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Abstract: The paper describes an approach to designing an attitude control system for small spacecraft (SS), adaptive to possible 
failures of sensors and actuators. With this aim in view, the system loop includes its digital twin, which is de-signed to detect 
failures of measuring equipment using the predicted measurement values calculated based on onboard adaptive SS motion models. 
This approach increases the SS onboard computational burden, but prevents processing of unreliable measurement data in the 
feedback loop. Compensation for the failure of sensors and actuators is performed by reconfiguring the algorithmic support used 
to determine the SS attitude. To compensate for failures of actuators’ individual channels, an algorithm for SS attitude control is 
pro-posed, the structure of which has the form of even Fourier series. 
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1. INTRODUCTION

One of the main trends in global astronautics is us-
ing nanosatellites – SS whose mass does not exceed 10 
kg – to solve a wide range of research and applied prob-
lems both in near-Earth and in deep space. Currently, 
nanosatellites of the CubeSat standard continue to gain 
popularity [1, 2]. CubeSats, which were originally in-
tended for educational purposes, also served as plat-
forms for testing new technologies that could be devel-
oped and implemented within one or two years [1–3]. 
However, advances in microelectronics enabled soon 
enough their use in low-cost scientific missions.  

According to the Nanosats Database – the World’s 
largest database of nanosatellites [4], as of December 
31, 2024, 89 countries had created and launched 2806 
nanosatellites (of which 2596 were CubeSats), includ-
ing 18 interplanetary ones. Russia accounts for 172 
nanosatellites launched into orbit. According to fore-
casts [4], by the end of 2029, more than 1900 nanosat-
ellites are planned to be launched worldwide. Along 
with this, the requirements for their active operation 
time are increasing. At the same time, nanosatellites 
themselves are becoming more complicated so that the 
inclusion of deployable structures, such as solar arrays, 
large antennas, propulsion systems. etc., entails the 
need to increase the fault tolerance of the SS onboard 
support systems with strict restrictions on mass, dimen-
sions and energy consumption as well as taking into 
account the significant influence of external disturb-
ances on angular motion.  

To perform most scientific and applied research in 
space, for example, to study geophysical fields (the 
Earth’s magnetosphere and ionosphere), it is necessary 
to ensure the required attitude of the SS in space. In this 
case, unlike missions on remote sensing of the Earth, 
the error in determining the orientation of the sensitiv-
ity axes of scientific equipment can reach several de-
grees (a value not exceeding 5 deg is considered ac-
ceptable). This problem can be solved with the help of 
the SS attitude control system (ACS), including a unit 
of sensors and actuators. The typical sensors that are 
conventionally used on board SS are the following [5–
8]: magnetometers, luminance sensors, Sun sensors, 
angular rate sensors (ARS), local vertical reference 
sensors and, less of-ten, star trackers. Among the actu-
ators, the most widely used are magnetic coils, fly-
wheels, and attitude control engines [9–11].  

Studies [12–14] have shown that the main reason 
for failures of spacecraft target missions is the failure 
of the onboard ACS, which may be due to failure of 
sensors, actuators, or the onboard ACS controller. To 
improve the reliability of spacecraft flights, it is neces-
sary to ensure onboard detection of defects and com-
pensate for failures.  

The available approaches to fault detection and di-
agnostics are divided into two groups [15] (Fig. 1): 
those based on models [16–22] and on a database [23–
27]. In the first case, filtering theory (Kalman filter 
(KF) and its modifications) [16, 17], H∞ controllers 
[18], observers [19–21], and sliding control [22] are 
used. The second group relies on such methods as sup-
port vector machines (SVM) [23], neural networks 
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[24], statistical sequential analysis [25], independent 
component analysis [26], and the kernel-based fuzzy 
C-means [27]. More details about each approach can 
be found, for example, in [16–27]. 

The fault tolerance of the spacecraft ACS can be in-
creased due to redundancy – hardware, software, infor-
mation, etc., which allows for the ACS reconfiguration 
in the event of any malfunction on board the spacecraft. 
In the event of failure of actuators, the procedure con-
sists in redistributing control to fault-free equipment in 
order to create the specified control torques and main-
tain acceptable quality of control [28]. 

If the ACS actuators do not provide for redundancy 
and there is no pre-programmed control algorithm to 
redistribute the functions of failed units to fault-free 

ones, the spacecraft controllability can be maintained 
by switching-over to the ‘safe’ mode [15, 29]. Once a 
malfunction is detected in the space-craft, its onboard 
computer disables all actuators, resulting in the suspen-
sion of the scientific experiment cyclogram until the 
flight control center (FCC) experts have resolved the 
identified problem. Thus, the ‘safe’ mode is uncon-
trolled motion of spacecraft with a minimum sufficient 
set of support systems. It is worth noting that the fact 
of abnormal functioning of the spacecraft is actually 
recognized by the FCC experts based on the telemetry 
analysis. This is basically the only approach used to 
eliminate emergency situations on board a spacecraft 
[15]; its effectiveness was demonstrated on the exam-
ple of the FUSE (Far Ultraviolet Spectroscopic Ex-
plorer) [15, 30] and the CERISE spacecraft [15, 31].   

Fig. 1. Classification of ACS fault diagnosis and detection methods (KF – Kalman filter, LSM – least square method, RLSM – recurrent 
LSM, EKF – extended Kalman filter). 

Due to strict restrictions on SS mass and dimen-
sions, it is difficult to ensure redundancy of the ACS 
actuators. At the same time, with long communication 
delays, in particular during interplanetary missions or 
during short-term communication sessions, or compli-
cation of scientific research, the ‘safe’ mode may prove 
to be ineffective. In this regard, it seems relevant to cre-
ate adaptive autonomous systems for detecting and 
compensation for failures of SS sensors and actuators 
(without redundancy of actuators), which can be built 
on the basis of modern energy-efficient onboard com-
puting facilities.  

In this connection, the author proposes a new ap-
proach to designing an ACS for SS, the one that can 
adapt to possible failures of sensors and actuators.  

The article is structured as follows. Section 2, fol-
lowing Introduction, de-scribes the SS ACS adaptation 

to possible faults. Section 3 presents the mathematical 
models of motion and measurements used in the ACS 
digital twin. Section 4 discusses the methodology used 
to detect failures of measuring equipment, also consid-
ered are the mathematical models implemented in the 
ACS digital twin. Sections 5 and 6 present the solutions 
to the problems of designing a fault-tolerant SS ACS – 
synthesis of nominal control of SS reorientation in the 
event of failure of one or two control channels. 

2. ADAPTATION OF THE SS ATTITUDE
CONTROL SYSTEM TO POSSIBLE FAILURES

In order to increase the SS ACS fault tolerance in 
the missions where it is of critical importance, we pro-
pose its adaptive modification based on the parallel 
operation of the SS ACS and its digital twin. In the 
event of detection of faults in the measuring or 
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actuator devices in the digital twin, a decision is gen-
erated to reconfigure the algorithmic support of the SS 
ACS (Fig. 2). 

The task of designing a fault-adaptive SS ACS in-
cludes two parts:  

• design of a fault-tolerant feedback loop for the
control system – determining the SS attitude in the case 
that one or more measuring devices fail;  

• design of a fault-tolerant forward loop for the con-
trol system – maintaining controllability in the event of 
failure of individual actuators. 

Fig. 2. Schematic of the SS angular motion control circuit with a digital twin. 

3. DIGITAL TWIN OF THE SS ATTITUDE
CONTROL SYSTEM 

In accordance with [32], a digital twin of a prod-
uct is a system consisting of its digital model and 
two-way information links with it (if any) and/or its 
component parts.  

In this case, the digital twin of the ACS is a set of 
mathematical models and algorithms for determining 
SS attitude and controlling its angular motion, its main 
tasks being as follows:  

 modeling of the SS center-of-mass motion;
 modeling of the SS uncontrolled angular motion;
 modeling of the SS onboard sensors’ measure-

ments;
 calibration of measuring devices;
 identification of the SS onboard model parame-

ters;
 modeling of the algorithms performance for deter-

mining SS attitude;
 modeling of the SS controlled angular motion.

The diagram of interaction between models and al-
gorithms in the ACS digital twin is shown in Fig. 3. 

Fig. 3. A diagram of interaction between models and algorithms in the ACS digital twin (MCIC – mass centering and inertia characteristics 
(mass, center-of-mass position, inertia tensor); ADC – aerodynamical characteristics (center-of-pressure position, drag coefficient). 
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Let us describe the main reference frames used in 
the digital twin.  

The absolute Earth-centered earth-fixed (ECEF) 
reference frame (e-frame) oxayaza: the origin o is in the 
center of the Earth; axis oxa is directed to the vernal 
equinox point, axis oza – along the axis of the Earth’s 
daily rotation (perpendicular to the equatorial plane), 
axis oya lying in the Earth’s equatorial plane comple-
ments it to the right one (Fig. 4).  

The orbital coordinate frame OXYZ (o-frame): the 
origin O is in the SS center of mass; axis OZ is directed 
along the SS radius vector; axis OX is perpendicular to 
axis OZ, it belongs to the SS plane of motion and is 
aligned with of the SS motion; axis OY complements 
the OXYZ to the right-hand rectangular frame (Fig. 4). 

Body-fixed frame Oxyz (b-frame): the origin O is in 
the SS center of mass; the axes are aligned with the 
principal central axes of inertia (Fig. 5).

Fig. 4. Absolute and orbital coordinate frames (Ω – longitude of 
the ascending node, i – orbit inclination, u – argument of latitude) 

Fig. 5. Directions of the body-fixed coordinate system 

Consider the main models of the digital twin. 

The model of the SS center-of-mass motion in the 
e-frame. The SS attitude in orbit is specified by the

radius vector  Ta a ax y zr from the center of the 

Earth to the SS center of mass. The equations of the 
center-of-mass motion in vector form have the fol-
lowing form [33]: 

6

3
1

kJ atm
k

     r r rr

r
   ,  (1) 

where μ = 398 600 is the Earth’s gravitational parame-
ter, km3/s2; 

kJr  is disturbing acceleration from the k-th zonal har-

monic; 

atmr  is disturbing acceleration from the atmospheric
drag. 

The equations of the SS spatial motion relative to 
the center of mass under the action of aerodynamic, 
gravitational, and control torques in a circular orbit can 
be written as follows:  

а gr    Iω ω Iω T T U ,  (2) 

where  , ,x y zdiag I I II  is the SS tensor of inertia; 

ω = ωbo + ωoa is the vector of the absolute angular rate; 
T

, ,bo bo bo bo
x y z     ω  is the vector of the SS angular

rate relative to the o-frame; 

T

3

 
0, , 0oa
  
  

ω
r

 is the 

o-frame angular rate relative to the e-frame;
b b

а DC S     T d V V is the vector of the 
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aerodynamic torque;  3

3 b b
gr

 T η Iη
r

 is the vector 

of the gravitational torque; 
T

, ,x y zu u u   U  is the vector of the actuators’ control

torque; 

bη  is the vector of the local vertical in the b-frame; 

 ρ is atmospheric density at the SS altitude; 

CD is the drag coefficient; 

d is the vector connecting the center of mass and the 
center of pressure; 

bV is the SS orbital velocity vector in projections on 
the b-frame. 

In [34] it is shown that the SS angular acceleration 
due to the aerodynamic torque is significantly higher 
than that of spacecraft with larger dimensions and mass 
(with the same values of the relative static stability 
margin and bulk density). In this regard, to improve the 
accuracy of the aerodynamic torque specification it is 
proposed to use NRLMSISE-00 empirical model of the 
atmosphere [35], since in this case, its density is calcu-
lated taking into account the concentration of gases 
(molecular nitrogen and oxygen, atomic nitrogen and 
oxygen, helium, hydrogen, and argon), which depends 
on the SS space-time position, the Sun activity, and the 
current state of the Earth’s magnetic field. The error in 
determining the SS aerodynamic characteristics can be 
reduced using the panel method [36] or the direct sim-
ulation Monte Carlo method [37], which make it pos-
sible to obtain the drag coefficients, lift and lateral 
forces, as well as the center-of-pressure coordinates, 
taking into account both the diffuse interaction of par-
ticles with the surface and their thermal velocities.  

Let us complement the dynamic equations (2) with 
a kinematic one in vector form with a normalized qua-
ternion:  

1
2

q Ωq ,  (3) 

where q is a normalized quaternion; 
0

0

0

0

bo bo bo
x y z

bo bo bo
x z y
bo bo bo
y z x
bo bo bo
z y x

   
    
   
 
    

Ω is a skew-symmetric 

matrix. 

The mathematical model of magnetometer meas-
urements can be represented as [38] 

   m si t hi so t       B S N A B b b β ε ,  (4) 

where Bt is a true value of the induction vector of the 
measured Earth’s external magnetic field; Bm is the 
vector of magnetometer measurements; Asi is a matrix 
of the error caused by soft magnetic materials; bhi is the 
vector of zero bias caused by hard magnetic materials; 
N is a matrix of the magnetometer axes nonorthogonal-
ity; S is a diagonal matrix of scaling along the magne-
tometer measuring axes; bso is the vector of instrumen-
tal zero bias; β(t) is the vector of temperature zero bias, 
the components of which change over time and depend 
on the ambient temperature; ε is the vector of measure-
ment noise, the components of which are random vari-
ables with a normal distribution law and zero mathe-
matical expectation.  

To model measurements Bt, we used the well-
known model of the Earth’s magnetic field (EMF) – 
the International Geomagnetic Reference Field (IGRF) 
developed by the International Association of Geo-
magnetism and Aeronomy (IAGA). The model is a set 
of coefficients of the Earth’s magnetic potential expan-
sion in a series of spherical functions. It contains coef-
ficients not only for the year of the epoch (updated 
every five years), but also taking into account secular 
changes [6]. In practice, 13 harmonics of the Earth’s 
magnetic potential expansion are most often used.  

The mathematical model of ARS measurements can 
be represented as [39] 

 t t t      ω ω N ω S ω b ε ,  (5) 

where ω is the vector of ARS measurements; ωt is the 
vector of the sensitivity axis the elements of which are 
the projections of the acting true angular rate; bω is the 
vector whose elements are the zero-bias errors for each 
sensitivity axis; Sω is the scale-factor error matrix; Nω 
is the matrix of ARS axes nonorthogonality errors; ε is 
the vector of random measurement noise, the compo-
nents of which are random variables with a normal dis-
tribution law and zero mathematical expectation. 

The modeling of ωt measurements is performed us-
ing Eqs. (2)–(3).  

The Sun sensor measures the Sun direction vector 
in the b-frame [8], and the measurement model has the 
form [40]: 

b r S AS ε ,  (6) 

where Sr is the vector of direction to the Sun in the base 
reference frame (for example, o-frame); A is the tran-
sition matrix from the base reference frame to the b-
frame; ε is the vector of random measurement noise, 
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the components of which are random variables with a 
normal distribution law and zero mathematical expec-
tation. 

To simulate Sr measurements, we use the VSOP 
(Variations Séculaires des Orbites Planètaires) plane-
tary motion model – a set of coefficients for calculation 
of the heliocentric coordinates of the planets [41]. 

4. METHODOLOGY FOR DETECTING
FAILURES OF MEASURING EQUIPMENT

The method for detecting failures of measuring sen-
sors and actuators is based on mathematical models of 
motion (1)–(3) and measurements (4)–(6), which are 
implemented in the digital twin.  

To compensate for the effects of space factors on 
the sensitive elements of the measuring instruments of 
the SS ACS, such as zero bias, it is necessary to peri-
odically calibrate them [8, 42, 43]. The procedure for 
diagnosing failures of measuring equipment consists of 
several stages. 

Stage 1. Identification of the SS parameters 
(onboard motion model –– mass, inertia tensor) based 
on the results obtained in processing the measurements 
made at the previous stage of the flight [44]. This stage 
is performed if the SS is equipped with transformable 
elements or a propulsion system.  

Stage 2. Prediction of the SS center-of-mass motion 
parameters according to Eqs. (1) and the SS angular 
motion according to Eqs. (2)–(3) at the required mo-
ment in time.  

Stage 3. Calculation by appropriate models of vec-
tor measurement in the o-frame.   

Stage 4. Recalculation of the models of vector 
measurement from the o-frame to the b-frame; the 
result obtained will be called the calculated measure-
ment.  

Stage 5. Calculation of the value of δ as the differ-
ence between the calculated and measured values. If δ 
does not exceed δlim, the measurements are used in the 
control loop, otherwise the algorithm for determining 
the SS attitude is reconfigured. 

The value of δlim is specified for each type of meas-
urements taking into account the level of their noise 
based on the results of ground tests (ground calibra-
tion) or is calculated in flight. If ground tests cannot be 
carried out, nominal (passport) values are taken. 

5. DESIGN OF THE FAULT-TOLERANT
FEEDBACK LOOP OF THE SS ATTITUDE

CONTROL SYSTEM 

The SS ACS feedback loop is designed to determine 
the current attitude and angular rate based on the infor-
mation from the SS measuring equipment, which may 
include magnetometers, ARS, Sun sensors, a GNSS re-
ceiver (information on the geometric visibility of navi-
gation spacecraft (NSC)). 

The SS attitude is calculated using a set of algo-
rithms both based on single-moment measurements [6, 
8, 40] and on the Kalman filter [6, 8, 40, 45, 46]. The 
algorithm is selected based on the results obtained at 
Stage 5 of the diagnostic procedure. When the SS is 
operating in the normal mode, it is assumed that the at-
titude determination problem is solved in two stages 
[45–47]. First, the magnetometer and Sun sensor meas-
urements are processed, for example, by the QUEST 
algorithm [8], SVD [8], or any other similar algorithm, 
the output of which is a normalized quaternion, which 
in turn is a priori information for the Kalman filter in-
put (second stage). It is here that the measurements 
from the magnetometer and ARS arrive.  

If an ARS fails, the approach to the problem solu-
tion remains equivalent to that in the standard mode, 
except that only magnetometer measurements are used 
in the Kalman filter [45, 47].  

In the case of a Sun sensor failure, information from 
the GNSS on the NSC geometric visibility is added to 
the magnetometer readings in the algorithm for single-
moment measurements, and then the standard opera-
tion scheme is activated. 

If a magnetometer fails, the algorithm for single-
moment measurements uses information from the Sun 
sensor and the geometric visibility of the NSC; the Kal-
man filter works only with the ARS data. 

If magnetometers and an ARS are damaged, the at-
titude determination problem is solved during the op-
erating time of the GNSS receiver (its continuous op-
eration is not considered) due to the algorithms that use 
information on the NSC geometric visibility [48]. 

If there is at least one normally functioning vector 
sensor on board the spacecraft, its orientation can be 
determined by processing the accumulated sample of 
measurements [49, 50]. 
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6. DESIGN OF THE FAULT-TOLERANT
DIRECT LOOP OF THE SS ATTITUDE

CONTROL SYSTEM 

In [51], the authors studied the influence of the con-
trol form represented by the power and trigonometric 
series, odd and even Fourier series, as well as the 
Schlömilch series, on the minimum value of the objec-
tive function in order to solve the terminal problem of 
SS angular motion control. Of the series considered, 
the best, i.e. minimum, value of the objective function 
is provided by the even Fourier series, which proved to 
be efficient in solving the above-mentioned problem in 
the case of failure of one control channel [52]. Both for 
the terminal problem and in the case of failure of one 
channel, the search for the control function is reduced 
to multiparameter optimization.  

The terminal problem of SS angular motion control 
is formulated as follows: the SS whose angular motion 
is described by Eqs. (2)–(3) must be moved from a cer-
tain arbitrary initial position 

0 00 0
,

t t 
 q q ω ω  (7a) 

to a required position 

,
к к

k кt t t t 
 q q ω ω  (7b) 

within a fixed time interval tk. 

Reorientation of the spacecraft with a failed control 
channel is carried out using the following structure of 
control (for each of the nonfailed channels): 

 
8

0

1

2cos
2 n n

n k

a ntU t a
t

     
 

 ,  (8) 

where a0, an, θn are unknown parameters to be deter-
mined.  

If one control channel fails, 34 unknown parameters 
are to be found (9 coefficients an and 8 coefficients θn 
for each operating channel) or 17 (in the case that two 
channels have failed). The search for unknown param-
eters a0, an, θn was performed by zero-order optimiza-
tion––the differential evolution algorithm [53].  

Finding the unknown coefficients a0, an, θn of control 
(8) is reduced to minimization of the objective function
of the form:

 

       T T

,

1arccos tr 1 ,
2

k

real
k k k k k

f t

t t



      

a

A q A q ω ω

(9) 

where  T

0 , ,θn na aa  is the vector of the parameters 

being estimated; A(qk) is the matrix of transition from 
the o-frame to the b-frame calculated using the re-
quired normalized quaternion (7b);  real

kA q is a matrix 

of transition from the o-frame to the b-frame calculated 
using the real normalized quaternion.  

The criterion for terminating the search for the min-
imum of the target function (9) is 

4
1Δ 10j jf f 
   , 

where j is the iteration number; the value of the crite-
rion Δ = 10–4 was determined from the simulation re-
sults based on the convergence of the solution to prob-
lem (9).  

As an example, consider a model problem for an SS 
with the characteristics given in Table 1. The SS orbital 
altitude is H = 550 km. 

Table 1. SS characteristics 

Parameter Value 
Inertia tensor, kgm2 0.0138 0 0

0 0.0729 0

0 0 0.0714

 
   
  

I

Midsection S, m2 0.01 
Static stability margin Δx, m 0.06 

Table 2 presents the numerical values of the bound-
ary conditions given by (7a)–(7b). 

Reorientation time, tk = 7100 s. 

Table 2. Boundary conditions for the model problem 

Parameter Initial conditions Final 
conditions 

Angular rate vector 
ω, deg/s 

[0.1   0.1   0.1]T [0   0   0]T 

Orientation vector 
(Euler angles), deg 

[60   70   30]T [1   1   179]T 

Orientation vector 
(quaternion) 

[0.579   0.579   0.554 
0.1485]T 

[0   1   0   0]T 

Figures 6–9 show the plots obtained during the so-
lution of SS reorientation problem (7) according to the 
nominal program (8) with one failed control channel. 

In the case of failure of the channel along the Ox-
axis, the values of the angular rate components during 
the reorientation process did not exceed 2 deg/s (see 
Fig. 7), and the control torque along the remaining 
channels was 1.5∙10–6 Nm (see Fig. 6). 

In the case of failure of the channel along the Oz-
axis, the SS behaves in the same way as in the case of 
failure of the Oy channel, which is explained by the 
proximity of the moments of inertia. As can be seen 
from the figures, the angular rate components during 
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the reorientation process did not exceed 6 deg/s (see 
Fig. 9), which is acceptable, and the value of the con-
trol torque along the remaining channels was no more 
than 3∙10–6 Nm (see Fig. 8). This is feasible for mag-
netic actuators, which are most often used in CubeSats. 

The total error in solving the reorientation problem 
is usually calculated in accordance with [54]: 

     T T1arccos trace 1
2

real
k k

     
A q A q ,  (10) 

and the error in angular rate will be judged by the dif-
ference in modulus: 

 Δ j jk j kt    , 

where j = x, y, z. 

Table 3. Errors in the reorientation problem solution with 
one failed channel  

Parameter Error 
normal 

operation 
failure 

of chan-
nel x 

failure 
of chan-

nel y 

failure 
of chan-

nel z 
Orientation, deg 0.0015 0.0021 0.0461 0.0289 

Angular rate 
modulus |ω|, 

deg/s 
less than 3.4∙10–7 

As can be seen from Table 3, the feasible accuracy 
of the solution of the terminal problem (7) is sufficient 
to ensure the fulfilment of the overwhelming majority 
of the target missions of scientific small spacecraft. 

Fig. 6. Time dependence of control torques in the case of failure of the channel along the Ox-axis. 

Fig. 7. Time dependence of angular rate components in the case of failure of the channel along the Ox-axis. 
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Fig. 8. Time dependence of control torques in the case of failure of the channel along the Oy-axis. 

Fig. 9. Time dependence of angular rate components in the case of failure of the channel along the Oy-axis. 

Figures 10–15 show the plots illustrating the solu-
tion of the SS reorientation problem (7) under the nom-
inal program (8) with two failed control channels. Re-
orientation time tk was 10 800 s. 

As follows from Figs. 10, 12 and 14, the values of 
the control torque for various combinations of fail-
ures do not exceed 2∙10–6 Nm. Figures 11, 13 and 15 
show that the values of the SS angular rate compo-
nents during the reorientation process do not exceed 
5 deg/s. 

As can be seen from Table 4, the feasible accuracy 
of the solution of the terminal problem (7) is sufficient 

to ensure the fulfillment of the majority of target mis-
sions of scientific small spacecraft. 

Table 4. Errors in the reorientation problem solution with two 
failed channels  

Parameter 

Error 

Normal 
operation 

Failure of 
channels 
 x and y 

Failure of 
channels 
x and z 

Failure of 
channels 
y and z 

Orientation, 
deg 

0.0015 0.002 0.0557 0.183 

Angular rate 
modulus 
|ω|, deg/s 

less than 1.4∙10–5 
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Fig. 10. Time dependence of the control torque in the case of failures of the channels along the Ox- and Oy-axes. 

Fig. 11. Time dependence of the angular rate components in the case of failures of the channels along the Ox- and Oy-axes. 

Fig. 12. Time dependence of the control torques in the case of failures of the channels along the Ox- and Oz-axes. 
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Fig. 13. Time dependence of angular rate components in the case of failures of the channels along the Ox- and Oz-axes. 

Fig. 14. Time dependence of the control torques in the case of failures of the channels along the Ox- and Oz-axes. 

Fig. 15. Time dependence of the angular rate components in the case of failures of the channels along the Oy- and Oz-axes. 
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7. CONCLUSION

This paper describes the approach to designing an 
adaptive attitude control system for small spacecraft in-
tended for science missions.  

A digital twin has been proposed to detect failures 
of measuring equipment most frequently used by sci-
entific small spacecraft. This makes it possible to pre-
dict measurements for a required point in time, which 
provides adaptation of the onboard mathematical 
model to the current state and operation conditions of 
the spacecraft. The methodology for diagnosing de-
fects in measuring equipment is based on the compari-
son of the predicted results calculated in the digital twin 
with real measurements.  

Failures of individual channels of actuators are 
compensated for with the use of the control algorithm 
with the structure in the form of even Fourier series. 
The solution to the problem is reduced to the calcula-
tion of 34 coefficients of the even Fourier series in the 
case that one channel has failed and 17, if two channels 
have failed. The coefficients were determined using a 
differential evolution algorithm. The time needed for 
reorientation in the case that one channel has failed is 
about 1.5 turns, and in the case of two failed channels, 
2 turns. The magnitude of the control torque did not 
exceed 3∙10–6 Nm, which is feasible with the use of 
magnetic actuators that are most often installed in Cu-
beSats.  

The results obtained have practical significance; 
they may be useful for designers of small spacecraft, 
the type discussed in this study.  
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