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SOME FEATURES SATELLITE ATTITUDE CONTROL
USING QUATERNIONS

B cucremax kepyBaHHS OpI€HTAIIEI0 CYyYaCHUX KOCMIYHMX arapariB, HacamIie-
pea MIKpOCYITYTHHKIB, ITUPOKOTO 3aCTOCYBAaHHS HAOYJIM ajJrOpPUTMU 3 BHKOPHC-
TaHHSM PIBHSHb KIHEMaTHKU B KBaTepHiOHaX. BoHu 3a0e3mneuytoTh mpu MOBOPOTax
Ha BEJIMKI KyTH YHUKHEHHSI TOUYOK CHHTYJISIPHOCTI, XapakTepHHUX s KyTiB Eiine-
pa-Kpunosa. [Ipote crnenudika OJMHUYHNX KBAaTEPHIOHIB SK MapaMeTpiB BHU3HA-
YCHHS OpI€HTAIlli MOYKE CTBOPIOBATH B CHUCTEMI TaK 3BaHUHN «CEKT pO3KpyUyBaH-
HS», KOJU TOBOPOT KOCMIUHOTO amapaTa B 3aJaHe IOJIO)KEHHS BHKOHYEThCS HE
HAaWKOPOTIIMM IIJISXOM 1 30UIbIIYE BUTPATH €IEKTPOEHEprii, 3amac Kol Ha O0pTy
oOmexxenuil. Jlana myOikanis, NiACyMOBYIOUM BioMi myOJikallii, iTF0CTpye Mpu-
YHHA BUHUKHEHHS BKAa3aHOTO €(EeKTy i IEMOHCTPYE MPOCTHIA aJrOPUTM HOTO YHHU-
KHeHHs. E(eKTHBHICTh Takoro miJxoJly Moka3aHa Ha MPHUKIaJaX YUCEIbHOTO0 MO-
JIeITIOBaHHST CHCTEMH KEpyBaHHS MIKPOCYITYTHHKA 3 JBHUTYHAMH-MaXxOBHKaMH Ta
PD-perynsaropom Ha niatdopmi MATLAB.

Algorithms using the kinematics equations in quaternions are widely used in
the attitude control systems of modern spacecraft, primarily microsatellites. They
ensure large-angle rotations and avoidance of singularity points characteristic of
Euler-Krylov angles. However, the specificity of single quaternions as attitude
representation parameters can create an "unwinding effect” in the control system,
when turning the spacecraft to a desirable position is not performed by the shortest
path and increases the electricity consumption, that is limited on board. This work,
summarizing known publications, illustrates the causes of this effect and
demonstrates a simple algorithm for its prevention. The effectiveness of this
approach is shown on the MATLAB platform numerical simulation examples of
the microsatellite control system with reaction wheels and a PD controller.
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Introduction

The objectives of spacecraft attitude control require considering two
important specialties: the possibility of turning to large angles and the restricted
supply of energy on board. Due to the first of them, the direct use of traditional
Euler-Krylov angles is limited by their singularity points or the “Gimbal lock
effect”: when the pitch angle is close to £90°, the roll and yaw angles coincide.
To overcome this problem, for many decades control algorithms based on the
spacecraft kinematics equations in quaternions have been used [1] —[3]. The
simplest algorithms use a PD controllers based on the quaternion parameters of
the deviation from the desired position and their derivatives or the angular rate
projections onto the body reference frame [4] - [7].

However, due to the duality of the unit quaternion, the “unwinding effect”
may occur, when the rotation of the spacecraft to the desirable position is not
performed by the shortest path [8] - [10], which is accompanied by an increase
in energy consumption. Therefore, there must be components in the control law
that prevent this effect. The main goal of this article is to generalize known
publications, to clearly illustrate the causes of the “unwinding effect” and to
demonstrate a simple algorithm for its avoidance. The effectiveness of this
approach is shown on the MATLAB platform numerical simulation examples of
the microsatellite control system with reaction wheels and a PD controller using
the following mathematical model.

Statement of the problem

The purpose of this paper is to illustrate the consequences of quaternion
duality in the satellite control in the form of “unwinding effect” and to study the
satellite control law modernization to avoidance the "unwinding effect".

Duality of the desirable rotation quaternion

Many publications, for example, [9] — [13], are intent to the study of such
a feature of quaternions in the spacecraft attitude control, so in this work we will
demonstrate the actual mechanism of the problem to clearly show the approach
to solution how to prevent this “unwinding effect”.

As is known [2], [3], the quaternion q=[q, G, 0, 0,] describes the
rotation of a rigid body (or the reference frame associated with it) by a certain

angle a around an axis that passes through the center of the rotation circle
shown in Fig. 1. The position of this axis in the selected reference frame is

determined by the vector part of the quaternion e:[q1 a, qg].

Simultaneously the scalar part of the quaternion g, depends on the angle « as
follows:
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g, =cos(a/2). (1)
On Fig. 1 it is easy to see that the turn from point A to point B can occur

in two ways: a shorter trajectory by an angle @ < m or a longer one by an angle
a, >2n—o. In the second case, for the larger rotation angle o, the scalar part

of the quaternion q; will be as follows:

a,=2mt —«a

aB ®'

Fig. 1. Two possible rotations between points A and B

q():cos(ﬁj:cos(zn_aj:—cos(gj. (2)
2 2 2

Comparing (1) and (2), considering the range of angles, it can be stated
that the smaller rotation angle a corresponds to the positive value of the scalar
q,- During the process of spacecraft control, quaternions are calculated using the
numerical integration of kinematic equations, vector and matrix operations,
because of which the scalar g, can have both a positive and a negative value.
Therefore, in attitude control algorithms, to ensure its "positivity"”, as proposed

in [4], it is possible to multiply it by the function sign(q):
sign(qo):l y pa3i q,>0, sign(qo):—l y pasi q, <0, sign(qo):O iz yac
qo = 0.

Mathematical model of spacecraft attitude control system

As an example, consider a common microsatellite attitude control system
relative to the satellite orbital reference frame (OSF) OX Y Z, in Low-Earth

orbit. Algorithms for attitude determining such a spacecraft are detailed in [14],
and the designations of the reference frames axes and equations of motion used
below correspond to [15]. The microsatellite is controlled by three reaction
wheels (RW) oriented along the body reference frame (BCF) axes 0X,Y,Z,,, and
three gyroscopic angular rate sensors (ARS) the same orientation. Then,
according to [1], the dynamics equation of the spacecraft angular motion will
have the following form (further on, the vectors specified in the projections on
the BCF axes are marked in bold with the index "b"):
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(hb:‘]b_l(Mb_(")bX('meb)_MRW)’ (3)

: : T
where "x" is the vector product operation, ®, = [(ox o, mz] — the vector of the

spacecraft absolute angular rate, J, — the spacecraft inertia tensor, M, — the total
external disturbing moment vector, My, is the total mechanical moment vector,
generated by three RW with a total angular momentum H,:

Mg, = H, +o,xH, Mg, =H, +o,xH,. (4)

The quaternion kinematics equations of the spacecraft motion are like
[2], [15] and can be written as follows:

G=[W.]-q" /2, (5)
where q:[q0 g 0, q3]is the rotation quaternion of BCF relative to OSF

(g, 1s a scalar and ez[q1 a, q3]is a unit rotation vector), "T" is a matrix
transposition symbol, and [W, ] — skew-symmetric matrix of angular rates:

0 —((ox—(oxo) —(ooy—coyo) —(0)Z —oozo)_
[W ]: O, — 0, 0 o, + 0, —(ooy + ooyo) 6)
o, -0, —(0,+o,) 0 o, + 0,
0, =0, OO, —(0, +0,,) 0 |

Here o, :[coxo ®,, cozo]T is the OSF absolute angular rate vector in

projections on its axes. In the case of a circular orbit, without considering its
slow precession, the vector w, will be calculate as follows

o,=[0 0 -Q ]T . Q,,=+/u/(r,,)* =const, (7)

wherer,,, is the circular orbit radius, p is the Earth standard gravitational
parameter. Then [W, ] matrix will have the form

0 -, —, —(o, + Qorb)_
® 0 (0, -Q,.) —®
WO _ X z orl y
[ g } o, —(o, —Q,,,) 0 o, (®)
(0, +Q,,) o, -0, 0

Without considering the instrumental errors of the on-board equipment,
the attitude control law equation of a PD controller with the prevention of the
"unwinding effect” (see previous chapter), and with the cross-gyroscopic
moments compensation can be represented as follows:

H, +®, x H, = K,esign(q,) + K, - Am, — 0, x(J,@,), (9)
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where K., K, are the controller parameters (coefficients matrix) for the
position and speed deviations, respectively, and

Ao, =0, — Q,, (10)
Q, is the OSF angular rate vector in projections on the BCF axes:
Q,=C>-[0-Q,0T, (11)

C"™ _the direction cosine matrix of the transition from OSF reference frame to
BCF
Go +C =G —CGs  2(0,0, + o)  2(04G5 —Gy0,)
Ch = 2(9,0, — 9,05) q§ - q12 + qu - q;f 2(0,0; +dp%;) |- (12)
2(q1q3 + qoqz) 2(q2q3 - qoql) qg - qlz - q22 + q§

Simulation results of the control algorithm with "'unwinding effect™
prevention

To illustrate the results of the algorithm of the microsatellite attitude
control system, described above in section 2, a simulation model of the system
created on the MATLAB platform using equations (3) — (12) is used. Numerical
values of system parameters:

— the circular orbit height is 600 km,
— the spacecraft inertia tensor (kg.m?)

0,591 0,004 0,039
J,=10,039 0,622 0,008 |,
0,008 0,004 0,613

—the RW maximum mechanical torque (Nm)

Maw =[0,004 0,004 0,004]|, the PD controller parameters, chosen with
consideration [13, 16, 17]

0,0034 0 0 0,0647 0 0
Ko=| 0 00031 0 |, K,= 0 00624 0
0 0  0,0032 0 0  0,0620

The graphs of changes in the attitude quaternion in the process of rotation
the spacecraft by its control system to the OCF axes are shown in Fig. 2 — Fig. 3,
illustrate the effectiveness of the algorithm for counteracting the unwinding
effect described in chapter 1. These examples correspond to the following two
sets of initial values of the Euler angles of the BCF deviation from the OSF
reference frame: 1) yaw —80°, pitch —80°, roll +175° and 2) yaw —170°, pitch —
110°, roll +150°. The sum of the modules integrals mechanical moments of all
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three RW on the rotation interval was used as an indicator of energy
consumption (marked “Energy” below).

Quaternion parameters

08 =

Conclusion

When rotating the spacecraft to large angles, the result of attitude control
using quaternions equations depends on the sign of the scalar part of the rotation
quaternion. To turn around in the shortest way and, accordingly, with the least
energy consumption, it is necessary to ensure the positive sign of the scalar,
applying the function signum to its current values.

Control law variants

without anti-unwinding with use sign(qg)
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Fig. 2. Simulation results at initial angles yaw -80°, pitch -80°

roll +175°
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without anti-unwinding with use sign(q,)

q0
qtl| ]

q3

;

04 \
.

02F

02

04

Quaternion parameters

06+

0|
ql

q2 | -08F"
g3

1.5 2 25
Time, min

Energy = 0,205 Energy = 0,062

Puc. 3. Simulation results at initial angles yaw -170° pitch
roll +150°

25 3 o

15 2
Time, min

05 1

-110°,



27
Cucmemu ma npoyecu KepyeaHH:

10.

11.

12,

References

Markley, F. L., Crassidis, J. L. Fundamentals of Spacecraft Attitude
Determination and Control; Springer: Berlin/Heidelberg, Germany, 2014,
486 p.

Branets, V. N., Shmyglevsky, 1. P. Application of quaternions in problems of
rigid body orientation. Moscow/Nauka, SU, 1973, 320 p.

Grossekathofer, K., Yoon, Z. Introduction into quaternions for spacecraft
attitude representation. Technical University of Berlin, 2011, 16 p.
https://argos.vu/wp-content/uploads/2017/01/Quaternions-1.pdf .

Wie, B., Barba P. M. Quaternion feedback for spacecraft large angle
maneuvers. Journal of Guidance, Control and Dynamics, vol. 8 (3), 1985,
pp. 360-365. DOI: 10.2514/3.19988.

Eze, C. U., Mbaocha, C. C., Onojo,J. O. Design of Linear Quadratic
Regulator for the Three-Axis Attitude Control System Stabilization of
Microsatellites. Int. J. of Scientific & Engineering Research, vol. 7 (6),
2016, pp. 834-845.
https://www.ijser.org/onlineResearchPaperViewer.aspx?Design-of-Linear-
Quadratic-Regulator-for-the-Three-Axis-Attitude-Control-System-
Stabilization-of-Microsatellites.pdf.

Lopez, B. T., Slotine, J.-J. E. Sliding on Manifolds: Geometric Attitude
Control with Quaternions. 2021 IEEE International Conference on Robotics
and Automation (ICRA), Xian, China, 2021, pp.11140-11146.
DOI: 10.1109/ICRA48506.2021.9561867.

Schlanbusch, R., Loria, A., Kristiansen, R., Nicklasson, P. PD+ based output
feedback attitude control of rigid bodies with improved performance. Proc.
of the 2011 American Control Conference, San Francisco, CA, USA, 2011,
pp. 833 —838. DOI: 10.1109/ACC.2011.5991389.

Wen, J. T.-Y., Kreutz-Delgado, K. The attitude control problem. IEEE
Transactions on Automatic Control, vol. 36 (10), 1991, pp. 1148-1162.
DOI: 10.1109/9.90228.

Mayhew, C. G., Sanfelice, R. G., Teel, A. R. On quaternion-based attitude
control and the unwinding phenomenon. Proc. of the 2011 American Control
Conference, San  Francisco, CA, USA, 2011, pp.299-304,
DOI: 10.1109/ACC.2011.5991127.

He, Z., Wang, G.-X. Unwinding phenomenon in attitude control. Dianji yu
Kongzhi Xuebao/Electric Machines and Control, vol. 19 (7), 2015,
pp. 101-105. DOI: 10.15938/j.emc.2015.07.015.

Septanto, H.,  Trilaksono, B.,  Syaichu-Rohman, A.,  Eko-Poetro, R.,
Ibrahim, A. Quaternion-Based Attitude Control System Design of Single and
Cooperative Spacecrafts: Boundedness of Solution Approach. Modelling
and Simulation in Engineering, 2014 (1). DOI: 10.1155/2014/652571.



https://argos.vu/wp-content/uploads/2017/01/Quaternions-1.pdf
https://www.ijser.org/onlineResearchPaperViewer.aspx?Design-of-Linear-Quadratic-Regulator-for-the-Three-Axis-Attitude-Control-System-Stabilization-of-Microsatellites.pdf
https://www.ijser.org/onlineResearchPaperViewer.aspx?Design-of-Linear-Quadratic-Regulator-for-the-Three-Axis-Attitude-Control-System-Stabilization-of-Microsatellites.pdf
https://www.ijser.org/onlineResearchPaperViewer.aspx?Design-of-Linear-Quadratic-Regulator-for-the-Three-Axis-Attitude-Control-System-Stabilization-of-Microsatellites.pdf

28

Mexanika 2ipocKoniunHux cucmem

13.

Dong, R.-Q., Wu, A.-G., Zhang, Y., Duan, G.-R., Li, B. Anti-unwinding

14.

15.

16.

17,

18.

terminal sliding mode attitude tracking control for rigid spacecraft.
Automatica, vol. 145(10), 2022, pp. 110567.
DOI: 10.1016/j.automatica.2022.110567.

Kimathi, S., Lantos, B. PD control and the unwinding effect in quaternion
parameterized attitude control. IEEE 27th International Conference on
Intelligent  Engineering Systems (INES), Nairobi, Kenya, 2023,
pp. 000067-000072, DOI: 10.1109/INES59282.2023.10297790.

Zbrutsky, O. V., Meleshko, V. V., Ganja, A. P, Tarnavsky, S. V.,
Bondarenko, O. M., Ponomarenko, S. O., Saurova, K. System definition of
micro- nano satellite orientation. Mechanics of gyroscopic systems, 2022,
no. 43, pp. 46-60. DOI: 10.20535/0203-3771432022275282.

Zbrutskyi, A., Meleshko, V., Tarnavskyi, S., Serdiuk, A. Microsatellite
Alignment to Position of Maximum Solar Panels IHllumination Without a Sun
Sensor. IEEE Access, vol. 12, 2024, pp. 123804-123810,
DOI: 10.1109/ACCESS.2024.3394613.

Horri, N., Palmer, P. L., Roberts, M. Energy optimal spacecraft attitude
control subject to convergence rate constraints. Control Engineering
Practice, vol. 19, 2011, pp. 1297-1314. DOI:
10.1016/j.conengprac.2011.07.002.

Burnashev, V. V.,  Zbrutsky, O. V., Marinich, Y. M. Micro-satellite
orientation control system with rotation wheels. Mechanics of gyroscopic
systems, 2022, no. 44, pp. 20-30. DOI: 10.20535/0203-3771442022284617.



https://doi.org/10.20535/0203-3771442022284617

