The authors of [45] also focused on improving
robustness, this time utilising robust cubature to increase accuracy and
stability.

Kalman filters have also been used in the identification of flexible
structures, including the use of both EKF and UKF to estimate the
attitude and deformation dynamics [46], and an observer/Kalman filter
identification algorithm to identify microvibrations [47]. This concept
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Table 1

System parameters for the flexible satellite model.
Parameter Magnitude Parameter Magnitude
Rigid body:
Dimensions 0.5 X 0.5 x 0.5 m Mass 500 kg
CoM (0, 0, 0) m I 20.83 kg m?
I, 20.83 kg m? I.. 20.83 kg m?
Solar panels:
Dimensions 1.5 x 0.5 x 0.0062 m Mass 12.65 kg
I, 0.84 kg m? I, 14.44 kg m?
I, 13.86 kg m? I, 0 kg m?
I.. 299 kg m? I, 0 kg m?

has also been expanded, in [48], to provide attitude control of com-
bined spacecraft, though flexible appendages are not included here.
Finally, [49] utilises a vanilla Kalman filter-based approach to identify
the inertial properties of a large-scale flexible spacecraft; the paper
achieved errors below 10% in the considered cases.

The application of dual Unscented Kalman filters (DUKF) for at-
titude state and parameter estimation was pioneered in [50]. This
approach allows for the system state and model parameters to be
updated in parallel, enabling a more complete system identification. A
similar approach was presented in [51] to better facilitate low-precision
sensors through the addition of a second gain matrix that accounts for
the measurement residuals of the previous time step. Note that the
two gain matrices used in [51] are both applied for state estimation,
whereas [50] estimates both the state and parameter estimation. The
notion of applying two UKFs has also been developed through the
two-stage UKF (TUKF), pioneered in [52]. The TUKF estimates not
only the system state, but also the value of an unknown random bias.
The method has been applied for estimating faults in the actuator
and sensors for a spacecraft attitude control system [53], as well as
for estimating battery charge [54].A similar two-stage method, which
utilises a cubature KF, rather than UKF, was developed in [55], and
subsequently applied as a target tracking algorithm [56].

The work presented in this paper builds upon the DUKF approach
in [50], but with the additional challenge of identifying both the
displacement state of flexible appendages, and the mass and inertia
dynamics of the satellite. While TUKF utilises an additional bias term
to correct for systematic errors in the state model, the DUKF approach
outlined here allows for the value of specific structural parameters
(i.e., the inertia) to be directly estimated. This is an important skill for
spacecraft that cannot be fully characterised prior to launch.

This paper is organised as follows. Section 2 reviews the dynamic
model for the coupled system, including validation. Section 3 out-
lines the measurement system used for the satellite and presents a
novel structural health monitoring-inspired approach for accelerometer
placement. In Section 4, the DUKF identification system for a flexible
satellite, and Section 5 assesses this approach through the application
of two case studies: one in which the initial moment of inertia matrix is
inaccurate, the other in which the true inertial values decay, mimicking
the expenditure of fuel in operation. Conclusions are drawn and future
extensions of this work are presented in Section 6.

2. Flexible satellite model

The flexible satellite considered in this study is presented in Fig. 1,
along with the reference coordinate frames used in the modelling
process. It consists of a rigid, cubic body with two flexible solar panels
rigidly attached at the base on opposite sides. The system parameters
are defined in Table 1.

The model of the flexible satellite considered in this paper uses a
mixed set of equations of motion, derived from the Lagrangian of the
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Fig. 1. Flexible body state representation.

system.! This approach allows the structural models of the components
of the satellite developed using FE software tools to be easily integrated,
as will be outlined in Section 2.3.

In the following subsections, a brief overview of the equations that
define both the kinematics and dynamics of the flexible satellite is
presented. These sections will define the reference frames, terminol-
ogy, and assumptions made to develop both the simulation tools and
estimation algorithms that form the novelty of this research.

2.1. Kinematics

Fig. 1 illustrates the flexible satellite in orbit, and defines the
reference frames that will be adopted within the subsequent theoretical
development and simulations. The satellite is composed of a central
mass, which is considered as a rigid body, and two flexible solar
panels.

The surface of the flexible appendages is spanned by the vector d,
which is defined in terms of the undeformed configuration of the satel-
lite in the Body Reference Frame (BRF). The time-dependent deflection
of the panels is denoted w(d,7) and decomposed using a Galerkin
decomposition in terms of the mass-normalised mode shapes® of the
structure (in m), ¢,(d), and time-varying, dimensionless scale factors,
A, (1), that quantify the “contribution” of each mode shape to the
overall displacement. Now, the deformed position of points along the
satellite are given in the Earth Centerd Inertial (ECI) reference frame
as [8]:

Ny
x=x%y+T <d +y Ak(t)qbk(d)) .

k=1

(€Y

where x, denoted the position of the origin, and T is used to rotate
the coordinates of both d and w(d, r) from the BRF to the ECI reference
frame.

The full system dynamics are then defined by the generalised La-
grangian coordinate vector, y = [x, 0 A]T, which comprises the
orbit position of the full-satellite centre of mass (x;), the body attitude,
defined in terms of the Euler angles (0), and the modal coordinates of
the flexible appendages (A).

1 A full derivation of these equations is omitted for the sake of brevity, but
is readily available in, for example, [8].
2 The first six mode shapes are presented in Appendix A.
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2.2. Dynamics

The dynamic model for the flexible satellite system is derived from
the Lagrangian of the system, defined by

L=T-V, (2)

where 7" and V denote the kinetic and potential energy of the system,
respectively.

The kinetic energy is given in terms of the kinematics of the rigid
body (;) and flexible appendage ( 1)

T = l/ x}x,,pbdv,,+l/ XX dp,Vy, 3
2 Jm, 2,

where both integrals are defined over the volume, V, of the respective
component.
The potential energy is defined as the sum of the elastic and
gravitational potentials:
Lav

N,
1 \ 2 2
-M A(t)w—ﬂ/
2 ;k Ry Ix

N,

1 \ 20 M
-M A ) w;, — — |m
2 kz:; , k |X0|[

v

pk
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where M, V, p are the body mass, volume, and density, respectively.
o, denotes the k'™ natural frequency of the structure.

The expression defined in Eq. (2) can be directly applied in the
Lagrangian equations, the i" of which is defined by

()

Applying the energy definitions given in Egs. (3) and (4) in Eq. (5) leads
to the following governing equations for the flexible satellite:
Mx,=Fg

Nm Nm
o+ ) [r,'"mAm + fmA'm] +ox [im+ > fmAm] =Cq
m=1 m=1

Sn . ) 1 r (6)
or+y [Am +20,EA, + a)mAm] -0l

m=1
Nm Nm
—a)T(ZIZ’mAm>w+2m E"A, =0
m

m=1



A.J. Elliott et al.

Table 2
Natural frequencies of the satellite model, found using MSC Nastran.
Mode o (Hz) Mode o (Hz)
1 2.30 6 82.41
2 14.32 7 84.24
3 14.50 8 134.15
4 41.38 9 135.36
5 45.58 10 143.31
where
1 [~ sT7- < = A aTea
Fo=-—L M+—p—kap]+ 32[tr(l)k+2k—5k(k Ik)] ,
%o 1%l 2%
_ o kexdk
G=" . 5 |[PxXk— s
xol? | %ol
[ wd A
Q=- "t |k- d | 152[k><11k] .
Ixol* 2%l 2|x,|

()

Here, k is a vector in BRF that points towards %;. The tilde notation
(?) denotes the deformation-dependent form of each mass property.
Full definitions of the mass-dependence parameters are presented in
Appendix B.

2.3. Structural model

The structural components of the satellite model are modelled using
the MSC Nastran FE software package. The central rigid body is con-
nected to two flexible solar panels that are modelled using quadrilateral
plate elements (CQUAD4). The rigid connections that affix the two
flexible appendages are added as massless Rigid Body Elements (RBE2),
which fixes the translational and rotational displacements of the panel
boundary nodes to those of the rigid body.

The dynamics of the system, as defined by Egs. (6)-(23), are simu-
lated in Matlab, with the natural frequencies () found via the Modal
Analysis step in Nastran. To facilitate this procedure, the connection
between the rigid body and the solar panels are modelled using the
Baumgarte stabilisation method [57], in which the algebraic kinematic
constraints are transformed into differential form. The validity of this
simplified approach was assessed through a separate modal analysis
in which the central body was entirely defined using RBE2 elements,
for which the agreement was within 10% (and much lower for higher
modes) for all modes beyond the first, for which the antisymmetric
mode differed by around 50%. This approach was taken to reduce the
computational burden and does not impact the methodology itself. The
first ten natural frequencies are presented in Table 2.

2.4. Validation

To validate that the approach outlined above is truly representative
of the satellite dynamics, the system response is compared with results
generated with the multibody dynamics software, MSC Adams. This
software was selected based on its ability to combine rigid and flexible
structural dynamics, as well as its fast simulation speed for complex
problems. The system comprises a rigid central body and two flexi-
ble appendages, which are directly imported from Nastran. As such,
the structural model, and subsequently frequency characteristics, are
consistent between the two cases.

With this initial agreement validated, it was then possible to vali-
date the system dynamics by comparing the responses, in Nastran and
Adams, to a series of torques. Three torques of magnitude 0.1 Nm were
applied in the main directions of the inertia tensor, so that the full set of
DOFs could be investigated. These torques are displayed in Fig. 2. Fig. 3
presents the subsequent angular motion of the satellite, with Fig. 4
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Fig. 2. Time history of the torque applied in the initial system identification.
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Fig. 3. Time history of the angular motion in the initial system identification.

Table 3
Percentage errors of the predicted mo-
ment of inertia values for Case 1.

Value Error (%)
I, -0.864
I, —-0.098
I3 0.057

showing the absolute error in this prediction (relative to the reference
results produced using Adams), which are shown to be of the order of
10~*. The percentage error of the first modal displacement versus the
Adams results are shown in Fig. 5, and are of the order of 1075%. As
such, we conclude that the modelling approach outlined above is valid.

3. System identification and control

In this section, we outline the novel system identification strategy,
which utilises DUKF to simultaneously estimate the kinematic state of
the satellite and changes in the mass distribution of the plant model
defined in Section 2. The sensors and actuators applied to this system
are discussed below, followed by the DUKF implementation.
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Fig. 5. Time history of the percentage error of the first modal displacement in the
initial system identification.

3.1. System measurement

Three sensor types are utilised in this methodology: sun sensors,
gyroscopes, and accelerometers. It should be noted that the integration
of additional or alternative sensors could be integrated into this model
without impacting the accuracy of the results.

3.1.1. Sun sensors

The sun sensors measure the angles of the satellite with respect to
the sun position, which is assumed to be static. The two angles measure
by the sun sensors, a« and f are defined relative to the null position, in
which the sun is along the boresight of the sensor, §, = [0,0, 1]T. These
angles are defined from the quaternion state, Q, (measured by the sun
sensors), as follows [58]:

§=08.5,%1"T=0"®5,®0, ®)

75

€©)

-3
tan’l(A—l), (10)
53
where ® denotes the quaternion multiplication operator. Two sun
sensors are integrated to observe over 360°.

3.1.2. Gyroscope

The gyroscope complements the measurements from the sun sensor,
measuring the angular rotation rate of the satellite. The model takes
the angular velocity states of the satellite and adds a random Gaussian
error based on the spectral noise of the sensor. Then, a bias is added
to simulate sensor misalignment and calibration errors. The measured
inertial rate, wp,,;, is, therefore, defined as

1D

Opeas = EOypye + Opias + Opoises

Here, E denotes the scale factor error, @ ., @i, 1S the constant null-
bias (with peak magnitude of 0.1°/s per sensing axis), and @, 1S
a normally-distributed random noise signal with standard deviation
0.05°/s per sensing axis.

3.1.3. Accelerometers

Given that the structural deformation of the flexible appendages is
defined primarily by the system mode shapes, it is important that the
accelerometers used to capture their behaviour are properly placed. To
optimise the performance of the control system, as well as to minimise
cost, it is useful to determine the minimum number of sensors required
to accurately capture the structural dynamics. This requires careful
examination of the sensor placement and their ability to collectively
capture multiple mode shapes.

In this study, a structural health monitoring (SHM)-inspired ap-
proach was used to optimally observe the physical states of the system.
We applied the methodology defined in [59], which combines a modal
assurance criterion (MAC) with an improved adaptive genetic algo-
rithm (IAGA). The MAC is a statistical indicator that quantifies the
agreement (between 0 and 1) between two modes shapes of the flexible
system (which can be observed in Appendix A). The {i,j}'" element of
the MAC matrix is defined as:

T 2
(p; ¢;)

MACG, j) = —/———F—
@ 0@} @)

12)
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Fig. 7. Time history of the three-dimensional torque applied in Case 1.

where ¢, denotes the k' structural mode, as captured by the ac-
celerometers, referred to as “sensor modes”. That is, in each iteration
of the IAGA procedure, N nodes are assumed to have an accelerometer
attached to them and the system response is recorded only at these
N positions. This truncated recording of the full system response can
be projected onto a similarly truncated “sensor mode” basis (i.e., the
mode shapes recorded only at the N selected nodes) in the standard
manner (i.e., if the response was recorded at all modes). Through this
approach, it is possible to develop a MAC matrix that is dependent
on the sensor positions. Through this procedure, it was decided that
five accelerometers should be used, as this provided a balance between
sufficient coverage of the structural dynamics and low cost.
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3.1.4. Actuators

The system is actuated using momentum wheels, which manage the
momentum of the satellite. The actuators were set to have a saturation
torque of 0.05 Nms, update rate of 100 Hz, and minimum torque of
0.1 mNm. The actuator model is again implemented using Simulink,
which begins when the torque is commanded and passed through a rate
limiter to avoid high-torque differential peaks. A zero-order holder is
implemented, followed by the addition of a lag to the actuator. Then,
each torque is restrained in each direction by a saturation limiter. When
the momentum wheel reaches its saturation point, the output torque is
null. Before the torque is applied into the model, a threshold function
sets the values of the torque below the minimum torque to zero.

4. DUKF-based system identification

In this section, we propose a novel system identification strategy,
utilising dual Unscented Kalman filters (DUKF) to simultaneously cal-
culate changes to the mass distribution and the kinematic state of the
spacecraft.

The estimation of the states involves the nonlinear dynamic system
in discrete time as follows:

Xpp1 = Flx, vp),

Y = H(xp,ny),

13

where x, is the unobserved state vector at each iteration k, y, is the
observed signal, v,_, is the process noise, and n,_, is the observation
noise. The functions F and H are used for the nonlinear mapping of
measurements and states, respectively.
The DUKF strategy aims to determine a nonlinear mapping, G

X, — Yy, that maps the observed state to the unobserved signal. This
function is assumed to be parameterisable by some vector, 6, so that
it may be written as y, = G(x;,0). This allows the new state space
representation to be written as

0,=0,_ +u,
k k—1 k 14)
Vi = G(xy, 0;) + ey
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Fig. 8. Attitude predictions for Case 1.

Here, the parameters, 6, are dependent on the system state, and rep-
resent a stationary process that is driven by the process noise, u;. The
process error is denoted e,.

The DUKF algorithm is divided into three key stages: initialisation,
prediction, and correction. The UKF methodology assumes that there
exists a set of points — named the sigma points — in the state space with
probability density function similar to that of the system errors, with
the implicit assumption that a probability function can be more readily
approximated than an arbitrary nonlinear function. The random vari-
able %, with dimension L, is introduced, so that it may be propagated
through the nonlinear function, G.

The selection of the sigma points depends on the initialisation
parameters, and these are chosen so that their mean and covariance
are x = X and P, respectively. The filter is initialised with the known
values of the initial state of the system, x,, and its covariance, P, =
P(x,). The scalar parameter A = a?(L + k) — L is introduced, with
a determining the dispersion of the sigma points around x (typically
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between 10~% and 1), and A a secondary scaling parameter that is
typically set to 0 or (3 — L) [60].

Then, the construction of the 2L + 1 sigma vectors X; (and corre-
sponding weights, W;) are defined by [61]

X, =x+(W/(L+MP), i=0,..,L, (15)
W= 16)
Wy = o +(1-a ) an

=W = s i=0.....L as)

Here, (1/(L + 4)P,); denotes the i'" row of the matrix square root, and
the superscripts " and ° represent the weightings for the mean and
covariance, respectively. The parameter § is introduced to incorpo-
rate prior information regarding the distribution of x; for Gaussian
distributions, the optimal value is g = 2.
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Fig. 9. Displacement predictions for the flexible appendage in Case 1.
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Fig. 10. Time history for 6,, with the initial error in the value of I, ranging from
—50% (blue dashed) to +50% (blue solid).

The prediction step forecasts the next iteration of the state by using
the nonlinear mapping X, = F(X,_;,V,_;). The predicted () system
state and covariance can then be calculated from the sigma points and
associated weightings as

2L
T — m
K=Y WXy
i=0

2L
Pro= 2 WXy, - %X, — 51" + 0.
i=0

19)
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Fig. 11. Time histories for the diagonal values of the moment of inertia matrix, I,
for Case 1. The first panel zooms in on the initial five second period for I,,, and the
second set of panels shows the full time history for all three values. For each sub-panel,
the y-axis interval is set to (1 £ 1%)1,,.

The prediction of the measurements can be found using Y, = H(X,, N;)
for the sigma points and

2L
Ve = Z WYy (20)
i=0

for the full state.

Given the dual application of the UKF in this methodology, the
parameterised function is updated in parallel. In this prediction step,
Eq. (14) is used to update the parameters, based on the process noise,
and parameterisation covariance.

The errors in the measurement prediction have been added as
state variables in the cases when they are not purely additive noises.
Although this complicates the computation of the problem - the size of
state vector changes to 3L, so the number sigma points becomes (6 L+1)
— the non-additive noise better accepts large errors in the UKF [39].

The correction step begins by defining the covariance between the
predicted states and measurements:

2L
P = D WY~ 50V — 5717 + R,

i=0

oL 21)
P = WX — X 1Y — Y;]T-

i=0



A.J. Elliott et al.

0.8

=l
g
= 06
<
0.4
.2 q
o States + Sensor Errors
Satellite Real States
0 = DUKF prediction
0 10 20 30 40 50 60
Time (s)
(a)
12 T T T T T
States + Sensor Errors
Satellite Real States
1 = DUKF prediction }
0.8 b
=l
g 06 4
-~

Time (s)
(c)
0.1 b
0.08 b
v 006 q
8
~
= 004 1
0.02 N
0 1
0 10 20 30 40 50 60
Time (s)
(e)

Acta Astronautica 226 (2025) 71-86

States + Sensor Errors
Satellite Real States.
= DUKF prediction

0 10 20 30 40 50 60
Time (s)

(®)

States + Sensor Errors.
Satelite Real States
= = = Filter Kalman

3 f (rad/s)

Time (s)

(d)

States + Sensor Errors
Satellite Real States
Filter Kalman

'3 (rad/s)

0 10 20 30 40 50 60
Time (s)

(f)

Fig. 12. Attitude predictions for Case 2, under the applied torque presented in Fig. 7.

Then, the correction of the predicted values are applied using the
Kalman gain, K, = Px,y,kPil,k’ which corrects the predicted states using
a linear combination of the differences between the true and predicted
measurements. This gain is then used to calculate the updated state and
covariance:

X =%, + Ky = 7)),
- T
=P Ky Py, K, -

xk

(22)

The procedure for updating the model parameterisation, 6, is compara-
ble to that for the state model. The two UKFs, for the state and the
parameters, iteratively feed into one another during each step; this
procedure is outlined in Fig. 6. The updated parameters are used for the
prediction of the states, which are then used to predict the subsequent
measurement of the parameters. This interconnectedness enables us to
improve the state correction and parameter calculation based on the
measured responses inputted from the sensors measuring the attitude
states and panel vibrations. Data from the actuators is also used in the
DUKEF for the estimation of the states.
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5. Results

To assess the ability of these two methods to capture and control
the combined satellite dynamics, we have designed two case studies:

* Case 1: Mischaracterised initial moment of inertia. In the first case,
the model is initialised with an incorrect value for I ;, to explore
its ability to correctly identify this parameter based on the mea-
sured data. In this study, the value of I, is varied by increments
of 10%, though the observations are generalisable to the full
matrix. The initial values of I,, and I3 are 5% above the true
value to mimic scenarios in which terrestrial system identification
is insufficient.

Case 2: Time-varying moment of inertia. To mimic the changes in
inertia that occur as fuel is utilised by the thrusters, the moment
of inertia decays with time. Therefore, this case tests the ability
of the methods to adaptively characterise and control the system.
In this study, the fuel is assumed to be placed centrally around
the centre of mass of the rigid body so that the centre of mass
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Fig. 13. Inertia predictions for the flexible appendage in Case 2, under the applied
torque presented in Fig. 7. The true values are shown in red. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Fig. 14. Time history of the three-dimensional torque applied in Case 2.

does not require recalculation at each time step, though this can
easily be added.

5.1. Case 1: Mischaracterised initial moment of inertia

As discussed above, Case 1 aims to investigate the ability of the
DUKF approach to make in-orbit corrections to the predicted inertia
properties, system based on sensor data. To actuate the system (and
hence facilitate system identification through the DUKF algorithm), a
three-dimensional, time-varying torque is applied; this is presented in
Fig. 7. The predictions of the DUKF algorithm when the inertia proper-
ties are correctly tuned are presented in Fig. 8. It can be observed here
that the predictions of both attitude and its derivative are very accurate.
The structural vibrations of the first five sensor modes are displayed
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in Fig. 9, and the prediction is again shown to be accurate, with the
predictions converging within a very small number of iterations.

The ability to accurately capture the system dynamics during or-
bit is dependent on the accuracy with which the inertial proper-
ties are captured. In particular, for robust application, the DUKF
algorithm proposed must be able to correct errors in the character-
isation of these properties in real time. Therefore, to simulate the
scenario in which the initial characterisation of these properties is
incorrect, the initial prediction of I;; is perturbed by errors e =
{+£10%, £20%, +30%, +40%, +50%}. The time history predictions made
by the DUKF algorithm for 6, and the diagonal (nonzero) values of the
moment of inertia matrix are presented in Figs. 10 and 11, respectively.
Note that the other components of the attitude time histories presented
in Fig. 8, as well as the displacement time histories in Fig. 9 are not
repeated as their accuracy was unaffected by the imposed error.

In Fig. 10, it can be observed that the dynamics of 6, are generally
well captured by the DUKF algorithm, though there is a noticeable drift
from the true solution with time that increases with the error level.
Although somewhat concerning, it should be noted that the errors in
the initial value of I, ; are specifically selected to be greater than those
that should be expected if proper modelling procedures are followed.

From Fig. 11, it can be noted that the predicted value of I, ; does not
change when there is no torque is applied to the system. However, once
a torque is applied (at t = 2 s), the DUKF algorithm rapidly converges to
an accurate value. Beyond this initial convergence, it can be observed
that the system continues to update and correct the moment of inertia
matrix as the applied torque changes. Further, the predicted values of
I,, and I5 5 are invariant to the incorrect value of I, ;. Across all three
cases, the predicted values are not updated once the torque is set to
zero, implying that the system will update its system identification as
manoeuvres or other perturbations are applied.

The errors in the converged predictions for the moment of inertia
matrix are presented in Table 3. It should be noted that the per-
centage error is below 1% across all three axis, which represents an
improvement by an order of magnitude from previous in-orbit inertia
identification strategies based on Kalman filters [49], suggesting a
tangible benefit to the dual UKF strategy developed here.

5.2. Case 2: Time-varying moment of inertia

Case 2 aims to assess the ability of the DUKF algorithm to update the
system identification when the mass and structural properties changes
with time. It is important that any changes to the system can be
accurately accounted for in both the system identification and control.
For example, if the thrusters are used, fuel is spent, meaning that the
mass of the rigid body — and hence the system properties that depend
on mass — changes with time. To simulate these changes, the mass of the
system in Case 2 decays at a rate of 1 kg/s. This is, of course, a highly
exaggerated rate, but it allow the capabilities of the methodology to
be assessed within a much shorter time frame. For the purposes of
simplicity, the position of the fuel tank is assumed to be central, so
that the centre of mass remains constant. In practice, this may not be
the case, but the methodology can easily be adapted so that both the
moment of inertia and centre of mass are recalculated at each time step.

The natural progression from Case 1 is to excite the system using the
same torque presented in Fig. 7. While the attitude (Fig. 12) and struc-
tural dynamics were again captured accurately by the DUKF approach,
the inertia predictions presented in Fig. 13 showed significant errors.
Similarly to Case 1, the moment of inertia values are only updated
when a torque is actively applied, and it can again be observed that
the predicted value plateaus once the torque is no longer applied.
Fig. 13 further demonstrates that an accurate update to the value of
each I, , only occurs when the torque is applied in the corresponding
axis. To explore this phenomenon further, an extended, alternating
torque — presented in Fig. 14 — is applied to the satellite. The predic-
tions for the system attitude and structural dynamics are presented in
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Fig. 15. Attitude

Figs. 15 and 16, respectively, in which both are well captured. It should
be noted that some of the higher frequency vibrations in Fig. 16 are
slightly averaged, though this has not proven detrimental to the overall
system identification.

In Fig. 17, the predictions of the diagonal values of the moment
of inertia matrix are presented. In this figure, the deviation of the
predicted moment of inertia values remain significantly closer to the
true values, despite the exaggerated mass decay rate. In practice, when
fuel is used and the mass changes as a result, the rate will be much
lower, so the need for continuous torques will not be necessary and
those applied by the AOCS will likely maintain an “acceptable” error
in the inertia prediction, or one that can be easily remedied through
small manoeuvres.

6. Conclusions
This paper presented a novel in-orbit system identification strategy

for a small satellite, based on the application of a dual Unscented
Kalman filter algorithm. The full system dynamics were derived based

predictions for
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on a Lagrangian approach, which combines the system attitude and
orbit dynamics with a structural model developed using the MSC
Nastran FE software package. This software was used to derive the
structural properties, so that they can be directly implemented in the
analytical system dynamics without the need for temporal simulation.
The accuracy of this approach was validated using the MSC Adams
multibody dynamics software.

The state of the system is measured using three sensors, namely
sun sensors, gyroscopes, and accelerometers. The optimal position for
the accelerometers is defined through an improved adaptive genetic
algorithm, based on the principles of structural health monitoring
and the application of the modal assurance criterion. The efficacy of
this strategy was demonstrated as the sensors were correctly placed
away from the stationary points of the lower-frequency modes, and
close to the solar panel edges, which will likely encounter the largest
amplitudes of vibration.

The DUKF-based system identification strategy utilises two separate
Unscented Kalman filters: one for the system state, the other for the
parameterisation. This strategy allows for the continuous identification
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reader is referred to the web version of this article.)

of the system. The accuracy of this approach was investigated using two
distinct cases. In the first of these, the initial prediction of the moment
of inertia matrix is intentionally chosen to be inaccurate, to mimic the
scenario in which it is not possible to fully capture the exact values. The
DUKF approach was able to converge upon an accurate value for I
(error less than 1%) within 2 s of simulated time, though only once a
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torque was applied. Further, the predicted values consistently returned
to accurate values when perturbation were introduced through changes
in the torque.

The second case aimed to assess the ability of the DUKF algorithm
to update the values of the inertia matrix in the case these change with
time, such as in the expenditure of fuel during thruster manoeuvres. To
explore this, a highly exaggerated decay rate was applied to the system
mass. We showed that updates to the predicted mass properties is only
possible when an external perturbation, such as a torque, is applied
to the system. This extreme case was further investigated through an
active torque applied across the full time history, which demonstrated
a significant increase in the predictions of the mass properties. Finally,
it was concluded that, when this DUKF algorithm is applied in practice,
it is highly likely that the inputs of the AOCS will be sufficient for an
acceptable level of accuracy to be maintained during in-orbit operation.
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Appendix A. Flexible appendage mode shapes

In this section, the mode shapes corresponding to the first six
natural frequencies are presented. Note that, due to the symmetry of
the system, there are two mode shapes for each natural frequency, one
for each solar panel. For Modes 3, 4, and 6, the stationary points are
marked with a red circle (see Figs. 18-23).

Appendix B. Flexible appendage mode shapes

To simplify the following derivation of the dynamic equations, the
following mass-dependence parameters are introduced:

M=/ pdV,

v

pz/dpdV,
v

Nm
f) =p+ Z AkAm’
m=1

Ay =/ bypdV,
|4

(23)
r, =/ d x ¢y pdV,
14
Nm Nm
i =/(de —dd"pdV = T+ ) LA+ Y LBraA,,
14 m=1 k,m=1

Nm
Jk _ 1k ki
=r+2) 1",

m=1
2= [ by xpupav.
14

In Eq. (23), I, I}, and I, denote the moment of inertia, and its first and
second variations, respectively.
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Fig. 18. Mode 1: first bending mode.

Fig. 19. Mode 2: first torsional mode.

Fig. 20. Mode 3: second bending mode.
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Fig. 21. Mode 4: third bending mode.

Fig. 22. Mode 5: second torsional mode.

Fig. 23. Mode 6: fourth bending mode.
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