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Abstract—Stabilization of satellite attitude is the most
important thing that should always be maintained during orbit.
A model of satellite stillness controllers fairly stable against
interference and simple has been developed. This is evidenced by
testing models to control motion on the Z-axis. A Proportional
Integral (PI) controller has been selected as the actuator
controller. By tuning parameters P=423.6 and 1=693.7, producing
relatively good system characteristics, the maximum overshoot
(Mp) decreases by 3%, and the rise time improves (t-=3.1s), but
the settling time increases. By making a few modifications, this
model can be used as a basis for transferring motion control to
other axes—i.e., the X-axis (roll) and Y-axis (pitch).
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I. INTRODUCTION

A CubeSat is a satellite with a standard size of 10 x 10 x 10
cm® and a maximum weight of 1.33 kg, categorized into
nanosatellite [1-3]. After launch, such a satellite must remain in
a designated orbit and orientation. For this, an Attitude Control
System (ACS) is necessary.

ACS has two functions, first, to produce external torque to
direct satellites, and second, to exchange momentum. The most
widely used momentum exchange device is the reaction wheel.
Although this device has a fairly high accuracy level, it cannot
be very easy because it requires considerable power.

A reaction wheel is an actuator that works based on the
principle of angular momentum. It employs a DC motor
mounted on a central flywheel, located at all three satellite axes
[4]. This rotating motor produces the torque required by the
satellite, and a change in angular velocity affects the motion
and orientation of the satellite.

However, reaction wheels have a notable weakness, i.e.,
saturation [5], which occurs when a change in momentum
exceeds the storage capacity of the satellite [6,7]. Saturation is
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closely related to the motor's maximum speed and is usually
limited by the reaction wheel's maximum voltage [8].

Due to these limitations, reaction wheels cannot perform
optimally, decreasing work performance [9]. Internal and
external interference, such as gravity torque, radiation torque,
and environmental torque, may further limit the control
system's accuracy [10].

Following CubeSat's mission, modelling is required to
develop an appropriate ACS model and ensure its availability.
This article provides such modeling. According to the specified
reference, ACS controls satellite motion on three axes, i.e., X,
Y, and Z axes. The control process is carried out sequentially,
depending on the sequence of satellite rotation. In this study,
the satellite rotation was modeled in the sequence of 323 or
ZYZ, i.e., rotated on the Z-axis, then the Y-axis, then to the Z-
axis. It is therefore modeled rotation control on the Z-axis.

The satellite attitude control modeling described in this
paper begins by explaining how inertia and body frame are
used. Then proceed with the equation's derivation for the
satellite body's motion, actuators, and controllers. Furthermore,
the model equation is simulated using software to see its
characteristics. By looking at the model's system
characteristics, it can be concluded that the model is good or
not, can be implemented or not.

This paper is organized into five sections. Section 1, the
introduction, explains the research background, Section
describes related work, including previous research related to
ACS modeling. Section 3, ACS modeling, contains a
derivation of mathematical equations for actuators, satellite
bodies, and control systems. Section 4 presents the simulation
and discussion, while Section 5 offers several conclusions.

Il. RELATED WORK

The reaction wheel is one of the main components of ACS,
which is the source of disturbance [11], usually caused by
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flywheel imbalance, ripple torque, and friction to interfere with
the accuracy and stability satellite [12].

Reaction wheels are the most widely used actuators; it has
highly accurate and produces precise torque, making them
suitable for satellites that require high-speed maneuvering [13-
15]. Stabilization is an important issue that should be
considered at the time of ACS design [16].

In existing research [17,18], ACS has been modeled by
modeling the satellite body and the actuators used, i.e., reaction
wheels, and using the results to analyze system stability. The
control system often used to handle stabilization issues is PID
[19-21].

PID control systems are widely used to control the motion
of a system, such as vertical motion UAV [22], for VTOL
stabilization [23], to maintain quadrotor flight [24], namely by
tuning coefficients P, I, and D and can be optimized in value by
other methods such as Ant Colony, PSO, and others.

I1l. ACS MODELING

In this section, the physical motion modeling of the satellite
body, actuator, and controller will be described within the
context of ACS modeling. For modeling, several system
dynamics are required: the inertia framework, the motion
frame, and the body frame. The inertia framework is labeled

Xe—Yo—Z¢ The point of origin is the center of the earth,
the ¢ axis faces the vernal equinox, the Ye axis indicates

north, direction, and Z¢ rotates using the right-hand rule, as
described in figure 1.

g
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Fig. 1. Inertia framework.

The body frame describes the position of the object's body
when rotating in three axes, namely the x-axis (roll), the Y-axis
(pitch), and the Z-axis (yaw), as described in Figure 2. The
torque is generated on each axis, expressed by equation 1-3.
ACS controls satellite torque on roll, pitch and yaw axes. In
this simulation, the torque to be controlled is the torque on the
Z-axis.

Tax + T =1 Q)

Td}- + TG}' = ft? (2)
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sz + Tcz = h)b (3)

Inertia frameworks, dynamics equations, and body frames
are used as the basis for modeling the plant. The plant consists
of the actuators and processes to be controlled. System
performance is measured using the transfer function.

+Z5

Y(yaw)
0 (pitch)

Y/

+Xp @ (roll)
Fig. 2. Body framework.

A. Satellite Body Motion Modeling
Satellite dynamics are defined by Equation 4.

Jé+B8 =T, @)

Where [ is satellite inertia, B is satellite dumping, and Tom
is motor torque. By changing Equation 1 using the Laplace
transform, output and input torque were compared, as
expressed in Equation 5 and Equation 6.

1526(s) + BS8(s) = T,,, ©)
o) __1
Tm  J52+ES (6)

B. Actuator Modeling

The actuator used to drive the satellite is the reaction wheel,
a DC motor [14,17,18]. DC motors are actuators that produce
angular acceleration on flywheels, thereby producing torque
and angular momentum that can change the satellite's
orientation. Change in momentum is generated by the reaction
wheel to move the satellite in the opposite direction.

DC motor modeling is grouped into three elements: the
electrical system, the mechanical system, and the rotational
system, as expressed in Equation 7.

T (8) = T.(8) + Ta(S) (7

TL is load torque, T4 is the internal disturbance torque
motor; in this initial study, the disturbance was ignored. By
using the Laplace transform, Equation 8 was obtained.

gis) K

Voi(s)  (Js+b)(RatLlaS) 8
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C. Disturbance
Frequently interfering with low-orbit satellites (LEO) are

gravity gradient (Tﬂ), magnetic torque (Tm), aerodynamic
torque (Tu-), and solar radiation (Ts) [1,25,26].

In this study, total disturbance torque was used as a
reference; satellites should produce torque that is at least twice
as much as disturbance torque. In this study, the total amount
used was 6.850 10-7[Nm], the gravity gradient, magnetic
torque, aerodynamic torque, and solar radiation.

IV. SIMULATION AND DISCUSSION

Based on the motion modeling of satellite bodies, actuators,
controllers, and interference, ACS systems were diagrammed
in a transfer function. To identify the ACS characteristics, the
parameter values used for each variable of the simulation are
given in Table 1.
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The analysis is subsequently used to examine the control
system's characteristics, using P and | control parameters of
1522 and 1880. The characteristics of the system are graphed
in Figure 4. From the figure, it can be seen that rise time starts

to increase at L = 1.56 5 and that maximum overshoot
(Mp=16.3%) exceeds the input value of 1. The system

achieves a steady-state (settling time) at fs = 7.81s5 Tpe
characteristic values of this system are fully presented in Table
2.

The next experiment is used to tune the PI control
parameters. The P and | values used in this second experiment
were 423.6 and 693.7. Following these parameters, the system
characteristics in Figure 5 are generated.

Figure 5 shows a rise time of &» = 3.15 3 maximum
—_ o

overshoot of M, =10.5 “HD, and a settling time of
t; =10.55 Tpe complete characteristic values of this
simulation can be seen in Table 3.

Figure 4 and Figure 5 show the behavior of the system, as
resulting from physical modeling. The output chart first rises to
t,»=1.56; after tuning, the control system parameters increases

to £ =3.1. The t» value is affected by satellite dumping.

Reference tracking

System: Tuned response

TABLE I. VARIABLE OF SIMULATION

Variable Simulasi Magnitude
K, Amplifier Gain 10
R, | Resistance 10 Ohm
L, Inductance 05H s
JFE Inertia Motor 0.01 Kg.sgm S
] Inertia Satelit 2.5 Kg.sqm i — wai et
B Damping 1.17 Nms | J_— : —
K | DC motor constant 001Nms | L ;

The results of this modeling of satellite motion, actuators,
and control systems were analyzed by looking at the
controller's characteristics and the overall output of the model
simulation. Figure 3 illustrates the satellite models' output (blue
lines) and actuators (red lines) by providing step input. In the

image, the settling time is reached at £== 3.31, and the output is
close to the given input.

Fig. 3. System output.

Based on the simulation results, this system is stable, as
indicated by the equation characteristics of the system being
negative (namely -0.5877 + 4.4278i, -0.5877 -4.4278i, -
0.3399 + 0.0000i, -0.1527 + 0.0000i).
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Fig. 4. System characteristics, P=1522, 1=1880.

—— Tuned response

TABLE Il SYSTEM CHARACTERISTICS VALUE
Performance and Robustness
Tuned Block
Rise time 1.56 seconds 16.4 seconds
Settling time 7.81 seconds 29 seconds
Overshoot 16.3% 0%
Peak 1.16% 1
Gain margin 545 dB @4.37 | 32.2 dB @4.28

rad/s

rad/s

Phase margin

60 deg @0.936
rad/s

79.7 deg @ 0.108
rad/s

Closed-loop stability

Stable

Stable
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Fig. 5. System characteristics P=423.6, 1=693.7.

TABLE IlI. SYSTEM CHARACTERISTICS VALUE
Performance and Robustness
Tuned Block
Rise time 3.1 seconds 16.4 seconds
Settling time 10.5 seconds 29 seconds
Overshoot 105 % 0%
Peak 1.11% 1
Gain margin 162 dB @4.32 | 322 dB @4.28
rad/s rad/s
Phase margin 60 deg @0.448 | 79.7 deg @ 0.108
rad/s rad/s
Closed-loop stability Stable Stable

Furthermore, the maximum overshoot (Mp) also decreased

by 3%. M, is an important and necessary value when looking
to model a physical system. A good system will not produce
much more output than a given input. In the control system,

this is represented by the maximum overshoot MP. In this

simulation, the MP value was 10.5%.

Another important parameter to consider is settling time

(fs), which indicates how quickly a system achieves its final
value (usually 2% or 5% of the set value). In the second

simulation, £= increased about 3s. This is an important record
at the time of modeling.

V. CONCLUSION
The success of modeling can be ascertained by looking at
the system characteristics, i.e., rise time (t__}’ settling time

(fs), and maximum overshoot (MP}. Based on the simulation
results, the modeling achieved a better maximum overshoot
(MP) after tuning the controller parameters but required more

settling time (ts). It is necessary to review the physical
modeling undertaken and the size of the variables given to the
system.
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