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Abstract

This study focuses on estimating the attitude angles of a nanosatellite using vector measurements from onboard magnetometers and
sun sensors. The estimation scheme employs a nontraditional filtering approach that relies solely on a kinematic model propagated with
gyroscope and magnetometer data. The overall process consists of two main stages. In the first stage, attitude measurements are obtained
using a single frame method based on singular value decomposition (SVD). In the second stage, these measurements are fused within an
Extended Kalman Filter (EKF) that incorporates a linearized attitude model together with nonlinear magnetometer observations. Inte-
grating these two stages yields a unified estimation scheme, referred to as the SVD Aided EKF, which enables accurate, simultaneous
estimation of attitude angles as well as gyroscope and magnetometer biases. To detect attitude sensor faults, this study proposes fault
detection statistics based on the central Wishart matrix whose diagonal elements are obtained from the components of the innovation
vector. The proposed innovation-based fault detection algorithm was applied to the SVD-Aided EKF attitude estimation system to
detect nanosatellite attitude sensor faults.
© 2026 COSPAR. Published by Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar
technologies.
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1. Introduction

The orientation of a satellite can be estimated using Kal-
man filtering techniques by combining body-frame mea-
surements with known reference vectors. Conventional
approaches for estimating a satellite’s attitude angles and
angular rates within an Extended Kalman Filter (EKF)
or an Unscented Kalman Filter (UKF) framework typi-
cally rely on nonlinear vector observations, as the measure-
ment models are inherently nonlinear (Lefferts et al., 1982,
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Markley et al., 2005; Crassidis et al., 2007; Hajiyev and
Soken, 2014; Kramlikh et al., 2023). Alternatively, linear
measurement-based methods use attitude estimates
obtained through single-frame attitude determination tech-
niques (Cilden-Guler et al., 2017). These techniques calcu-
late the attitude independently at each time step using
vector observations and are then incorporated into the
Kalman filter as direct measurement inputs (Hajiyev and
Bahar, 2003; Hajiyev and Cilden, 2016; Hajiyev et al.,
2016; Soken and Sakai, 2019; Hajiyev and Cilden-Guler,
2021; Boussadia et al., 2022; Mmopelwaet al., 2023). Hav-
ing state measurements directly from the single-frame
method makes the measurement model linear. Filters
employing this method are often referred to as single-
frame method-aided filters.
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To propagate the satellite’s orientation within the filter,
either a kinematic model alone or a combination of kine-
matic and dynamic models can be employed. However,
dynamics-based models often introduce modeling errors,
particularly due to uncertainties in parameters such as
the satellite’s inertia matrix (Crassidis et al., 2007). This
limitation has led to the development of algorithms that
rely solely on kinematics, thereby avoiding errors linked
to uncertain dynamics.

There are two principal strategies for satellite attitude
and angular rate estimation: (i) approaches based solely
on kinematic equations, and (ii) approaches that incorpo-
rate both kinematic and dynamic equations. Replacing a
gyro-driven propagation model with one based on rota-
tional dynamics enables the removal of onboard gyro-
scopes, but this substitution requires an accurate and
reliable dynamics model. The study in (Cilden-Guler and
Hajiyev, 2023) explores this trade-off by analyzing the
threshold of uncertainty in the satellite’s mass moment of
inertia beyond which the benefits of using a dynamics-
based model diminish.

In this context, we present a single-frame method-aided
filtering approach that operates with both kinematic-only
and combined kinematic-dynamic models. The method is
particularly suitable for small satellites, where the accuracy
of the inertia matrix may degrade over time. Simulation
results demonstrate that when there is no uncertainty in
the inertia matrix, the combined model offers superior esti-
mation of gyro biases. However, as uncertainties increase—
particularly beyond a 3% deviation in the principal
moments of inertia—the purely kinematics-based filter
achieves better performance. Therefore, for small satellite
missions where inertia uncertainties are expected to evolve
over time, kinematics-only attitude estimation provides a
more robust and reliable solution by mitigating the impact
of uncertain dynamic parameters.

Satellite attitude estimation based solely on kinematics
using angular rate gyroscopes and vector measurements is
presented in (Cilden-Guler and Hajiyev, 2023; Zhang
et al., 2020; Liu et al., 2022). In these studies, satellite atti-
tude angles or quaternions, as well as rate gyro biases, are
estimated based on the EKF or multiplicative extended Kal-
man filter (MEKF). Orbital calibration of attitude sensors
and fault detection/isolation issues were not addressed in
these publications. To successfully complete a space mis-
sion, it is important to quickly detect the attitude sensor
faults in real time. With the aid of Kalman filter innovations,
flaws in dynamical systems can be identified and detected.
The pioneering research in this field can be traced to the
methodology proposed in (Mehra and Peschon, 1971).

When the system is functioning normally, the normal-
ized innovation sequence of the Kalman filter has the char-
acteristic of being Gaussian white noise with a unit
covariance matrix and zero mean. The faults in the system
alter the characteristics of the normalized innovation
sequence. Methods for testing the conformity of an innova-
tion sequence to white noise and for identifying changes in
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its expectation are based on traditional statistical methods
(Mehra and Peschon, 1971). Testing the innovation covari-
ance matrix of a Kalman filter in real time has proven to be
a challenging and underdeveloped problem because deter-
mining the confidence region for a random matrix is diffi-
cult. In practice, one uses a scalar measure of this matrix,
such as the trace (Mehra and Peschon, 1971), sum of the
matrix elements (Hajiyev, 2010, 2014), determinant
(Gordon, 1989; Gadzhiyev, 1994), matrix eigenvalues
(Gadzhiyev, 1996; Hajiyev, 2010), etc.

In this study, attitude estimation, in-orbit calibration of
attitude sensors and fault detection issues are addressed
together using only kinematic relations. We propose a
single-frame method-aided filter that relies fully on the
kinematic model, omitting the use of satellite dynamics,
making it well-suited for nanosatellite applications. The
singular value decomposition (SVD) method was used as
a single frame method to determine the satellite attitude
using magnetometer and sun sensor measurements. In the
filter called SVD-Aided EKF, the SVD-derived attitude
angles are taken as input measurements in the EKF. The
SVD-Aided EKF concurrently estimates the attitude
angles, as well as the biases of the gyroscope and magne-
tometer. To detect sensor faults, this study proposes fault
detection statistics based on the central Wishart matrix
derived from the innovations of the SVD-Aided EKF.
The proposed innovation-based sensor fault detection
algorithm was applied to the attitude estimation system
to detect the faults of attitude sensors.

2. Mathematical models
2.1. Attitude kinematics

The kinematic equations can be written using Euler
angles as follows (Wertz, 2002):

¢ L s(@)0)  <(9)i(0) | [p
0]=10 <o) =s(o) |4} (1)
U 0 s(¢)/c(0) c(¢)/c(0)] Lr

where ¢(-), s(-) and #(-) are the cosine, sine and tangent
functions, ¢, 0,y are the yaw, pitch, and roll angles respec-
tively, and p, ¢, r are the components of the wg; vector of
the body frame with respect to the reference frame.

2.2. Gyro measurement model

The rate gyro measurements can be modelled as,
wg1, (J) = wp1(j) + 1, (/) + be () (2)

where g (j) = [c(j) @,(j) o.(j)]" is the angular
velocity vector of the body frame with respect to the
inertial frame, b,(/) is the gyro bias vector and n,(;) is
the normally distributed white noise with zero mean and
variance,
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E|n,(/inf (6)] = Laa2o(jk), (3)

where /3,3 is the identity matrix with the dimension of
3 x 3,0(jk) is the Kronecker delta function, g, is the stan-
dard deviation of the rate gyro error. The gyro bias

by(j) = [be. () be (J) by, (j)]T characteristic is:
be(j+ 1) = be(j) +m(J) x At 4)

where #1,(j) is the normally distributed white noise with
zero mean and variance,

E[n,(j)n (k)] = 13x30§b5(jk)7

where o, is the standard deviation of the gyro biases.

(5)

2.3. Magnetometer measurement model

The satellite’s three onboard magnetometers measure
the components of the Earth’s magnetic field vector in
the body frame. The general measurement model can be
defined as;

By ()) Box())
B, (/) B.:(j)

where, B, (j),B,,(j) and B,.(j) are the Earth geomagnetic
field direction cosines in the orbit frame, B,.(j),Bm, ()
and B,,.(j) are the measured Earth geomagnetic field direc-
tion cosines in the body frame, b,(j) is the magnetometer
bias vector as bu(j) = [buw,(J) bm,()) bmz(j)]r and
,(j) 1s the zero mean Gaussian white noise with the
covariance matrix of

E [, (), (k)] = I330,,0(jk) = Ru()) (7)

where g, is the standard deviation of the magnetometer

error. The characteristic of magnetometer biases
bm(j) = [bnzx(j) bmv(j) bmz(j)]T is given as,
bu(j+1) = bm(j) +my(j) x At (8)

where 1,(j) is the normally distributed white noise with
zero mean and variance,

E[ny(j)nh (k)] = Is30,,0(jk), 9)

where o,, is the standard deviation of the magnetometer
biases.

2.4. Sun sensor measurement model

The unit sun direction vector in the Earth-Centered
Inertial (ECI) frame can be computed using a linear model
based on the sun’s ecliptic longitude (Crassidis et al., 2007).
After completing the transformation of the sun’s unit
direction vector from the ECI frame to the orbital frame,
the model for the sun sensor measurements can be
expressed as follows:
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where, S,(/) is the sun direction vector in the orbit frame
and S,(j) are the sensor observations in the body frame
that are distorted by #,(j), zero mean Gaussian white
noise, which has the property of

En,(j)n{ (k)] = Lsa;d(jk). (11)

where o, is the standard deviation of the sun sensor mea-
surement noise.

3. Single-frame attitude determination method

For the single-frame attitude determination method, the
Singular Value Decomposition (SVD) approach was
employed (Markley and Mortari, 2000). Since the SVD
method is faster than the g-method and more robust than
other faster methods such as FOAM (Fast Optimal Atti-
tude Matrix) and ESOQ (EStimator of the Optimal
Quaternion), it is considered an efficient single-frame
method in the literature (Markley and Mortari, 2000;
Cilden-Guler et al., 2017).

The loss is caused by the divergence of the measure-
ments from the corresponding reference models

L(A) = % Za,»|b,- —Ar’ (12)
B= Zal-b,-rl.r (13)
L(4) = a;—tr(4B") (14)

where b, is the measurement vector, r; is the reference vec-
tor, a; is the non-negative weight.

B = USVT = Udiag([S1]S22S33])VT (15)
Aoy = Udiag[1 1 det(U)det(V) V" (16)
According to SVD, the U and ¥ matrices are left and right
orthogonal matrices. They use the principal singular values
(S11, S», S33) to express the matrix B. The attitude matrix

Ao can be used to determine the Euler angle values. The
attitude angle estimation errors’ covariance matrix is

(s1+s5) ' JU"
(17)

Pop = Udiag | (sy +s3)"" (53 +s1)"

where N S11 Sy, = S22 S3 = det(U) det(V)S33.

4. SVD-aided EKF for attitude estimation

Gyroscopes, magnetometers and sun sensors are used as
the attitude and rate sensors in this study. By using Earth’s
magnetic field and sun direction vectors in the SVD sub
step, attitude angle measurements Z,(j), Zo(j), Z,(j)
and the covariance matrix of measurement noise Pgyp are
obtained. The Euler angle measurements can be written
as [6],
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Zy(j) = d() + ve())
Zy(j) = 0()) + vo()) (18)
Zy(j) = () + vy ()

where v(y(k) is the measurement noise of the attitude
angles. We can call the SVD measurements as
Z,() = Z4(j) Zo(j) Zy(j)]". The gyro measurements
described in (2) can be expressed as Z,(j) = wgy, (). The

m

magnetometer measurements described in (6) can be writ-
ten as Z3(j) = [Bu(j) Buy(J) Bm(j)]". Z1(j) represents
the measurements from SVD using the magnetometer
and sun sensor measurements.

The augmented state vector in this case is

()= [80) 00) WG) beli) bol) be() bul) bu() bu()]"
(19)

The Kalman filter uses only kinematics and measurements
Z(j) = [Z1(j) Zs(j)]" for attitude estimation and calibra-
tion of attitude sensors. This indicates that the attitude
measurements from SVD Z;(j) and magnetometer mea-
surements Z3(j) make up the measurement input vector.
Consequently, the measurement vector Z(j) consists of
the output signals of the SVD and the nonlinear measure-
ments of the magnetometers and can be written as follows:

Z())=126() Zo() Zy() Bw(i) Bw() Bu(N]
(20)
The corrected (bias eliminated) rate gyro measurements
can be determined from the rate gyroscope measurements
as Z5"(j) = Z(j) — bg(j — 1) where by(j — 1) is the esti-
mated gyro bias vector by the filter. In this case, the covari-

ance matrix of the corrected gyroscope measurement noise
will be determined as follows:

‘75' + Var (Bg) 0 0
E[n, Gt ()] = 0 ot + var(by,) 0
0 0 os + Var(lA)g:>

(21)

Here Var(b ) Var (b y) and Var(Egz) are the variances

of gyroscope bias estimation errors. After this procedure,
the bias-free rate gyro measurements are fed back into
the kinematics model which is also used in the SVD-
Aided EKF.

Below, an SVD-Aided EKF algorithm is presented to
estimate rotational motion parameters and attitude sensor
biases, based on the defined system (1) and measurement
vector (20).

The corrected (bias eliminated) magnetometer measure-
ments can be represented from the magnetometer measure-
ments as Z$” (j) = Z3(j) — bu(j — 1) where b,,(j — 1) is the
estimated magnetometer bias vector by the filter. In this
case, the corrected covariance matrix of the magnetometer
measurement noise is written in the following form:
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a2+ Var(i)m\) 0 0

0 0

Eln, () ()] = R = 73 + Var (b, )

0 0 a2 + Var (l;,,,: )

(22)

Here Var(lamx), Var(iymy),Var(l;mZ) are the variances of

magnetometer bias estimation errors. The bias-free magne-
tometer measurements and the covariance matrix of the
magnetometer measurement noise are then fed back into
the SVD algorithm and measurement update part of EKF.

The discrete-time nonlinear state space model is used to
formulate the satellite’s rotational motion about its mass
center

x(j+1)

= x(J)HW(/
:| |: Hlx()—i—vl
D]+ 6w () + 1,(J)

where f [ ] and A[-] are the nonlinear kinematic and magne-
tometer measurement functions respectively, w(j) is zero
mean Gaussian noise with covariance Q(j), Z(j) is the 6-
dimensional measurement vector, v, (/) is zero mean Gaus-
sian noise with covariance Pgip(j), #,,(j) is the zero-mean
Gaussian noise with covariance (22), H; is the measure-
ment matrix corresponding to the linear measurements
(18) and can be expressed as,

(23)

(24)

1 00000O0O0 O
H=[0 10000000 (25)
001000000

It is assumed that both noise vectors w(j) and
v(j) = [v1(j) n,(j)]" are uncorrelated with zero mean.

The filter algorithm is formulated based on the system
kinematics described in Eq. (1) and the measurement model
defined in Egs. (18) and (6). The prediction and update
steps follow the standard Extended Kalman Filter (EKF)
framework, incorporating necessary linearization and
approximations. In this unconventional EKF structure,
called SVD-Aided EKF, the satellite’s rotational motion
parameters and the attitude sensor biases are jointly esti-
mated. The estimation process is carried out through a
sequence of steps that utilize both the system model and
the SVD-based attitude measurements, ensuring accurate
and consistent state updates. The estimated value is found
as,

e ) ) Zi(j+1) Hix(j+1/))
0 =se s 0 [0 L, S )
(26)
The extrapolation value can be determined as,
X+ 1/)) = F1x())] (27)

The filter gain of the EKF is,

-1

K(j+1) = TG+ 1D +RG+1D)]

(28)

PG+ 1/HHT(j+ V)[H(+ VP + 1/)H
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where H(j+ 1) is the 6 x 9 system measurement matrix

Hi;3x9)
H(j+1)= (6h[fc<j+1//>]) (29)
G ) (3x9)

(ah[f((m/m

ox(j+1/j)
ment function with respect to the states X(j+ 1//), R is
the covariance matrix of the SVD-Aided EKF measure-
ment noise

) is the 3 x 9 partial derivatives of the measure-

P 034
_ { s U3 3} (30)
033 R
The covariance matrix of the extrapolation error is,
. L O] L, ., OFTRG .
pG 170 =5 2 o0 61)

The covariance matrix of the estimation error is,
P(j+1/j+1)=[I—-K(+DH(+DIP(j+1/j)  (32)

The expressions (26)—(32) define the proposed SVD-
Aided EKF for estimating the nanosatellite orientation
angles and the gyroscope and magnetometer biases.

The structure of the entire algorithm using only the
kinematic model is shown in Fig. 1. As can be seen, the
biases of the gyro and magnetometer measurements are fil-
tered out using the SVD-Aided EKF estimates. The bias-
free rate gyro measurements are then fed back into the
EKF prediction stage. The bias-free magnetometer mea-
surements and the corrected noise covariance matrix of
the magnetometer measurements are fed back into the
SVD algorithm and measurement update stage of the Kal-
man filter, ensuring consistency and accuracy throughout
the estimation process.

5. Sensor fault detection based on the trace of a Wishart
matrix

If the system is working properly, then the innovation
sequence of the EKF

Advances in Space Research 77 (2026) 9382-9400
L [ TZ0) Hix(j/j—1)
A(j) = N S
Z5()) hx(i/j = D]+ bu())
is white Gaussian noise with zero mean and covariance
Pa(j) = H()P(j/HH" (j) + R(j) (34)

In the absence of measurement faults, the innovation
sequence (33) will be zero mean Gaussian white noise

(33)

A(j) ~ Ns(0,Pa(j)) (35)

Here, s denotes the dimension of the innovation sequence.
During normal operation of the measurement channels,

A(k + 1) normalized innovation sequence of EKF
A(k) = [Pa(k)] A k)
= [H(k)P(k/k — DH (k) + R(k)] "> A(k) (36)

will satisfy the normal distribution N(0,1) (Mehra and
Peschon, 1971).

To identify sensor faults, a method based on the Wishart
matrix trace is suggested. Two hypotheses are tested:

7o : fault free
7, + with sensor fault

It is proposed to use the normalized innovation sample
covariance matrix Sx(j) to detect sensor faults.

S =g Y AmA'®) (7)

where M is the number of realizations used (the width of
the “sliding window™).
The random matrix

AG) = (M- 13G) = S AWA () (38)

k=j—M+1

[ Magnetic Field Model J

, >

SVD Method

[ Sun Direction Model J

Ephemeris Data

=

Orbit Propagation

[ Magnetometer

. *
A

Prediction Stage >

————> Attitude Estimations
» Magnetometer Bias Estimations

Update Stage

Sun Sensor

Extended Kalman Filter

» Gyro Bias Estimations

[ Rate Gyros

./

Fig. 1. SVD-Aided EKF method structure.
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has a central Wishart distribution with n = M — 1 degrees
of freedom. Consequently, the following expression can
be written (Hajiyev, 2010)

Real-time testing of the Wishart matrix (38) is challenging
due to the difficulty of determining the confidence domain
of a random matrix. The trace, sum of matrix components,
determinant, matrix eigenvalues, and other scalar measures
of this matrix are used in practice. The diagonal elements
of the random central Wishart matrix (38) can be tested
using the technique described in this work. The fault detec-
tion statistic is based on the diagonal elements of the cen-
tral Wishart matrix;

(40)

2 2

HCED RS N (5]

(41)

diag(A4())) = [ 1, 1A

(42)

(1)

For A; ~ N (0, 0;) the following expression can be written:

() = (M = Dal(), (i=1.5)

where 67() is the sample variance of the normalized inno-
vation. This statistic, which is the ratio of the sample and
theoretical normalized innovation variances 67 /a2, can be
used to verify the variances of one-dimensional normalized

(43)

innovations K,-, (i = 175). For Z,- ~ N(0,0;), we can write

4i(J)
a2

1

~ 112\4717 Vi,i=1,s

(44)

where y3, | is the y’—distribution with (M — 1) degrees of
freedom. For the normalized innovations the theoretical

variances ¢? = 1, (i = ljs), then the formula (44) can be

rewritten in the following form:
(45)

Decision making for detection of sensor faults: According to
the introduced hypothesis, y, and y, the decision rule for
sensor fault detection can be written as follows:

Ai(j) ~ 23y iy i = 1s

Yo :Aii(j) < X%—a@,M—lvz’v i= 17S (46)

7 Ai() > gy Ji 1€ Ls (47)
When a fault affecting the variance of the normalized inno-
vation occurs in the system, the statistics 4;(j), (i = l,s)

exceeds the threshold value z;_, ,,_, depending on the level
of significance « and the degrees of freedom (M — 1).
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6. Analysis and results

In this study, we considered a nanosatellite with mass
moment of inertia J = diag([2.1 x 107 2.0x 107°1.9x

107]) kg.m? having a magnetometer, sun sensor and gyro-
scope as attitude and rate sensors. The nanosatellite states
and gyro and magnetometer biases are estimated without using
the dynamics of the satellite’s rotational motion in the filter.

In the case of a single-channel magnetometer fault,
SVD-Aided EKF estimates will be distorted, and conse-
quently, magnetometer bias estimates will also be distorted.
As can be seen from the structure diagram presented in
Fig. 1, in this case all magnetometer channels will give
faulty results, and it is not possible to determine which
channel is more abnormal than the others. Therefore, in
the structure shown in Fig. 1, fault isolation of sensor com-
ponents (X-axis, Y-axis or Z-axis) cannot be performed
using the proposed fault detection statistics.

Note that a reasonable choice of the width of the “slid-
ing window” M 1is associated with the need to conduct a
large volume of mathematical modeling. Too large a value
of M leads to smoothing out the effects caused by faults or
malfunctions in the system, too small — to an increase in
the probability of false alarms. In the literature, the recom-
mended value of M is in the range from 15 to 30. The width
of the sliding window M in this study is taken to be 20. The
level of significance is taken to be o = 0, 05.

6.1. Scenario 1: Estimation of attitude angles and rate gyro
and magnetometer biases

Fig. 2 represents the estimation results of attitude angles
by SVD-Aided EKF. As can be seen, the estimates are very
close to the actual values. Figs. 3 and 4 show the errors in
estimating the gyroscope bias and the variance of the errors
over time. It is concluded that SVD-Aided EKF can accu-
rately estimate the attitude angles and the bias of gyro-
scopes using only kinematic relations.

Corrected rate gyroscope measurements can be deter-
mined by subtracting the gyroscope bias estimates from
the rate gyroscope measurements
25 (k) = Za(k) — by(k — 1) = o, (K) — by (k= 1) (48)
A comparison of the corrected rate gyro measurements
with their actual values is shown in the graphs presented
in Fig. 5. As can be seen, the corrected rate gyro measure-
ments are very close to the actual values.

The variances of the corrected rate gyroscope measure-
ment errors, calculated using formula (21), are shown in
Fig. 6. As can be scen, the variances are not constant
and change depending on the accuracy of the rate gyro bias
estimate. Figs. 7 and 8 show the errors in estimating the
magnetometer bias and the error variance.

As can be seen, the proposed method is able to accurately
estimate magnetometer biases using only kinematic relations.
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Fig. 2. Attitude angles estimation results by SVD-aided EKF.
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Fig. 3. Gyroscope bias estimation results by SVD-aided EKF.
Root mean square errors (RMSE) of attitude angle, The RMSE results show that the proposed SVD-aided

angular velocity, rate gyro bias and magnetometer bias = EKF method provides reasonably good estimates of attitude
estimates obtained using the proposed SVD-aided EKF angles and angular rates, as well as calibration of gyro and
algorithm are given in Table 1. magnetometer biases.
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Fig. 4. Variances of gyroscope bias estimation errors by SVD-aided EKF.
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6.2. Scenario 2: Magnetometer measurement noise to detect a faulty attitude sensor. The measurement noise

increment

increment in the magnetometer measurements is simulated
by multiplying the standard deviations of the X-axis magne-

The proposed sensor fault detection algorithm based on  tometer measurement noise by a constant number during the
the diagonal elements of the central Wishart matrix is used interval 2000-4000 s.
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Fig. 7. Magnetometer bias estimation results by SVD-aided EKF.

B (k) = AB, (k) + b,,(k) + 56, randn,

The values of the Wishart matrix-based fault detection
statistics (42) corresponding to the X-axis, Y-axis and

(2000 < k < 4000)

(49)

Z-axis magnetometer measurement channels are given in
Fig. 9. As can be seen from the presented graphs, the FD
statistics exceed the threshold value in the faulty interval
(2000—4000 s) of the X-axis magnetometer.
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Fig. 8. Variances of magnetometer bias estimation errors by SVD-aided EKF.

Table 1
RMSE of attitude angle, angular velocity, gyro bias and magnetometer
bias estimates.

Parameter RMSE
¢(deg) 0.5472
O(deg) 0.9734
W(deg) 0.5910
wy(deg/s) 0.0069
o,(deg/s) 0.0068
w,(deg/s) 0.0069
by (deg/s) 0.0288
by, (deg/s) 0.0357
by (deg/s) 0.0227
b, 0.0024
b, 0.0011
b 0.0032

m.

The normalized innovations corresponding to the
B,, B, B, measurement channels are shown in Fig. 10 con-
firm the results of the FD statistics.

The values of the fault detection statistics (42) corre-
sponding to the attitude angles determination channels
are shown in Fig. 11. As can be seen from the presented
graphs, the FD statistics corresponding to the yaw and roll
angle determination channels exceed the threshold value in
the interval of malfunction occurrence (2000-4000 s). In
other words, the increase in measurement noise in the X-
axis magnetometer measurements leads to failure in the
attitude angle determination channels due to the use of
magnetometer measurements in the SVD attitude determi-
nation algorithm.

9391

Wishart matrix-based FD statistic values for the case of
similarly increased measurement noise in the Y-axis mag-
netometer measurements are shown in Fig. 12. As can be
seen from the presented graphs, the FD statistics exceed
the threshold value in the faulty interval (2000-4000 s) of
the Y-axis magnetometer.

The normalized innovations corresponding to the mea-
surement channels By, B, B. shown in Fig. 13 confirm the
results of the FD statistics.

The proposed FD statistic values (42) for the case of
similarly increased measurement noise in the Z-axis magne-
tometer measurements are shown in Fig. 14. As can be seen
from the presented graphs, the FD statistics exceed the
threshold value in the faulty interval (20004000 s) of the
Z-axis magnetometer. According to the above fault detec-
tion decision rule, the magnetometer is considered to be
faulty.

The corresponding normalized innovations presented in
Fig. 15 confirm the detection of the magnetometer fault.

6.3. Scenario 3: Sun sensor measurement noise increment

The measurement noise increment in the sun sensor
measurements is simulated by multiplying the standard
deviations of the Y-axis sun sensor measurement noise by
a constant number during the interval 2000-4000 s.

Sc(k) = AS,x (k) + 200,randn, (2000 < k < 4000)  (50)

The values of the fault detection statistics (42) are given in
Fig. 16. As can be seen from the presented graphs, the FD
statistics corresponding to the pitch and yaw angles
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Fig. 12. Fault detection statistics for Y-axis magnetometer noise increment fault.

measurement channels exceed the threshold value in the because the FD statistics (42) corresponding to the magne-
faulty interval (20004000 s) of the Y-axis sun sensor. tometer measurement channels along the X, Y, and Z axes
On the other hand, the magnetometer fault is not present  are below the threshold.
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Fig. 13. Normalized innovations of magnetometer measurement channels (Y-axis magnetometer noise increment fault case).
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Fig. 15. Normalized innovations of magnetometer measurement channels (Z-axis magnetometer noise increment fault case).
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Fig. 16. Fault detection statistics for Y-axis sun sensor noise increment fault.
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6.4. Scenario 4: Constant bias jumps in magnetometer
measurements

In the 2000-2500 s range, a constant bias jump is added
to the X-axis magnetometer measurements starting from
the 2000th second of the simulation. The values of the
Wishart matrix-based fault detection statistics (42) corre-
sponding to the X-axis, Y-axis and Z-axis magnetometer
measurement channels are presented in Fig. 17. As can
be seen from the presented graphs, the FD statistics exceed
the threshold value in the faulty interval (2000-4000 s) of
the X-axis magnetometer.

As can be seen from the graphs presented in Fig. 17, the
FD statistics exceed the threshold value in the faulty inter-
val (2000-2500 s) of the X-axis magnetometer. Magne-
tometer bias estimation results corresponding to this case
are shown in Fig. 18.

As can be seen from the graphs presented in Fig. 18,
during the faulty interval of the X-axis magnetometer
(2000-2500 s), the bias estimates of all three magnetome-
ters are distorted. However, after the fault is removed,
the bias estimates are corrected by the filter and approxi-
mate the true values.

6.5. Scenario 5: Magnetometer zero output fault

In the fifth measurement malfunction scenario, the mea-
surement fault is defined as the X-axis magnetometer zero

FD statistic

Advances in Space Research 77 (2026) 9382-9400

output between 2000 and 2200th sec. The fault detection
statistics for this case are given in Fig. 19.

The presented graphs in Fig. 19 show that all three FD
statistics exceed the threshold value in the faulty interval of
the X-axis magnetometer (2000-2200 s) and according to
the fault detection decision rule, the magnetometer fault
is detected.

6.6. Scenario 6. Sun sensor zero output fault

In the sixth measurement malfunction scenario, the
measurement fault is defined as the X-axis sun sensor zero
output between 2000 and 2200th sec.

As can be seen from the results presented in Fig. 20, FD
statistic corresponding to roll angle exceeds the threshold
value in the faulty interval of the X-axis sun sensor
(2000-2200 s). In this case, the FD statistics corresponding
to the magnetometers remain below the threshold value;
this corresponds to a sun sensor fault.

6.7. Scenario 7: Double sensor fault

The measurement noise increment in the X-axis magne-
tometer and Y-axis sun sensor measurements was simu-
lated by multiplying the standard deviations of the sensor
measurement noises in the interval 2000-2500 s by a con-
stant number. The fault detection statistics for this case
are given in Figs. 21 and 22, respectively.

100 ‘
B
X
90 - B .
Yy
80 B, .
— — — -threshold
70 .
g 60r T
2
S 50f .
wn
A
~ 40F 4

1000 2000

5000 6000

3000 40

time(s)

Fig. 17. Fault detection statistics for X-axis magnetometer constant bias jump fault.
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Fig. 18. Magnetometer bias estimation results for the case of constant bias jump fault in the X-axis magnetometer.
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Fig. 19. Fault detection statistics for X-axis magnetometer zero output fault.
As can be seen from the presented graphs, all FD statis- 7. Conclusions
tics corresponding to the magnetometers and the FD statis-
tic corresponding to the yaw angle exceed the threshold In this study, nanosatellite attitude estimation, in-orbit

value in the faulty interval (2000-2500 s) of the X-axis calibration of attitude sensors and fault detection issues
magnetometer and the Y-axis sun sensor. are addressed together using only kinematic relations.
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Fig. 21. Fault detection statistics corresponding to magnetometers in the case of double sensor fault.

The study presents a single-frame method-aided filter that
relies solely on the kinematic equations of a nanosatellite,
without the need for a dynamic model. The system inte-
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grates three onboard sensors as magnetometers, sun sen-
sors, and gyroscopes, for attitude and rate estimation.
Attitude angles are computed using a singular value
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Fig. 22. Fault detection statistics corresponding to attitude angles in the case of double sensor fault.

decomposition (SVD)-based method applied to magne-
tometer and sun sensor data, and these estimates serve as
input observations for the proposed SVD-Aided EKF.
The filter simultaneously estimates the satellite’s attitude
and the biases in both the gyroscope and magnetometer
measurements.

The problem of fault detection in attitude sensors, along
with orientation estimation and sensor calibration prob-
lems, is addressed and solved. For attitude sensor fault
detection, the study proposes a method based on the diag-
onal elements of the central Wishart matrix, derived from
the innovations of the SVD-Aided EKF. The results show
that the proposed framework provides accurate attitude
estimation and also provides fault detection capabilities
for attitude sensors for nanosatellite missions.

In the proposed combined framework for nanosatellite
attitude estimation, in-orbit sensor calibration, and atti-
tude sensor fault detection, fault isolation of sensor compo-
nents (X-axis, Y-axis or Z-axis) cannot be performed using
the proposed fault detection statistics. This is a drawback
of the proposed method.

Future work in this area will focus on testing the devel-
oped methods at the hardware level.
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