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Abstract: The satellite attitude maneuver using thrusters is studied in this paper. The satellite consists 
of a rigid main body and two symmetrical solar panels that are so large that their flexibility cannot be 
neglected. The finite element method is used to discretize the elastic motion of the solar panels. The 
solar panels are modeled as a set of rectangular plate elements and only out-of-plane displacement is 
taken into account. The satellite is controlled by a thruster in its main body, while there are no other 
control inputs on the solar panels. For the attitude maneuver, the roll, pitch and yaw torques generated 
by the on-off thruster are used and here can produce two different constant amplitudes. Then two types 
of fuel-efficient input shaping are formulated and applied to perform satellite attitude correction. The 
first type of input LHHL is preceded by the use of a small amplitude torque followed by a large 
amplitude one, while the sequence of torque applied to the second type of input HLLH is the opposite 
of the first input. The two types of inputs are applied separately to the same satellite. They managed to 
dampen the residual vibrations after reaching the desired attitude, but in achieving this condition the 
solar panels experienced considerable deflection during the transient response. Due to this, the 
effectiveness of the shaped inputs for maneuvering the satellites at small structural deflections of the 
solar panels during their transient responses is compared. The simulation results show that the use of 
the LHHL input shaper can minimize the structural deflection that occurs in the transient response 
during the satellite attitude maneuvering process. 

Key Words: input shaper, flexible satellite, attitude maneuver, transient response, finite element, fuel-
efficient 
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1. INTRODUCTION 
Communication satellites, which are usually placed in geostationary orbits, have grown in size 
in recent years. The Intelsat 30, which uses the LS-1300 satellite platform, introduced in the 
late 1980s, has a wingspan of 32.4 meters for the solar panels [1]. The Boeing 702MP satellite 
platform, introduced in 2009 has a wing span of solar panels in the range of 36.9-38.1 meters 
[2]. The Wideband Global Satcom WGS-9 launched in 2017 is a satellite constellation system 
that has individual satellites on a Boeing BSS-702HP satellite platform using solar boards with 
a wingspan of 41 meters [3]. 

From the three examples of satellites, it can be predicted that in order to produce energy 
with greater power, the satellite's solar panels will increase in size and length in the future. 
Due to the limited mass at launch, the satellite is designed using lightweight materials. With 
the increase in the size of the satellite but coupled with the use of lightweight materials, the 
satellite can no longer be considered a rigid system because the flexibility of the satellite can 
no longer be ignored. 

Geostationary communication satellites require a certain precision in pointing to the earth. 
To maintain orientation, satellites often require attitude correction during their lifetime in orbit. 
Attitude maneuvers of rigid satellites can be carried out easily without causing structural 
vibrations and attitude oscillations. 

However, attitude maneuvers of flexible satellites can cause vibration problems after 
steady state, especially when they are performed using on-off thrusters. To overcome this 
problem, the method of shaping the input generated by the thruster has been demonstrated by 
Parman [4, 5, 6, 7, 8, 9] and other researchers [10, 11, 12, 13, 14, 15, 16, 17]. Their study 
investigated the shaping of inputs with constant amplitude, in either the fuel-efficient or time-
optimal type. By using the shaping input, they managed to dampen the structural vibrations 
and attitude oscillations at steady state. 

However, it is found that the elastic deflection of the solar panels is still quite large during 
the transient conditions. Of course, this large enough deflection is quite worrying because it 
might cause the structure of the solar panels to break. 

Several works investigated the elastic deflection of a driven system using input shaping 
during transient responses [18, 19, 20, 21, 22, 23]. Robertson [24] formulated an analytical 
approach in the input shaping constraint to overcome the large transient deflections during the 
maneuver of the spring-mass system. 

For the type of system that has a single vibrating mode as studied, the analytical 
formulation of the input constraint can be easily defined. However, when the system has more 
flexible modes, the analytical equations for limiting the deflection of the flexible members 
become very complex and impossible to formulate. Computational simulation then becomes 
the solution, such as research conducted by Parman [25, 26] which uses a finite element model 
for flexible satellites and is controlled by a constant amplitude input shaper. In this paper, 
computer simulations of flexible satellite’s attitude maneuvers are presented. The satellite 
under review consists of a main body and two large, symmetrical flexible solar panels. 
Maneuvering is controlled by the torque generated by the thruster system, where the torque 
generated can have two different amplitudes. 

Two types of fuel-efficient input shapers are formulated in this paper and applied to 
control the satellite in the simulation. The satellite in the finite element model that has been 
developed by Parman [4, 5, 8] with a non-zero offset angle of the solar panel is used for 
simulation. The effectiveness of the input shaper to have a small deflection of the solar panels 
during transient conditions will finally be concluded. 
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2. SATELLITE WITH TWO FLEXIBLE SYMMETRICAL SOLAR PANELS 
2.1 Finite element modelling 

The flexible satellite model investigated in this work is the same as the model used in Ref. [4, 
5, 8]. The satellite has a rigid main body and two solar panels which are symmetrical, light, 
large and long. Therefore, solar panels are flexible. The finite element model of the satellite is 
shown in Fig. 1. 

 
Fig. 1 – Finite element model of satellite [4] 

For finite element modeling, each solar panel is divided into sixteen rectangular plate 
elements and only out-of-plane deflection is taken into account. Then, these rectangular plate 
elements are considered as isotropic materials. The OXbYbZb reference frame is attached to the 
main body in the middle of the line connecting the rotating axis of the solar panel. Under 
normal operating conditions without disturbance, the Xb axis coincides with the satellite's 
velocity line which is tangent to its orbital trajectory, the Zb axis points towards the earth, while 
the Yb axis coincides with the rotating axis of the solar panel and completes the reference frame 
system by following the right hand rule. The solar panel elements in the positive Yb axis 
direction are numbered 1 through 16, while the elements in the other solar panel are numbered 
17 to 32. A local reference frame is attached to each plate element at the undeform state. This 
frame of reference serves to express out-of-plane deflections from points in the element. The 
solar panel nodal points in the positive Yb axis are marked with numbers ranging from 1 to 27, 
while numbers 28 to 54 are used to notify the nodal points of the other side of the solar panel. 

In the finite element method, the number of elements needed to model an object is as 
much as possible. The more the number of elements, the better the results that will be obtained 
because the model will be closer to the original object. However, in the case of these solar 
panels, the actual object is not made of a single isotropic material. Solar panels are composed 
of several layers of different materials [27] accompanied by a reinforcing frame, for example 
from aluminum. However, in terms of its flexibility in deflecting out-of-plane in this paper, it 
is considered an isotropic material. Therefore the selection of the number of rectangular plate 
elements of the solar panel is not too critical. The number of elements does not need to be too 
much, the important thing is that it can represent a number of out-of-plane vibration modes of 
the solar panel. 

2.2 Satellite attitude 

The satellite attitude can be expressed in various ways, for example in Euler parameters, Euler 
angles or Bryant’s angles. For attitude maneuvers involving large changes in attitude angles, 
researchers usually use Euler parameters, for example, as done by Robinett et al. [28], while 
for small changes in attitude angles, researchers prefer to use Euler or Bryant’s angles. The 
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attitude of the satellite in this paper is stated in Bryant’s angles: roll φ, pitch θ and yaw ψ 
angles with respect to the observation reference frame Fo, while the orbital reference frame 
was chosen as the reference frame of observation. The definition of the Bryant angle is shown 
in Fig. 2. 

 
Fig. 2 – Bryant’s angles for rotations from Fo to Fb 

2.3 Equation of motion 

The satellite’s equation of motion follows the derivation of Parman et al [4, 5, 8], which can 
be expressed in the following linear equation: 
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In Equation (1) m is the total mass of satellite, A is the coupling matrix for the rotational 
displacements of the main body and the elastic displacements of the solar panels, and W is the 
coupling matrix for the translational displacements of the main body and the elastic 
displacements of solar panels. 

The rigid main body coupling matrix for the translation and rotation of displacements is 
symbolized by Q, while the satellite inertia and solar panel’s mass matrices are identified by 
I and M, respectively. 

The K is designated for the matrix of solar panel’s stiffness. The damping property of 
solar panels in the matrix form is represented in D.  

The matrix 𝝎𝝎�𝑜𝑜 represents the skew symmetric matrix of the satellite orbital velocity ωo. 
The rigid main body’s translational and rotational displacements are expressed in vectors r and 
Θ, respectively. Here Θ is stated in the Bryant’s angles vector. The vector d is the elastic out-
of-plane displacements of the satellite’s solar panels. 

The vectors Fb and Tb state external forces and torques those are working on the rigid 
main body, respectively. 

The external forces and torques working on the solar panels form the vector Fa. The total 
degrees of freedom of the flexible solar panels is noted in f. In fact, flexible solar panels have 
attenuation properties even though they are quite small. 
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The most serious condition is when this damping property is absent. In this research 
article, flexible solar panels are considered to have very small dissipation properties that can 
be ignored. This is to show that the control method used here is capable of overcoming the 
most severe conditions. So, the matrix D in Equation (1) is equal to 0. 

3. FASTEST ATTITUDE MANEUVER 
The satellite studied here does not have control inputs on the solar panels. The control input 
for attitude maneuvers is only in the form of torque generated by the on-off reaction thruster 
in constant amplitude in the main body. 

Based on Newton's second law of rotational motion, the angular acceleration of the 
attitude of the satellite as a rigid body motion can be expressed as: 
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where Ixx, Iyy, Izz, Ixy, Ixz, and Iyz are components of the whole satellite’s inertia matrix I, and Tbx, 
Tby, and Tbz are components of the torque input vector Tb on the rigid main body in Equation 
(1). For small angular displacements and angular velocities, a desired angular velocity can be 
determined by integrating Equation (2) with respect to time, 
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Finally, if Equation (3) is integrated, a desired attitude angle displacement can be produced, 
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In simulations, the satellite of Parman [25] is used for this study. The main body of the satellite 
is supposed to be consisted of six lumped masses at certain location from the center of the 
reference frame of the rigid main body Ob. The values and locations of the lumped masses are 
tabulated in Table 1. Table 2 lists the solar panel parameters of the satellites used in the 
computer simulation. For the configuration under consideration the center of the main rigid 
body fixed reference frame coincides with the center of mass of the whole satellite in undeform 
state. The values of Ixx, Iyy, Izz, Ixy, Iyz and Ixz are 17,731 kg·m2, 2,580 kg·m2, 15,557kg·m2, 0 
and 43 kg·m2, respectively. 

Table 1 – Lumped masses in the main body 

Mass Position 
xb (m) yb (m) zb (m) 

400 0.400 0.000 0.000 
400 -0.400 0.000 0.000 
500 0.000 0.500 0.000 
500 0.000 -0.500 0.000 
550 0.000 0.000 1.400 
550 0.000 0.000 -1.400 
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Table 2 – Solar panels of the satellite 

Parameter Values 
Number of solar panels 2 
Each solar panel’s dimension 12 m × 2.4 m × 0.03 m 
Number of elements in each solar panel 16 
Dimension of each element 1.50 m × 1.20 m × 0.03 m 
Poisson ratio, ν 0.3 
Mass density, ρ 120 kg/m3 
Young’s modulus of elasticity, E 0.6×108 N/m2 
Distance between Ob and panel’s root 1.80 m 
Offset angle of solar panels, δ  30° 

At initial condition, the satellite is in an undeform state, while under normal operating 
conditions according to the satellite design the main body fixed reference frame coincides with 
the orbital reference frame and inertial reference frame. The orbital reference frame, Fo rotates 
about the inertial reference frame, Fi with a constant angular velocity, 

ωo = -ωo ji (5) 

In Equation (5), ji is the unit vector in the direction of the Yi axis and ωo = 7.29 × 10-5 
rad/s. It means that the satellite orbits the earth once a sidereal day. Using the parameters of 
the main body and solar panels as listed in Tables 1 and 2, and setting the constraint that the 
base of the solar panels do not deflect due to  relatively rigid reinforcing structures, the satellite 
will have 144 natural frequencies of vibration. 

The first and second natural frequencies of vibrations are ω1 = 0.3354 rad/s and ω2 = 1.082 
rad/s, respectively. These two natural frequencies are the oscillation frequencies for the 
coupling roll and yaw motions. 

If there is no disturbance, the satellite in this research operates in orbit with roll, pitch and 
yaw angles, all 0°. Then in the simulation the satellite is supposed to be at rest but has an 
attitude error, where the attitude angle is  initially -3° in roll, -1° in pitch and 2° in yaw. 
Therefore it is necessary to do attitude correction where all attitude angles must be moved to 
0°. For this attitude change, bang-bang torques are used, both in the roll, pitch and yaw 
directions. These torques are generated by thruster bursts. The torque here is 8 Nm, in both 
roll, pitch and yaw directions. 

To make this desired maneuver, bang-bang torques in the direction of the roll Tbx, pitch 
Tby and yaw Tbz are required for 21.528 s, 4.744 s and   16.444 s, respectively. To correct the 
attitude in the fastest time then Tbx, Tby and Tbz are applied since t = 0 simultaneously. When 
the satellite experiences roll, pitch and yaw torques simultaneously from the initial time of 
simulation, the attitude angles and deflection of node 27 are shown in Figs. 3 and 4, 
respectively. Node 27 is the nodal point at the tip-edge of the solar panel at the positive Yb axis 
direction. Seen in Fig. 3 that all angles of attitude have been successfully changed to the 
desired attitude. 

At the end of the maneuver, as seen in Figs. 3 and 4, all attitude angles and structural 
deflection of node 27 have very large residual oscillations. Node 27 experienced out-of-plane 
vibrations with a very high amplitude of 1.46 meters. When compared with the length of the 
solar panel which is 12 m, the deflection is about 12%. Their oscillations predominantly occur 
in the vibration period of 18.73 seconds. This period of vibration corresponds to the first 
natural frequency of the satellite. 



53 Comparative study on two-constant-amplitude input shapers to maneuver flexible satellite in small structural deflection 
 

INCAS BULLETIN, Volume 14, Issue 3/ 2022 

 
Fig. 3 – Time history of attitude angle displacement under the bang-bang torques 

 
Fig. 4 – Time history of local vertical displacement of node 27 under the bang-bang torques 

4. FUEL-EFFICIENT INPUT SHAPERS WITH TWO CONSTANT-
AMPLITUDES 

An appropriate torque input to drive the flexible satellite attitude to the desired attitude with 
negligible or non-existent residual vibration can be 'created'. This method is referred to as input 
shaping [29]. In this method, the time location and the applied input amplitude are planned 
and determined by simultaneously solving a number of constraint equations. In this paper, the 
control torque generated by the on-off thruster can have two constant amplitudes, i.e. T and 
0.5 T. We selected two fuel-efficient type input shaping configurations in this rest-to-rest 
attitude maneuver. The input consists of two pulses in the positive direction and two pulses in 
the negative direction. 

One we define as LHHL, while the other as HLLH. In both of these definitions, L denotes 
an input with a 'low' amplitude, while H denotes an input with a 'high' amplitude. So for 
example, the LHHL input whose configuration is shown in Fig. 5 would consist of four torque 
pulses as a result of gas emission: a first low-amplitude torque pulse, a second high-amplitude, 
a third high-amplitude, and a fourth low-amplitude torque pulse. Why are the third and fourth 
torque pulses in the opposite direction to the first and second? This is done to create a rest-to-
rest maneuver. The first and second torque pulses will produce a positive angular acceleration 
- in the sense that they are in the direction of the desired angular displacement - meaning they 
will produce a positive angular velocity at the end of the second torque pulse. For the final 
state to stop, this angular velocity must be zeroed again at the end of the fourth torque pulse. 
The implementation is of course by providing angular deceleration, or in other words 
providing angular acceleration in the negative direction. The same applies to another 
definition, namely HLLH whose configuration is shown in Fig. 6. 
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Fig. 5 – Fuel-efficient LHHL torque input configuration 

 
Fig. 6 – Fuel-efficient HLLH torque input configuration 

4.1 Fuel-efficient LHHL input shaper 

For the first input configuration as shown in Fig. 5, LHHL, the alternative signal pulse 
sequence can be expressed as the convolution of the step input with the input shaper in the 
form of 

�𝐴𝐴𝑖𝑖𝑡𝑡𝑖𝑖
� = �0.5 −0.5 1 −1 −1 1 −0.5 0.5

𝑡𝑡1 𝑡𝑡2 𝑡𝑡3 𝑡𝑡4 𝑡𝑡5 𝑡𝑡6 𝑡𝑡7 𝑡𝑡8
� (6) 

For a rest-to-rest maneuver, attitude angle velocity in Equation (3) must be zero. To guarantee 
this condition, it was selected a symmetrical condition for time location of impulses with t1 = 
0. For any arbitrary t2 > t1, 

𝑡𝑡3 = 𝑡𝑡2 + 𝑏𝑏
𝑡𝑡4 = 𝑡𝑡3 + 𝑐𝑐 = 𝑡𝑡2 + 𝑏𝑏 + 𝑐𝑐

𝑡𝑡5 = 𝑡𝑡4 + 2𝑑𝑑 = 𝑡𝑡2 + 𝑏𝑏 + 𝑐𝑐 + 2𝑑𝑑
𝑡𝑡6 = 𝑡𝑡5 + 𝑐𝑐 = 𝑡𝑡2 + 𝑏𝑏 + 2𝑐𝑐 + 2𝑑𝑑
𝑡𝑡7 = 𝑡𝑡6 + 𝑏𝑏 = 𝑡𝑡2 + 2𝑏𝑏 + 2𝑐𝑐 + 2𝑑𝑑
𝑡𝑡8 = 𝑡𝑡7 + 𝑡𝑡2 = 2𝑡𝑡2 + 2𝑏𝑏 + 2𝑐𝑐 + 2𝑑𝑑

 (7) 

The a, b, c and d are positive variables those must produce 

𝑎𝑎 �
1
2
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where Θdes is the desired angular rotation which can be the desired roll, pitch or yaw angle 
displacement. The variable a is the angular acceleration, i.e. the acceleration component in 
Equation (2). 

The next constraint is to limit the residual vibration at a certain natural frequency ω to a 
desired value. Percentage of residual vibration of the input Equation (6) to the bang-bang input 
that produces the desired maneuver can be written as follows: 
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�∑𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏 𝑠𝑠𝑠𝑠𝑠𝑠(𝜔𝜔𝑡𝑡𝑏𝑏𝑏𝑏𝑏𝑏)�2 + �∑𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏 𝑐𝑐𝑐𝑐𝑐𝑐(𝜔𝜔𝑡𝑡𝑏𝑏𝑏𝑏𝑏𝑏)�2
× 100% (9) 

where Abbj and tbbj express the input shaper for the bang-bang in the following expression 

�
𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏
𝑡𝑡𝑏𝑏𝑏𝑏𝑏𝑏

� = �1 −2 1
𝑡𝑡1 𝑡𝑡2 𝑡𝑡3

� (10) 

Equation (9) can be made as many times as needed. For example, the equation is made for 
residual vibrations at the first, second, third natural frequencies and so on. Using the above 
constraints, a large number solutions for ti (i = 1, 2, …, 8) can be resulted. If we want to 
maneuver the satellite as soon as possible, then we must select the smallest value of t8, 

minimize(t8) (11) 

It should be noted that Equations (6)-(11) are defined to make the angular displacement 
in the positive direction. If it turns out that the desired angular displacement is in the negative 
direction, then we only need to multiply Equations (6) and (10) by -1. Also, Equations (6) and 
(10) are defined to give a maximum input torque of 1 Nm. To convert to the actual torque 
input generated by the satellite, these equations must be multiplied by T. 

4.2 Fuel-efficient HLLH input shaper 

In contrast to the first configuration, the series of alternative-signal pulses in HLLH shown in 
Fig. 6 can be expressed as the convolution of the step input with the input shaping in the form 
of 

�𝐴𝐴𝑖𝑖𝑡𝑡𝑖𝑖
� = �1 −1 0.5 −0.5 −0.5 0.5 −1 1

𝑡𝑡1 𝑡𝑡2 𝑡𝑡3 𝑡𝑡4 𝑡𝑡5 𝑡𝑡6 𝑡𝑡7 𝑡𝑡8
� (12) 

For the selection of ti (i = 1, 2, …, 8) as written in Equation (7), the values of a, b, c and d 
must be determined in order to produce the attitude angular displacement in accordance with 
the desired value. 

𝑎𝑎 �𝑡𝑡22 + 2𝑡𝑡2𝑏𝑏 + (2𝑡𝑡2 +
1
2
𝑐𝑐)𝑐𝑐 + 2(𝑡𝑡2 +

1
2
𝑐𝑐)𝑑𝑑� = Θ𝑑𝑑𝑑𝑑𝑑𝑑 (13) 

Finally, Equations (9)-(11) are also used as the constraint equations for HLLH configuration. 
The note in the final paragraph of Section 4.1 above also applies to Equation (12). 

5. SIMULATION AND DISCUSSIONS 
To demonstrate the usefulness and power of shaped HLLH and LHHL inputs in this paper, 
simulations with initial and final conditions as performed in Section 3 will be repeated. In that 
section we find the fact that the residual oscillation of the pitch angle is very small. Therefore 
the input shaping method need not be applied to the pitch torque. The bang-bang pitch torque 
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can be directly applied to the satellite without modification. The input shaping technique is 
applied to roll and yaw torques to dampen residual vibrations after attitude maneuvers. 

Ideally, vibrations at all natural frequencies need to be dampened so that there are no 
residual vibrations anymore. However, there may not be a solution torque input that can 
completely dampen all vibrations. 

Whereas vibrations at high frequencies usually occur with a fairly small amplitude and do 
not interfere with the satellite's accuracy in pointing to the earth. In this simulation it is 
assumed that only vibrations at the two natural frequencies produce residual structural 
vibrations which are quite disturbing. 

Therefore, the constraints in Equation (9) are only applied to the first two natural 
frequencies for roll and yaw satellite oscillations. 

The residual vibration at ω = 0.3354 rad/s is so large as simulated in Section 3 that it needs 
to be completely suppressed. 

It may be very unlikely to get a value of 0% in the residual vibration calculation. We 
believe that an error tolerance of 0.001% is quite acceptable for a residual vibration value equal 
to zero, so in this case we put V(0.3354) < 0.001%. 

The residual vibration at ω = 1.082 rad/s is assumed to be quite large and needs to be 
suppressed to a sufficiently small value, so we place V(1.082) < 1%. The resulting shortest 
inputs are listed in Table 3. 

Table 3 – Time location of impulses to shape the roll and yaw torque inputs 

 t1 (s) t2 (s) t3 (s) t4 (s) t5 (s) t6 (s) t7 (s) t8 (s) 
Roll, LHHL 0 1.240 3.270 8.730 21.229 26.689 28.719 29.959 
Yaw, LHHL 0 1.630 2.360 5.140 19.834 22.614 23.344 24.974 
Roll, HLLH 0 6.040 7.880 8.220 16.753 17.093 18.933 24.973 
Yaw, HLLH 0 1.720 2.420 6.230 17.780 21.590 22.290 24.010 

Using the yaw and roll torque inputs of Table 3 coupled with the bang-bang pitch torque 
input, the attitude maneuvers of the flexible satellite are computationally simulated. The initial 
condition of the satellite is as same as the simulation using bang-bang torques input in Section 
3. The satellite is at rest condition in the undeform state. 

The attitude of the main body of the satellite is -3° in roll, -1° in pitch and 2° in yaw. It 
must be maneuvered into 0° attitude angles. 

The magnitude of torque T in Figs. 5 and 6 is selected to be 8 Nm. The LHHL input gives 
the attitude angle and solar panel’s tip deflection responses as shown in Figs. 7 and 8, 
respectively. 

 
Fig. 7 – Time history of attitude angle displacement under the fuel-efficient LHHL roll and yaw torques 
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Fig. 8 – Time history of local vertical displacement of node 27 under the fuel-efficient LHHL roll and yaw 

torques 

It can be seen in Figure 7 that all attitude angles can be changed to 0° with very small 
residual oscillations after the maneuver. The residual vibration at node 27 is quite small as 
shown in Figure 8. 

The results in the figures have proven that our assumption that it is only necessary to 
dampen vibrations at the first two natural frequencies to produce good attitude accuracy on the 
satellites we simulate is correct. 

The LHHL input for this maneuver has a roll torque in the form of pulses with an 
amplitude of 4 Nm, either in the positive or negative direction, along (t2,φ - t1,φ) + (t8,φ - t7,φ) = 
2,480 s; while the pulses have an amplitude of 8 Nm for (t4,φ - t3,φ) + (t6,φ - t5,φ) = 10.920 seconds. 
In the yaw direction, a torque input with the pulses of a 4-Nm amplitude is required for (t2,ψ - 
t1,ψ) + ( t8,ψ - t7,ψ) = 3.260 seconds and pulses with an amplitude of 8 Nm is required for (t4,ψ - 
t3,ψ) + (t6,ψ - t5,ψ) = 5.560 seconds. 

If thruster fuel is needed when the torque pulse is on and not needed when the pulse is off, 
then the control time length using fuel is 13.400 seconds for roll and 8.820 seconds for yaw. 
The maximum deflection of node 27 of 0.55 m occurs at about t = 9.98 s during the transient 
response, as shown in Fig. 8. 

Figs. 9 and 10 show the responses of the satellite attitude angles and the deflection of the 
solar panel tip, namely node 27, respectively. 

We can see in Fig. 9 that the satellite attitude error at the beginning of the simulation was 
successfully corrected at the end of the maneuver. Residual oscillations of the attitude angles 
of the satellite are also very well suppressed. The residual vibration at node 27 was also 
suppressed well as shown in Fig. 10. 

The HLLH input for this maneuver has a torque requiring fuel when pulses of amplitude 
8 Nm on from t1−t2 and t7−t8, while from t3−t4 and t5−t6 the torque pulses with an amplitude of 
4 Nm is required. 

Thruster is off at t2−t3, t4−t5 and t6−t7 so that during these intervals it does not require fuel. 
The durations of 8 Nm and 4 Nm fueling pulses of the HLLH roll input are 12.080 s and 0.680 
s, respectively; while for the yaw input are 3.440 s in 8 Nm and 7.620 s in 4 Nm. 

The total fueling durations for the roll and yaw inputs are 12.760 s and 11.060 s, 
respectively. Fig. 10 shows that around 0.62-m transient deflection of node 27 at about t = 7.84 
s will be generated. 
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Fig. 9 – Time history of attitude angle displacement under the fuel-efficient HLLH roll and yaw torques 

 
Fig. 10 – Time history of local vertical displacement of node 27 under the fuel-efficient HLLH roll and yaw 

torques 

The maneuver using the fuel-efficient LHHL input shaper is completed in 29.959 seconds, 
while using the HLLH takes 24.973 seconds. Thus, using the HLLH input shaper will route 
the satellite 17% faster than LHHL. 

The fuel consumption period for the LHHL input shaper is 13,400 s in roll and 8,820 s in 
yaw, while for HLLH it is 12,760 s in roll and 11,060 s in yaw. So, in terms of the duration of 
fuel use, we cannot specifically conclude here. 

When viewed from the variable (torque × duration), for roll motion with LHHL it takes 
(4 Nm × 2,480 s) + (8 Nm × 10,920 s) = 97,280 Nms and for yaw it takes (4 Nm × 3,260 s) + 
(8 Nm × 5.560 s) = 57.520 Nms, whereas HLLH requires (8 Nm × 12.080 s) + (4 Nm × 0.680 
s) = 99.360 Nms in coils and (8 Nm × 3.44 s) + (4 Nm 7.62 s) = 58 Nms. 

This means that in terms of Nms LHHL requires a smaller value than HLLH. If the 
propulsion muzzle that produces either T or 0.5 T of torque is the same, then 0.5 T means that 
it requires only half the propulsion force of T. 

Thus the magnitude of Nms is proportional to the amount of fuel consumption. So the use 
of the LHHL input shaper will be more fuel efficient than the HLLH. 

Lastly, in terms of maximum transient deflection of the solar panel tip, LHHL produces 
less deflection than HLLH. The HLLH deflection will be 13% greater than the result with 
LHHL. 
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6. CONCLUSIONS 
Two configurations of fuel-efficient input formation in two constant amplitudes for correcting 
the satellite attitude with two flexible solar panels are studied in this paper. The location of the 
impulse timing to form the input is chosen to be symmetrical. The first configuration –LHHL– 
starts with a smaller constant amplitude, which is 4 Nm, while the second configuration –
HLLH– starts with a higher constant amplitude, which is 8 Nm. Attention is paid to the time 
required for the satellite maneuvering process and the induced deflection of the solar panels 
during the transient response. The results show that for the desired roll, pitch and yaw angular 
displacements of 3°, 2° and -2°, respectively, we need to sufficiently dampen the vibrations at 
the two lowest natural frequencies. The input shaping the HLLH is capable of changing the 
satellite's attitude 17% faster than the LHHL. In terms of fuel consumption, LHHL input is 
more efficient than HLLH. Also, in terms of structural deflection during the transient response, 
the input shaper with the LHHL configuration provides a structural deflection that is 13% 
smaller than the HLLH input shaper. This means that in terms of producing a small structural 
deflection, the LHHL input shaper has better performance. 
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