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NOVEL ACCURATE NANOSATELLITE ATTITUDE ESTIMATION
AND CONTROL ARCHITECTURE BASED ON MAGNETIC DIPOLE
MOMENT AND ACTUATOR FAULT COMPENSATION
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Nanosatellites are increasingly considered an effective alternative to traditional solutions for Earth observation missions from space.
The attitude determination and control system (ADCS) is one of the key subsystems of a nanosatellite, critical for the mission’s success.
This paper investigates the design of an extended Kalman filter (EKF) for a nanosatellite attitude determination along with the
residual magnetic moment and the actuator fault compensation. The proposed architecture relies on a heuristic extended Kalman
filter (HEKF) and adaptive proportional-derivative (APD) controller. The optimized filtering system searches for the best
measurement covariance and process noise matrices to track the best estimation of the attitude and residual magnetic moment
disturbance. Additionally, the APD controller, based on an observer, is designed to cope with uncertainties in actuator failure and
provide reliable attitude control for the nanosatellite. The investigated attitude filtering and control scheme is examined through
numerical simulation to determine whether it offers benefits in terms of performance and convergence behavior.

1. INTRODUCTION

Recently, nanosatellites have carved out their specialized
role in advanced missions because of their small size,
reduced practical cost, and short development period [1]. It
is a common requirement in these advanced missions to meet
strict attitude requirements to obtain scientific data and/or
high-resolution Earth images [2,3]. To fulfill these missions,
one of the key functions is the attitude determination and
control system (ADCS). Whereas, the main encountered
challenges are achieving higher ADCS accuracy with a
minimal number of sensors and actuators [4].

One of the most significant constraints for the design of
the ADCS is the external disturbance torques. In low Earth
orbit nanosatellites, the magnetic dipole moment, referred to
as the residual magnetic moment, represents the foremost
attitude disturbance, which leads to an unfavorable effect on
the attitude control accuracy [S5]. The onboard electric
current loop, a small permanent magnet in some devices, or
some special material on the satellite mainly causes the
magnetic disturbance. It does not strongly depend on the
satellite [6,7]. This disturbance may be compensated on the
ground by a good engineering practice [8,9] or in-orbit with
an active control strategy [6,10]. The on-ground residual
magnetic moment (RMM) mitigation method is based on a
so-called magnetic cleanliness program, which involves
reducing the magnetic sources on each part or subsystem of
the satellite [9]. Although the magnetic disturbances of the
nanosatellite are considerably mitigated by the application of
the on-ground magnetic cleanliness technique, these
disturbances cannot be entirely rejected. Therefore, it is
paramount to apply in-orbit residual magnetic moment
compensation based on filtering methods to get a precise
attitude for the nanosatellite.

The first in orbit RMM compensation method was applied
to the SNAPI nanosatellite by using a Kalman filter to
estimate the magnetic dipole moment, where the estimator
output is partially compensated by magnetorquers [11]. In
[12], the authors proposed two methods for paying the RMM
using an extended Kalman filter (EKF) and an unscented
Kalman filter (UKF) for accurate attitude estimation,
respectively. Soken et al. proposed a method to compensate
for the time-variable magnetic moment, both in-orbit and in
the design phase of the satellites [6,7]. Recently, Soken

proposed an attitude filtering and magnetometer calibration
approach for nanosatellites, utilizing magnetometers, sun
sensors, and gyros [13]. The satellite attitude and bias terms
for the gyros and magnetometers are estimated through a
combined TRIAD-UKF method. Earlier, the performance of
the attitude motion determination algorithm for the
SiriusSat-1 (space weather research nanosatellite) was
presented in [14], where an EKF was applied based on the
magnetometer only to track the magnetometer bias in real-
time. Attitude estimation problems for nanosatellites using
microsensors based on decentralized information fusion are
investigated using MEMS gyroscopes, magnetometers, and
miniature sun sensors [15].

On the other hand, various approaches to nanosatellite
attitude control have been widely explored in the literature,
including linear quadratic regulators and proportional
derivative (PD) controllers [16, 17], among others. In [16], a
linear quadratic controller is used for Virginia Tech
HokieSat to stabilize the orientation of the nanosatellite with
magnetic control. Furthermore, the conventional PD
controller was stated as an adequate way to preserve the
desired attitude performance and has been effectively
implemented due to its fast transient response as well as its
accurate steady-state error [18]. Specially, PD control law
was adopted to adjust the Tian Tuo 1 nanosatellite to the
desired orientation [17].

From the works above, it can be observed that there are
still some challenging issues to be addressed in the design of
the ADCS. First, it is worth noting that some presented
methods are developed based on both a magnetometer and a
sun sensor. The main drawback in the design of these
methods is the unavailability of the sun sensor data in the
satellite’s eclipse phase, which leads to the degradation of
the estimation results. Additionally, the use of multiple
sensors on board the nanosatellite is inappropriate due to the
restrictions on size, cost, and power consumption. To weed
out these constraints, the estimation using only the
magnetometer should receive more attention, as this sensor
is characterized by its lightweight, reliability, and low power
consumption. Furthermore, it is desirable to take into
consideration the magnetic moment disturbance changes,
which is more practical [7]. Unfortunately, this is usually
neglected in most existing works [11]. Additionally, it is
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observed in some aforementioned works that the design of
an effective operational Kalman filter depends largely on the
knowledge accuracy of process covariance and measurement
noise covariance matrices. Wherein, an improper tuning of
these matrices may cause undesired performance and it can
even induce practical divergence. On the other side, the
above-mentioned controllers [16,17] gave satisfactory
results, but they have been adopted under the basic
hypothesis that the actuator faults are not taken in
consideration. Whereas, the unknown actuator uncertainties
are frequently encountered in practical applications due to
harsh space environments, manufacturing imperfections and
wearing out of the mechanical and electrical components of
actuators [19]. These faults may cause significant
degradation of the nominal controller's performance or even
lead to the instability. Hence, it is necessary to handle the
loss-of-effectiveness actuator faults in the attitude controller
design intending to guarantee the desired performance for
the nanosatellite.

Inspired by the previously mentioned woks, this current
paper addresses the problem of the nanosatellite attitude
estimation and control under the effect of time varying RMM
and unknown actuator uncertainties. A heuristic algorithm
based on a particle swarm optimization is proposed to find
the optimal process and measurement noise covariance
matrices for the EKF. Moreover, an adaptive proportional
derivative controller is designed in order to cope with the
actuator uncertainties and keep a stable and an accurate
attitude control of the nanosatellite. The proposed
architecture is able to counteract the impact of those sudden
changes in effective manner.

The reminder of this paper is organized as follows:
nanosatellite model dynamic and problem formulation are
provided in section 2. Heuristic filtering design is given in
section 3. The ADCS design under actuator uncertainty is
presented in section 4. Numerical simulations are given in
section 5. Finally, conclusion is drawn in section 6.

2. PRELIMINARIES AND PROBLEM STATEMENT

This section describes the attitude dynamics equation of the
nanosatellite and magnetometer sensor model [10, 20, 21].

2.1 NANOSATELLITE DYNAMIC MODELLING

A model of the Nanosatellite's attitude dynamics used
along this study is expressed as follows [21]

Io = -0 X (Iw+h)+u+T,; +ug, 1
with
T, =M X B. )

where w is the inertially referenced body angular rate, I is
the satellite inertia, h is the reaction wheel’s angular
momentum, u is the reaction wheel control torque, B is the
earth magnetic field, M is the residual magnetic moment of
the satellite and u; denotes the actual actuator fault.

In this study, we consider a scenario where the RMM
terms are modeled as constant but with unexpected abrupt
changes. The dynamic of the RMM is given by the following
equation:

with the supposition that

M,, ty<t<ty
My, t,<t<t

M@= T @
M, tn St < torp

Here t; are the unknown time instances that a change
occurs within one orbit period t,,,, M; are constant RMM
vectors forj =1, ...n.

Considering the unit quaternion vector defined as q =
(91, 920 95, qu]" = [qu, qu]”

The nanosatellite kinematic differential equation in terms of
quaternion can be expressed as [19, 20]

g =[®]=3a )
q=|4,| = 22@9)0.
with
Lys + [0,
A ) = [l Fla]] ©
Here [q,*] € R3*3 is a skew symmetric matrix
0 —q3 0
[@*1=[a 0 -—a ™
42 G 0

The unit quaternion is also subject to the following
quadratic constraint equation

7 + 4,9, = 1. ®)

2.2 MAGNETOMETER SENSOR MODEL

The measurements model of the magnetometer sensor can
be expressed as [20, 22]

B =A(q)B° +1,. )

where 1), is a vector of Gaussian white noise with zero mean
and covariance matrix 82, B is the geomagnetic field vector
expressed in the orbital coordinate frame, B is the actual
measurement value of the magnetometer and A(q) is attitude
transformation matrix, which is calculated as [10]

Al = (45 — a4,"q,) L33 + 2,7 q, — 2q4[q,*].  (10)

ASSUMPTION 1. The magnetometer is assumed to be
calibrated on-ground before the flight through a calibration
approach.

2.3 RESEARCH PROBLEM STATEMENT

To addresses the problem of the estimation and control of
nanosatellite attitude in presence of time varying RMM and
unknown actuator faults, the following tasks are investigated:
Task 1. Determining the required time-varying RMM
necessary to achieve accurate attitude estimation for a
nanosatellite. Task 2. Enhancing the performance of the EKF
by optimizing its parameters through Particle Swarm
Optimization to achieve more accurate attitude estimation.
Task 3. Compensating unexpected faults in actuators to
maintain the desired attitude control performance. Figure 1
presents the overall block diagram of the attitude filtering and
control architecture for nanosatellite. A HEKF is adopted
based on particle swarm optimization (PSO) algorithm for an
accurate attitude estimation (g, and w), in such away the
RMM M is constantly compensated. Besides, an APD
controller is considered for the purpose of controlling the
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nanosatellite attitude and eliminating the actuator torque fault
influences u;.
Y

Reaction
Wheels

| Nanosatellite
dynamics

HEKF | B
with M

Magnetometer

Fig. 1 — Overall block diagram of attitude filtering and control architecture.

3. ATTITUDE FILTERING DESIGN IN THE
PRESENCE OF RMM EFFECT

3.1 CONVENTIONAL EKF

In this subsection, a conventional EKF algorithm is applied
for nanosatellite attitude and RMM estimation (Task 1). The
suggested filter is capable of estimating and isolating any
unexpected RMM in real time, resulting in accurate attitude
assessment. An algorithm description of the EKF is described
in such a way that the state vector to be estimated is ten
dimensional composed of quaternions, body angular rates and
RMM terms, are specified by

X=[q o M (11)

The EKF algorithm consists of two steps: propagation and
correction cycles, as shown below [23].

Step (1): Propagation cycle
The satellite dynamics states are propagated by numerical
integration using the following equations

_ 1 [tk+1
Qe = qi + Ef A(®) Gy dt. 12)
tk
and
tk+1
(T)k:(/;)k—l—f [1_1(_G)kx(1‘/l\)k+h)+u
tk (13)
- M, x B)|dc.
and
_ N tevr 1
Mk:Mk‘}'f __Mkdt. (14)
ty T
then
X, =[qe ® M]" (15)
The state transition matrix is given by
[0q 9q aq
dq t=ty 0wli=y, OMl—y,
ow w ow
Dy ~ I1gx10 + oq =ty Owle=e, M=y, T,. (16)
om oM oM
aq |, _ ow|, oM| _
L t=ty t=ty t=ty
The predicted error covariance matrix is expressed as
P =&, P ® + Q,. (17)

and @, is the process covariance matrix which is defined as

Q, = diag (QquA, Qui,ss QMx,y_z)' (18)

where Ty = t; 1 — t; is the sampling period and Iy, is the
10%10 dimension identity matrix.

Step-2: Correction cycle
The observation matrix is calculated as follows

[ B o )

dq JOw oM

where €, is the residual term given by
ék = [Ek_Ek]' (20)

with B = A(§)B? is the estimated value of magnetometer.
The corresponding Kalman gain is computed by the
following equation

K, = P HI(H,P.HT +R) . 1)

where R is the measurement noise covariance matrix of
magnetometer sensor. The covariance correction matrix is
obtained by

ﬁk = (I1ox10 — Kka)Fk- (22)

where P, is the corrected error covariance matrix.
The update of the corrected state can be calculated by the
following equation:

Xe=[Q &, M]"=X,+Ké,. (23)

3.2 HEURISTIC ALGORITHM INTEGRATION

PSO algorithm is a population-based search optimization
method developed in 1995 [24-26]. In this work, a heuristic
filtering strategy based on PSO is proposed to find the optimal
Q and R matrices for the EKF. The procedure to dealing with
the optimization problem described in (Task 2) can be
outlined as follows
¢ Objective Function: Minimize a cost function, denoted as J,

which represents the quality of the EKF in terms of its ability
to estimate the state variables of a dynamic system. This cost
function to be minimized for the HEKF can be defined as

tf 4
IEDPICOR

where Eq; is the ith attitude quaternion error, t; is the
attitude stabilization time, ¢; is the end of simulation.

¢ Decision Variables Q and R: The elements of Q and R need
to be optimized and should satisfy certain constraints to
ensure that they are positive definite covariance matrices and
within a feasible range.

Therefore, the optimization problem can be summarized as
finding the optimal values of Q and R using PSO to minimize
the cost function], ultimately leading to an EKF with
improved performance in estimating the state variables of the
nanosatellite dynamic system.

The integration of the PSO algorithm into the conventional
estimator leads to the creation of the HEKF by adhering the
following steps

24)

Step 1: Initialization of PSO parameters
Step 2: Selection of the @, R ranges of the PSO
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Step 3: Initialization of @, R values of the PSO
Step 4: Initialization of estimation error
Step 5: # Optimized EKF #
While (Estimation error > Referential error)
# EKF algorithm #
While (Time < ty)
Initialization x4, Py, T

if Time =0

Input: X, = x, P, = P,
Else

Input: X, = X, P,, = P,
End

RMM suppression eq. (11)
State prediction: eq. (13)
Input: Q, R updated
Error covariance prediction: eq. (14)
Kalman gain: eq. (19)
Update covariance error: eq. (20)
Update state: eq. (21)
End
# End EKF Algorithm #
Calculation of estimation error
Execution of PSO algorithm
Q, R update values
End
# End optimized EKF #
Step 6: Q, R optimal values.

4. ATTITUDE CONTROL DESIGN UNDER
ACTUATOR UNCERTAINTY

The main motivation of employing adaptive attitude control
is to address such uncertainties in system parameters
achieving accurate control. In this study, the RMM couple
acting on the satellite attitude, as modelled in eq. (1), has been
estimated and introduced into the real-time dynamics of the
HEKEF filter. This allows for the resulting dynamics of the
system to be rewritten in an updated form eq. (25), ensuring
that the control system can achieve the desired level of
accuracy even in the presence of actuator uncertainties.

Therefore, the resulting dynamics of the system eq. (1) can
be rewritten as follows,

I® = - X (Iw +h) +u+uy. (25)

where U is the unknown actuator fault.

Accordingly, an adaptive proportional derivative (APD)
control law is proposed to eliminate any unexpected actuator
fault during the satellite attitude tracking as follows (Task
3). Specifically, our control strategy leverages on eq. (25) to
identify and compensate for any actuator faults in real-time,
resulting in improved performance and reliability.

theu = w X (Io + h) — Kq,, — Dw — ;. (26)
with
u, = f C(KHTwdt. 27)

where € = diag[¢1 ¢z €3], with ¢; > 0,i =1,2,3 and D

and K are positive gains.

ASSUMPTION 2. Given that u; is bounded and slow-
varying, thus it is reasonable to assume that iy ~ 0.

THEOREM 1.

Consider the nonlinear uncertain system eq. (5) and eq. (25)
in the presence of unknown actuator fault under Assumption
2. If the adaptive control law eq. (26) is implemented with
actuation faults updated by eq. (27), then the trajectories of the
system asymptotically converge to the equilibrium point.

Proof.
Considering the following positive Lyapunov function

V= %mTK‘lloo + q% + (qse — 1)2 +%C‘1eTe. (28)
From eq (8), we can obtain
V= %mTK‘llw +2(1 — qqe) +%C‘1eTe. 29)
The time derivative of V can be expressed as
V= wTK U6 — 24,, + CteTe. (30)

where e = u; — Uy is the default estimation error, thus Vis
given by
V="K -0 xJo+h)+u+u;]|— 24,
1T, GD
+C e e.
Substituting eq. (26) in eq. (31) yields

V=w'K'[-Kq,, — Do —e] +ql,o+ C'eTe
=-w'q,, —0'K'Dw + 'K 'e + ql, o +

Cctee (32)
=-w'K'Dw + (0K + C1éNe.
According to assumption 2
V=-w'K'Do+ (0K - C1uf)e. (33)
since
i = C(K ) w. (34)
Hence, eq. (33) leads to
V=-w"K'Dw < 0. (35)
Therefore, the semi-negative definiteness of V has

demonstrated the asymptotic stability of the system. This
completes the proof of the THEOREM 1.

5. NUMERICAL SIMULATION

This simulation is done to test the HEKF performance in the
presence of unexpected abrupt changes in RMM. The
estimation accuracy is investigated for a nanosatellite and then
the effects of the filter tuning on the estimation accuracy and
filter’s tracking capability is discussed. The simulation is
performed for t; = 30,000 s. The nanosatellite inertia is
selected as I = diag(1.2,1.2,1.2) Kgm?. The magnetometer
sensor noise is characterized by zero mean Gaussian white
noise with a standard deviation of 0.01 puT. Whereas, we
assume the instantaneous change of the RMM terms is
realized at the 12000th sec as shown in eq. (36).

{M = [0.08 0.03 — 0.05]TAM? 0<t<12000s

. (36
M = [0.11 0.02 — 0.03]TAM? 0 <t <30000s (36)

The applied actuator fault is assumed to be constant, such
thatuy = [3-107* 2-107* —2-107*]"Nm.
Table 1 provides the PSO algorithm's parameters.

Table 1
PSO parameters
Parameters | Value
Number of particles | 20
Number of iterations | 10
Inertia Weight (w) | 0.7298
Acceleration constant (ci=c2) | 1.4961
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Q and R ranges 10711, <Qq<1077-1,
10771, <Q, <1031,
10711, < Qy < 1076 -1,

011, <R<05-1I,
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Fig. 2 — Estimation of the RMM in case of a sudden change.

After the execution of PSO algorithm for RMM and attitude
filtering, the obtained optimal measurement covariance and
process noise matrices are given in Table 2. Note that the
considered errors for the fitness function evaluation of the
PSO are calculated after t; = 28000 s.

o 5000 10000

Table 2
Optimal HEKF parameters

Value
2.6025-107°-1,
9:9949.107%* -1,
1.0490-1078-1,

0.3848 -1,

Parameters

The optimal Q,
The optimal Q.
The optimal Qu
The optimal R

The estimation results of the time varying RMM are shown
in Fig. 2. It is clearly seen that at # =12000 s there is a sudden
change in the level of disturbance. The proposed filter based
on PSO tracks accurately and agilely catch the new value of
the actual magnetic moment disturbance. The estimation
performance of the filter mainly depends on the output of the
PSO optimizer (Q and R matrices).

Figure 3 illustrates the residual magnetic moment
estimation errors by using HEKF estimator. The results
demonstrate a good online RMM estimation both before and
after the sudden change of the actual magnetic dipole
moment (The estimation errors are around 2 - 10~*Am?).

0.12

o o o o
o o oo ©
N X6 & o

o

Residual magnetic moment (Am?)

)
o o
2N

-0.06 . J
o 20000 25000 30000

10000

5000 15000

Time (sec)

Fig. 3 — Residual magnetic moment estimation errors.

A deterministic error metric based on root mean squared
error (RMSE) is evaluated for the RMM and attitude terms
between the 28000 and 30000% seconds. Table 3 shows the
RMSE of the RMM estimation using the HEKF, allowing for
a comparison with the conventional EKF and other existing
estimators in the literature. The RMSE corresponding to the

optimized HEKF is the lowest compared to the other
estimators in each axis. Therefore, the RMM estimation is
precise enough regarding the attitude control requirements
and the compensation approach may effectively suppress the
magnetic disturbance. Figures 4 and 5 illustrate the estimated
Euler angles and their corresa ponding estimated error
obtained from the HEKF. It can be readily seen that the
estimated Euler angles converge accurately to the real ones.
Further investigation reveals that the abrupt change in the
actual RMM and actuator fault terms also causes slight
deterioration of the Euler angles estimation (resulting in a
pointing accuracy degradation of approximately 4 degrees)
and swiftly regains its good estimation accuracy (with an
error of less than 0.1 degree).

Table 3
Comparison of RMM estimation errors
EKF HEKF |UKF [27]| EKF [27]
My |3.653-10%|1.427-10%|3.814:10*| 4.269:10*
RMSE (Am?) M, [2.359-10%1.736.10%#|2.084-10*| 3.146-10*
M, [2.795-10%1.111.10%|4.386:10*| 6.456-10*
Roll | 0.0304 | 0.0161 —_ —_
RMSE (deg) | Pitch | 0.0451 | 0.0297 —_ —_
Yaw | 0.0820 | 0.0518 —_ —_
- - e
2 e ENANENII |

o 5000 20000 25000 30000

30
— — —desired
) estimated|

10000

L s
15000 25000 30000

Time (sec)

60
~ - - —desired
/ estimated|

L L
o 5000

YawAngle (deg)

or 28000 29000 30000

15000 20000 25000

Time (sec)

5000 10000

Fig. 4 — Estimated Euler angles for tracking control.

0.1

o ki

20 0.1

28000 29000

30000

15000 25000 30000

Time (sec)

o 5000 10000 20000

Fig. 5 —Estimated error of the Euler angles.

Furthermore, the actual and predicted torque faults jointly
with the actuator fault estimation errors, are presented in Fig.
6. As is obvious, even if all reaction wheels have torque
faults, the results prove a good online fault estimation
performance throughout the controlling process, where the
ac,tuator fault estimation errors remain below 5 - 107% Nm.
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Fig. 6 — Actual and estimated torque fault using APD controller.

6. CONCLUSION
In this paper, a new ADCS architecture is proposed, which

is based on a HEKF and an adaptive attitude controller. The
estimator accurately tracks the attitude of the nanosatellite
and agilely captures the actual values of the varying residual
RMM. Additionally, the adopted control architecture
addresses uncertainties caused by actuator failure and
ensures reliable attitude control for nanosatellites. The
closed-loop stability of the designed controller is established
via Lyapunov analysis. The adopted architecture can
effectively mitigate the undesirable impacts caused by RMM
and actuator uncertainties, thereby ensuring high precision
and reliability in attitude control.
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