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ABSTRACT  

The purpose of this paper is to identify the low-power Reaction Wheel (RW) configuration for a 3-axis satellite 

attitude control at high and middle inclination orbits. All of the proposed RW configurations are evaluated through the 

numerical simulations with respect to an identical reference mission. The simulations are tested for two different orbit 

positions; first, at a high inclination (e.g., 83°), second, at a middle inclination (e.g., 53°). All configurations are analysed 

in terms of their total torques and attitude performances. The stable attitude accuracies (≈0.001°) are achieved in all the 
configurations either at 83° or 53° inclinations. Results also revealed that the change of orbit inclination slightly influences 

the determination of the low-power RW configurations. This research provides a quick summary on a possible low-power 

arrangement of reaction wheels onboard a small satellite. 
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INTRODUCTION 

Most of the sophisticated satellite missions rely 

on the use of Reaction Wheels (RWs) for precision 

satellite attitude controls [1]. RWs act as a source of 

action-reaction energy to generate the control torques. 

When a satellite rotates one way due to the disturbance 

torques (i.e., solar pressure, aerodynamic drag, etc.), the 

RWs will be counter-rotated to produce the same 

magnitude reaction torque in order to correct the attitude. 

Practically, a set of two, three or four RWs configuration 

with the suitable attitude controllers are employed for a 

full 3-axis satellite attitude control as discussed by Kim et 

al. [2]. Therefore, the 3-axis satellite attitude control using 

the RWs is indeed an important subject of research [3-4]. 

For a small satellite, it is rather challenging to adopt 

multiple RWs due to the power limitations problem. There 

are a number of researches which investigate the issue of 

minimizing the power consumed by RWs onboard small 

satellite such as RWs miniaturization [5-6] and controller 

optimization [7]. A torque efficient attitude control system 

is indeed desirable in many recent innovative space 

systems [8-12]. Basically, the total torque as well as the 

power consumed by the RWs can be lowered by 

particularly arranging the RWs’ orientation on-board the 

satellite[13]. However, the available literature on wheel 

configuration issues proves that the results are difficult to 

compare and adopt as they were all tested with different 

parameters and conditions [14-15]. Moreover, the earlier 

study was only focused on a single configuration 

optimization without the inclination variations [13]or was 

limited to three RWs’ configuration [16]. 
In contrast, in this work, all the possible RW 

configurations for a 3-axis satellite attitude control are 

introduced and tested under an identical reference mission 

with different inclinations, making them unique in 

comparison to all the existing works. This study is done 

for two configurations, the first for three RWs and the 

second for four RWs.  Firstly, the standard mathematical 

models of the satellite attitude control system with RWs 

are described, whereby the standard PD-type 

(proportional-derivative) controller is adopted.  

The suitable RW orientation that produces a 

minimum total control torque can be identified by 

estimating the total torques required to maintain the 3-axis 

satellite attitude control. The simulations are performed 

for two different inclinations which are the high orbit 

inclination (e.g., 83°) and the middle orbit inclination 

(e.g., 53°). Note that these inclinations are proposed as 

examples to facilitate the analysis herein. 

 

METHODOLOGY 

 

Attitude dynamics and kinematics 

Normally, the satellite’s equations of motion are 
linearized when the Euler’s angles are assumed to be 
small. According to this work, the satellite’s equations of 
motion are not linearized in order to ensure the system is 

applicable even for the large Euler’s angles. The non-

linear satellite’s dynamic equation with RWs can be 
written as [2]: 
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Assuming that the external torques consist of the 

aerodynamic torques and solar torques, thus the total 

disturbance torques may be written as: 
 

      (2) 

where each of them are modelled as the sum of constant 

and harmonic quantities as follows:  
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    (3) 

 

For attitude kinematics, quaternion method is 

adopted because of its numerical advantages and 

avoidance of singularities. Thus, the derivatives of the 

Euler parameters can be updated using the kinematics 

equation as follows [17]. 

 

      (4) 

 

where q  is an attitude quaternion that represents the 

attitude of the satellite relative to the local-vertical-local-

horizontal (LVLH) frame and Ω is the skew symmetric 

matrix.  

 

Reaction wheel control strategy 

The block diagram of the RW control strategy 

with a PD controller is presented in Figure-1. 

 

 
 

Figure-1. Block diagram for satellite attitude control using 

reaction wheels. 

 
As the command control torques depends on the 

quaternion and angular rate errors, the control law can be 

represented as [2]: 

 

      (5) 
 

where the error quaternion ����ସ is the quaternion 

difference between the reference quaternion �� and the 

current quaternion �� . Whereas, ��   is the angular rate 

error. 

From Equation (5), it is found that the system is 

based on the second order dynamic system, thus the 

equations to find the proportional and derivative gains are �୮ = ߱�ଶ�  and �ୢ = ʹ�߱�� , respectively. These 

control gains are the functions of dynamic characteristics, 

i.e., the natural frequency ߱�  and the damping ratio �.  

In addition, the derivation of Euler angles error  [�, �, ߰]� from the attitude quaternion error is as 

follows [18]. 
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From Figure-1, considering that a maximum of 

four RWs are installed onboard the satellite, the applied 3-

axis control torque�wfrom the RWs can be calculated as: 
 

       (7) 
 

where �w is the RW configuration matrix 

and  �c is the wheel control torque. 

For example, if there are three RWs aligned along 

the primary axis of the satellite and a redundant wheel 

tilted at equal distances from the others, �w  can be 

defined as 
 

      (8) 

 

In order to determine the magnitudes of wheel control 

torque �ୡ  , the pseudo-inverse of the RW configuration 

matrix [�w]−ଵ  can be multiplied with the commanded 

control torques �a  obtained in Eq. (5). 
 

       (9) 
 

The configuration matrix in Eq. (8) is 

representing just one of the possible RW orientations that 

can be implemented on-board a satellite. Actually, there 

are more possible orientations available without degrading 

the 3-axis attitude control. The different configurations of 

the RW that are proposed in this study both for three RWs 

set and four RWs are summarized in the Figure-2 (a) – (j) 

and Figure-3, respectively. Among those configurations, 

the suitable RW orientation that consumes a minimum 

current can be identified by calculating their total 

minimum torques required to maintain the 3-axis satellite 

attitude control. 

 

Numerical simulations 

In order to simulate the satellite attitude control 

performance, a reference mission is proposed as in Tables 

1 and 2. All the RWs are assumed to be identical and their 

configurations will be simulated using the reference 

mission. Thus, the governing equations and the reference 

missions’ parameters are implemented in the Matlab 

Simulink
TM 

codes. Then, numerical treatments are 

performed, which allow an assessment of the each 

configuration’s merit. 
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Table-1. Orbit parameters. 
 

 
 

 

 

 

 

 

 

 

 

Table-2. Satellite specifications. 
 

 
 

 
 

Figure-2. (a) – (j). Configuration matrix of 3 reaction wheels. 

 

 
 

Figure-3. (a) – (h). Configuration matrix of 4 reaction wheels. 
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RESULTS 

 

Performance analysis 

The simulation result pertaining to each 

configuration is carefully evaluated in terms of their 

torques and attitude performances. The RW configuration 

that has a minimum total control torque level is identified 

in order to determine a minimum power intake 

configuration. The performance analysis for all the test 

cases corresponding to three and four RWs for the 

simulation at inclinations of 83° and 53° are summarized 

in Tables 3 and 4, respectively. 

For the three RWs at 83° of inclination, the total 

minimum torque is in Case 5, Tw_t୭tal = ͳ.ʹ5 × ͳͲ−ହNm, 

where one wheel is aligned along x axis and the other two 

wheels are tilted; see Figure 2 (e). While, for three RWs at 

53° of inclination, the total minimum torque is in Case 

7Tw_t୭tal = ͳ.Ͳͺ × ͳͲ−ହNm, where one wheel is aligned 

along z axis and the others are tilted; see Figure-2(g). 

For the four RWs both at 83° and 53° of 

inclination, the total minimum torque is in Case 3, where 

two wheels are aligned along x and z axes and the other 

two wheels are tilted, see Figure-3 (c). The total minimum 

torque for inclination of 83° and 53° are  Tw_t୭tal =ͺ.5͹ × ͳͲ−଺Nmand Tw_t୭tal = ͻ.ʹͲ × ͳͲ−଺Nm, 

respectively. These minimum torque configurations 

correspond to the minimum power intake configurations 

as well. 

By comparing the results at these two different 

inclinations (i.e.; 83° and 53°), the total minimum torque 

for four RWs configuration is retained in the same case as 

in Case 3. However, the total minimum torque for three 

RWs configuration resulting in the different cases, 

whereby the best cases are in Case 5 and Case 7 for 83° 

and 53° of inclinations, respectively. These results convey 

that the change of orbit inclinations, actually, influences 

the satellite’s attitude control performances, i.e., the 
generation of attitude control torques and pointing 

accuracies. Looking at the pointing performances, all the 

configurations have a similar total attitude pointing 

accuracy of about 0.001°. Nevertheless, the best attitude 

pointing (<0.001°) is achieved in Case 1 of three RWs at 

83° of inclination. However, this configuration 

fundamentally inherits a catastrophic failure in the case of 

one wheel failure compared to all the other configurations 

at 83°; and therefore, it is not a suitable configuration for 

satellite missions [17].  

 

Attitude control performances 

Indeed, the full 3-axis satellite attitude controls 

are achieved in all the test cases; thus, only each case of 

the three and four RWs configuration attitude performance 

plot is shown for each of 83° and 53° of inclinations. 

Figures-4 (a)-(b) show the satellite attitude performances 

at 83° of inclination for Case 5 of the three RWs 

configuration and Case 3 of the four RWs configuration. 

Whereas Figures-4 (c)-(d) represent the satellite attitude 

performances at 53° of inclination for Case 7 of the three 

RWs configuration and Case 3 of the four RWs 

configuration. 

 

 

Table-3. Performance analysis for 83° of inclination. 
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Table-4. Performance analysis for 83° of inclination. 
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Table-5. Performance analysis for 53° of inclination. 
 

 
 

Table-6. Performance analysis for 53° of inclination. 
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Figure 4 obviously shows that the roll-pitch-yaw 

attitudes converge to the stable pointing accuracies 

(≈0.001°) from the initial attitude errors (±5°) after about 
0.035 orbits (197 s). In order to verify the effect of large 

initial attitude errors, three different initial errors (e.g., 

30°, -45° and 60°) are introduced in a test case, i.e., Case 1 

of the three RW configurations. The attitudes 

performances are shown in Figure-5 confirm that all the 

attitude errors converge to their steady state (≈0.001°) at 
about 197 s. Therefore, the attitude performances given in 

Figure 4 are valid even in the cases with large initial 

attitude errors.  

 

CONCLUSIONS 

The satellite attitude control performances using 

three and four identical Reaction Wheels (RWs) for two 

different orbit positions have been successfully evaluated 

in this paper. The results show that a 3-axis satellite 

attitude control is achieved in all the proposed 

configurations even with large initial attitude errors both at 

83° and 53° inclinations. Satellite attitude accuracies 

around 0.001° are achieved in all the configurations. For 

four RWs configuration, the configuration with a 

minimum total torque level resulted in the same case. 

However, for three RWs configuration, the configuration 

with a minimum torque level resulted in the different 

cases. These results showed that the satellite’s attitude 
control performances are actually influenced by the 

satellite’s orbit inclination and affected the determination 
of the low-power RWs configuration as well. In fact, 

numerical treatments in this work have revealed the RW 

configuration with a minimum total torque level based on 

the mission requirements. Therefore, the power intake for 

the attitude control system can be minimized by selecting 

the minimum torque configuration with respect to the 

defined reference mission as shown in this work. 

 

 
(a) Case 5 of 3 RWs configuration. 

 

 
(b) Case 3 of 4 RWs configuration. 

 

 
(c) Case 7 of 3 RWs configuration. 

 

 
(d) Case 3 of 4 RWs configuration. 

 

Figure-4. (a) – (d). Attitude performances. 
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Figure-5. Attitude performances for different initial 

attitude errors. 
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