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Abstract

The control system is an important part of a spacecraft mission. The control system keeps the
body in the desired attitude and designed orbit, which both of the requirements are designed
by control engineers for the control missions. For attitude control, most of them investigate
the satellite behaviors based on simulation. If the attitude control system can be investigated
via the real experiment, some problem which does not occur in the simulation is possible to
occur. In this project, the testing platform and the attitude controller were made. However,
the experiments were conducted on a terrestrial condition in which the gravity effects were
inevitably included, creating the constant distribution torque. As a result, the saturation
limitation handler was developed to cope with the fore-mentioned problem.
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Chapter 1

Introduction

1.1 Background

Nowadays, several satellites that are used for many purposes such as military, scientific, and commer-
cial are increasing every year. The popularity of satellite makes a lot of companies desire to launch
their satellites to the orbit. However, to get the large advantage of satellite use, the satellite should be
flexible in scheduling and spend the lowest cost on-orbit deployment which makes the small satellites
attractive rather than the normal-sized satellite. Nevertheless, a small-sized satellite has less space
for the component that goes on board which makes the designers have to shrink the size and mass
of all those equipment. Furthermore, the small satellite will have a smaller power source than the
normal-sized satellite which makes the on-board equipment needs to be operated under a low power
budget as well (Jayaram,2009).

The attitude control system is an important system for the mini-satellite missions which need precise
pointing. The attitude of the satellite can be described as an angular orientation of the satellite body
with respect to an assigned orbit coordinate system. All the period of the satellite mission should
continuously control the satellites attitude which can be controlled in several ways. It depends on
the type of hardware (such as actuators and sensors) and software (such as controllers) which are
equipped on the satellite.

Figure 1.1: The diagram of an attitude controller of the satellite (Ismail,2011).

As shown in Figure 1.1, the standard closed-loop satellite attitude control which is designed to guar-
antee that the present attitude of satellite and satellites reference attitude are approximately equal.
The sensor gives the orientation of the satellite value to the controller. The controller calculates and
provides the command signal to the actuator. The actuator provides the controlled torque to neutralize
the external disturbance torques and correcting the satellites attitude.
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Many small satellite missions used only the gravity-gradient stabilization or magnetic control tech-
nique which is the passive attitude control method because they are required the slightest cost and
simple. However, the accuracy of these methods on the gravitational field and the geomagnetic field
condition were low which makes those methods have low pointing accuracy and restricted control
torques (Ismail & Varatharajoo,2010).

Figure 1.2: Satellite Attitude Control Methods (Ismail,2011).

Figure 1.2 shows the methods of satellite attitude control which are separated into 2 types which are
passive and active controls. Most of satellite attitude control methods which have good precision in
attitude control are in active control type. However, there is only one of three active control methods
which are reasonable to be used in mini-satellite because the other two methods such as control
moment gyros and thruster require the high mass and fuel budget. The reaction wheel control method
normally uses three or four reaction wheel arrangement in order to control the attitude in 3-axis and
have the lofty attitude pointing accuracy. The fourth wheel is equipped in order to be the backup
wheel when the other wheels fail. The concept of these methods depends on the principle of angular
momentum conservation. When the disturbance toque makes the satellite rotate one way, the control
toque which is provided via reaction wheel will counter the disturbance toque in the same magnitude
to correct the attitude (Ismail,2011;Ismail & Varatharajoo,2010).
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1.2 Problem Statement

The control system is an important part of the spacecraft mission. The control system will keep
the body in the desired attitude and designed orbit. Both are designed by control engineers for
the control missions. This topic has predisposed from many researchers (Ismail & Varathara-
joo,2010;Won,1999;Eddine et al.,2015). For attitude control, the design and verification of small
satellites are mostly based on computer simulation. If the attitude control system can be investigated
on the real experiment, some problem which does not occur on the simulation will occur.

1.3 Objectives

The major objective of this thesis is to develop and attitude control of a 3-axis satellite platform using
a redundant reaction wheel system.

1.4 Contributions

1. Design and build a 3-axis redundant reaction wheel platform.

2. Design a new control algorithm to control attitude in 3-axis.

3. Design 3-axis control platform to test the performance of 3 axis attitude control.

1.5 Limitations and Scope

Scope

1. Design and build the satellite platform based on the nanosatellite type.

2. Develop an attitude control system using three primary axis reaction wheels and one redundant
wheel tilted at an equal angle from the other technique.

Limitations

1. The proposed satellite platform will only test on the test platform which installs on earth.

2. The fiction and gravity effect will not be considered in this study.
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Chapter 2

Literature Review

In this chapter, essential knowledge about the attitude control of the satellite system will be reviewed.

2.1 Attitude Dynamics and Kinematics

The dynamic equation of a satellite motion with reaction wheels and magnetorquer which base on the
Eulers equation and Newtons third law can be written as (Won,1999)

I · ω̇ = τd + τm − ω × (I · ω + hw)− τw (2.1)

Where,

I = diag
[
Ix Iy Iz

]
is the rotational inertia of the satellites body.

ω =
[
ωx ωy ωz

]T is the inertial reference angular rate vector of the inertial coordinate system
of satellite.
hw is the angular momentum vector of the reaction wheel.
τw is the applied reaction wheel torques.
τm is the magnetic torque vector induced by magnetorquer.
τd is the torques vector of the external disturbance.

The dynamic equations (roll, pitch and yaw) of the satellite which have the τd + τm − τw as the
total torques τ =

[
τx τy τz

]T applied on the body of satellite can be indicated as

ω̇x =
τx − (Iy − Iz)ωzωy + hwzωy − hwyωz

Ix

ω̇y =
τy − (Iz − Ix)ωxωz + hwxωz − hwzωx

Iy

ω̇z =
τz − (Ix − Iy)ωyωx + hwyωx − hwxωy

Iz
(2.2)

Wie et al. (1989) proposed the quaternion feedback control scheme for the three-axis large-angle ma-
neuvers which guaranteed global stability. The quaternion is used as a measure of attitude error which
give simple feedback signals of the three axes. Furthermore, the quaternion is suitable for onboard
real-time computation because it has only product operation and does not have the trigonometric
relation that exists in their kinematics equation.

The derivative of the Euler parameters can be reform by using the kinematics equation as follows
(Sidi,2000)

q̇ =
1

2
Ω(ω) · q (2.3)

Where,
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q̇ is a quaternion of an attitude that represents the satellite attitude when relative to the local-vertical-
local-horizontal (LVLH) coordinate system.
Ω(ω) is the skew symmetric matrix.

The quaternion describes the rigid-body attitude as a Euler-axis rotation. The quaternion is separated
into two part which is the vector part and scalar part. Quaternion’s vector part expresses the direction
of the Euler-axis rotation. The quaternion’s scalar part is associated with the rotation angle about the
Euler axis. All of the elements of the quaternion are defined as

q1 = C1 sin (φ/2)

q2 = C2 sin (φ/2)

q3 = C3 sin (φ/2)

q4 = cos (φ/2) (2.4)

Where φ is the euler axis rotation angle and C1,2,3 are the direction cosines of the Euler axis with re-
spect to the inertial reference frame. Furthermore, the derivation of Euler angles error

[
φ θ ψ

]T from
the attitude quaternion error is as follows (Sidi,2000) φ

θ
ψ

 =

 arctan
(2(q1q4+q2q3
1−2(q21+q22)

)
arcsin(2(q4q2 − q3q1))
arctan

(2(q4q3+q1q2
1−2(q22+q23)

)
 (2.5)

2.2 Control Methods

2.2.1 The Proportional Derivative Control

The control torques τa is associated to the quaternion and angular rate errors which make the control
law for the PD-type controller can be represented as (Ismail & Varatharajoo,2010)

τa = −2Kpqe −Kdωe (2.6)

Where,
qe is the quaternion difference between the setpoint quaternion qs and the feedback quaternion qf
ωe is the angular rate difference between the setpoint angular rate ωs and the feedback angular rate
ωf

According to produced acceptable control torque from the control law, the proportional gain Kp =
ω2
nI and derivative gain Kd = 2ξωnI are specified respectively. The dynamic characteristics such as

the natural frequency ωn and the damping ratio ξ can be used to find these control gains.

Zhaowei et al. (2004) proposed the control algorithm for the HITSAT-1. The attitude control system
of the HITSAT-1 is base on the PD controller because of its simplicity and reliability. Furthermore, the
HITSAT-1 used the combined control algorithm which uses the magnetorquers and reaction wheels
to provide the control torque.
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Figure 2.1: The combined control diagram of HITSAT-1. (Zhaowei et al.,2004).

Eddine et al. (2015) proposed a combine controller design approach. The combined controller can be
distinguished into two parts. The first part is the extended state observer which can forecast the ex-
ternal disturbances which come from environmental, flexible vibrations and an unexpected parameter
which not in the dynamics equation of the satellite model which is considered as an extended state.
After that, the extended state can be remunerated by feed-forward and the PD controller will be able
to stabilize an attitude.

Figure 2.2: The diagram of the combine controller. (Eddine et al.,2015).
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2.2.2 H2 Optimal Linear Quadratic Control

The system state equation can be defined as (Won,1999)

ẋ(t) = A(t)x(t) +B(t)u(t), x(0) = x0 (2.7)

z(t) =

[
C(t)x(t)
D(t)u(t)

]
D′(t)D(t) = I (2.8)

Note that C ′C = Q and D′D = R are the weighting matrices. The cost function is given by

J2 = min
u

{∫ T

0
z′(t)z(t)dt

}
(2.9)

The solution is well known for full-state-feedback linear quadratic optimal control problem. The
optimal control is given by

u∗(t, x) = −B′(t)P (t)x(t) (2.10)

Where P is given by the following Riccati equation

−P (t) = A′(t)P (t) + p(t)A(t)

−P (t)B(t)B′(t)p(t) + C ′C,P (T ) = 0 (2.11)

The cost function which given in equation2.8 is quadratic in both states and control variable, This
equation represented the energy of the system. Hence, H2 control can be clarified as energy mini-
mization, according to those theories (Zhou et al.,1996), this method has guaranteed superior perfor-
mance (at least 6dB gain margin and 60 degrees phase margin).

(Won,1999) proposed a comparative study about the diverse control methods for attitude control of
an LEO satellite. Four controllers are studied and test the performance which are PD, H2, H∞ and
mix H2/H∞ controllers. The conclusions of testing are PD controller is limited in the sense which
it cannot accomplish certain angle qualifications. The controller which have the best performance is
the H2 controller. In contrast, the controller which gave the worst performance is the H∞ controller.
The mix H2/h∞ controller has the performance which was in-between the H2 and H∞ controllers.
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2.3 Reaction Wheel Control Strategy

Speculate that the satellite has four reaction wheels installed on the satellite platform and represent as
the wheel control torque, the applied 3-axis control torque from reaction wheels can be calculated as
(Tavakkoli et al.,2005)

 τwx

τwy

τwz

 = [Aw] ·


τc1
τc2
τc3
τc4

 (2.12)

Where Aw is the arrangement matrix of the reaction wheel which defined as

Aw =
[
a1,w a2,w a3,w a4,w

]
(2.13)

Whereby ai,w is the unit vector in the direction of the spin axis of the ith reaction wheel. If assume
that the four reaction wheel which is installed onboard are aligned with the +x,+y, -x and -y body axes
and all of them are inclined to the x-y plane by an angle β which is known as pyramidal arrangement
(Shirazi & Mirshams,2014). Aw can be defined as

Aw =

 1 0 -1 0
0 1 0 -1
1 1 1 1

 (2.14)

According to the pyramidal configuration, equation 2.12 can be rewritten as follows,

 ˆτwx

ˆτwy

ˆτwz

 =

 τwx/cos(β)
τwy/cos(β)
τwz/sin(β)

 =

 1 0 -1 0
0 1 0 -1
1 1 1 1

 ·

τc1
τc2
τc3
τc4

 (2.15)

Figure 2.3: Reaction wheel arrangement in pyramidal configuration (Shirazi & Mirshams,2014).
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Matrix Aw only shows the leverage of the reaction wheel to an axis. It is needed to be noted that
the induced torque on the satellite is also dependent on the tilted angle, in the case of tilted reaction
wheels.

Because of the matrix [Aw] in Equation 2.14 is not square and cannot be inverted. In order to calculate
the vector components of Ti, the optimizing criterion is assumed to minimize the norm of the vector
T =

[
T1 T2 T3 T4

]T , the Hamiltonian H is defined as (Sidi,2000)

H =
4∑

i=1

T 2
i (2.16)

By definition,

τwx = T1 − T3,
τwy = T2 − T4,

τwz = T1 + T2 + T3 + T4 (2.17)

Define the functions

g1 = T1 − T3 − τwx,

g2 = T2 − T4 − τwy,

g3 = T1 + T2 + T3 + T4 − τwz (2.18)

The Lagrangian will be

L = H + λ1g1 + λ2g2 + λ3g3 + λ4g4 (2.19)

and the conditions for minimizing H will be:

∂L

∂T1
= 2T1 + λ1 + λ3 = 0,

∂L

∂T2
= 2T2 + λ2 + λ3 = 0,

∂L

∂T3
= 2T3 − λ1 + λ3 = 0,

∂L

∂T4
= 2T4 − λ2 + λ3 = 0 (2.20)

From equation 2.20 the final condition will be:

∆T = T1 − T2 + T3 − T4 = 0, (2.21)

which make the equation 2.15 can be rewritten in the following matrix from:
ˆτwx

ˆτwy

ˆτwz

0

 =


1 0 -1 0
0 1 0 -1
1 1 1 1
1 -1 1 -1

 ·

τc1
τc2
τc3
τc4

 (2.22)
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According to the equation 2.22, in order to determine the magnitude of τc, it can be done by multiply-
ing the inverse of the reaction wheel configuration matrix [Aw]−1 with the three-body axes’ command
control torques [Tw] as follows,

τc1
τc2
τc3
τc4

 =
1

4


2 0 1 1
0 2 1 -1
-2 0 1 1
0 -2 1 -1

 ·


ˆτwx

ˆτwy

ˆτwz

0

 (2.23)

Suzuki et al. (1990) proposed the design and EM Subsystem test of Attitude and Orbit Control Sub-
system (AOCS) for Earth Resources Satellite- i (ERS-i). the pyramidal reaction wheel configuration
is chosen to be used on ERS- i because of the large angular momentum absorption capability.

Figure 2.4: Reaction wheel configuration of ERS-i (Suzuki et al.,1990).

Shirazi and Mirshams (2014) proposed the optimum tilt angle of the pyramidal reaction wheel ar-
rangement. The proper tilt angle is an important issue performance of the pyramidal concept. The
quantity of control torques in the X and Y axis is inverse with the z-axis and it depends on the tilt an-
gle. The lower tilt angle will provide the larger control torque in the X and Y axis but it will be smaller
in the Z-axis. In this study, the optimal tilt angle which minimizes the total power consumption of the
system is at 32 degrees.

10



Figure 2.5: System power consumption as a function of tilt angle (Shirazi & Mirshams,2014).

Gomes (2016) proposed the design and development of a low-cost but dependable miniaturized Re-
action Wheel System for CubeSat applications. The pyramidal configuration is chosen in this study
due to this configuration use the least power consumption of the system during the attitude maneuver.

11



2.4 Sensor Fusion Algorithm

In order to get the absolute orientation from the 9 DOF IMU, the sensor fusion algorithm is required.
The sensor fusion was separate into main four part which are Roll and pitch calculation, the Kalman
filter, the tilt compensation and the conversation from Euler to quaternion.

Figure 2.6: Overall of the sensor fusion algorithm.

2.4.1 Roll and Pitch Calculation

The roll and pitch axis can calculate directly from the accelerometer. The equations which are used
to calculate the roll and pitch angle is (Abyarjoo et al.,2015);

φ = arctan
( Ax

(Ax)2 + (Az)2

)
(2.24)

θ = arctan
( Ay

(Ay)2 + (Az)2

)
(2.25)

Where, Ax, Ay, Az are the measurement value in roll, pitch and yaw axis from the accelerometer.
However, the value of roll and pitch which are the output of the equation 2.24 and 2.25 were noisy and
drifting. In order to solve this problem, the Kalman filter combines with the value of the gyroscope
was chosen.
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2.4.2 Kalman Filter

The theoretically ideal way to fusion and clean the noisy data from the sensor is a recursive algorithm
call Kalman filter. Kalman filter approximate the current state of the system by using the previous
state of the system. The state space form of the Kalman filter can be described as (Abyarjoo et
al.,2015);

xk+1 = Axk + wk (2.26)

zk = Hxk + vk (2.27)

Where, xk is the state vector at time k. A is the state transition matrix. wk is the noise from state
transition. zk is measurement of x at time k. H is the observation matrix. vk is the noise from
measurement.

The matrix A and H which is the matrix that describes how the system change with time and the
relationship between the measurement and the state variable respectively can be defined as (Abyarjoo
et al.,2015);

x =

[
ω
ϕ

]
(2.28)

A =

[
1 −∆t
0 1

]
(2.29)

H =
[

1 0
]

(2.30)

Where, ω is the angular velocity value from the gyroscope sensor and ϕ is the calculated value which
comes from the accelerometer sensor. After calculated the A, H, Q and R matrices which Q and R
are covariance matrices of wk and vk respectively, the Kalman filter can be implemented by using the
proposed algorithm by (Kim,2011) in figure 2.7.

2.4.3 Tilt Compensation

In order to get an accurate heading angle, the value of the magnetometer was used to map to the
horizontal plane data. The roll and pitch are used to correct the tilt error, irrespective of the mag-
netometer’s position. The equations which are used to transform the value of magnetometer to the
horizontal plane are (Abyarjoo et al.,2015);

XH = mxcos(θ) +mysin(θ)sin(φ) +mzsin(θ)cos(φ) (2.31)

Y H = mycos(φ) +mzsin(φ) (2.32)

13



Where, XH and YH are the x and y value in horizontal plane,mx,my, andmz are the normalized and
calibrated value of the magnetometer, φ and θ are the roll and pitch filtered value from the Kalman
filter. The heading can be calculated as (Abyarjoo et al.,2015);

ψ = atan2
(−Y H
XH

)
(2.33)

Figure 2.7: Kalman filter computation algorithm.
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2.4.4 Euler to Quaternion Transformation

In order to converse from the Euler angle to quaternion angle, the equation of the quaternion as a
function of the Euler angles are shown in the equation 2.34 - 2.37 (Henderson,1977);

qw = sin(
1

2
φ)sin(

1

2
θ)sin(

1

2
ψ) + cos(

1

2
φ)cos(

1

2
θ)cos(

1

2
ψ) (2.34)

qx = sin(
1

2
φ)cos(

1

2
θ)cos(

1

2
ψ)− sin(

1

2
θ)sin(

1

2
ψ)cos(

1

2
φ) (2.35)

qy = −sin(
1

2
φ)sin(

1

2
θ)cos(

1

2
ψ) + sin(

1

2
ψ)cos(

1

2
φ)cos(

1

2
θ) (2.36)

qz = sin(
1

2
φ)sin(

1

2
ψ)cos(

1

2
θ) + sin(

1

2
θ)cos(

1

2
φ)cos(

1

2
ψ) (2.37)
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Chapter 3

Methodology

The detailed methodologies of this thesis are presented in this chapter as follows; the hardware design
was the important task to do it first. In order to make the experiments fulfill the objectives of this
thesis, the actuator and testing platform was designed to have enough power and low friction. The
other important task to do after done the hardware design was the controller design to control the
platform and handle the saturation limitations of the actuator. The experiments conducted in this
thesis were separated into two parts; the first part was the performance of the control algorithm and
the second part was the performance of the saturation limitations handler system.

Figure 3.1: Overall research framework.
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3.1 Hardware design

The hardware for this thesis is separate into two part which is the testing platform and actuator. The
testing platform requires fiction less movement in 3 degrees of freedom for making the system can
perform close to space. So, to fulfill the requirement, the spherical air bearing is chosen.

Figure 3.2: Spherical air bearing.

The globe-shaped air bearing was designed to have the travel angle at 45 degrees around the roll and
pitch axis and have the load capacity around 160 kilograms when supply pressure of 80 psi.

Figure 3.3: Degrees of Freedom of the globular air bearing.
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The spherical air bearing required the most precision machining to make the texture between the
spherical ball and the base can perfectly match with each other. So, the high precision CNC machine
is chosen to be the tools to make the spherical are bearing. The result of machining was good. The
spherical and the base are perfectly fit with each other.

Figure 3.4: The spherical air bearing after machining.

The next step was to create the testing platform attached to the actuator. The most important thing
that testing platform was required was the testing platform should be balanced in all axis by its nature
which means the center of gravity of the platform should be at the center of every axis.

Figure 3.5: The design of testing platform.

The testing platform was designed to have the same pattern of a hole and have equal spacing around
the plate to make the center of gravity was perfectly center of the plate. The hanger used to equip the
actuator designed to have it the same size and material.

18



Figure 3.6: The approximate of center gravity point.

After machined all of the parts, the result is good. The testing platform was balanced at the center in
the x and y-axis.

Figure 3.7: The testing platform part after finished.
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Figure 3.8: The testing platform was balance in x and y axis.

The actuator in this thesis was the reaction wheel which was equipped in 4 directions to provide the
control torque to control the attitude of the body. The actuator designed to have the maximum torque
around 20 mNm in each wheel.

Figure 3.9: Cross section of the reaction wheel.

The motor which uses for spinning the reaction wheel was the Maxon 242478 which has the power at
15 W. The maximum speed of the motor was 5860 rpm. So, when the motor mounts with the reaction
wheel. the actuator will have a long acceleration period which means the actuator will have a wide
range of work.
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3.2 Controller Design

In order to make the actuator be redundant which each other, the testing platform was designed to
equip the four actuators in 45 degrees of each axis. The orientation of the wheels relative to the body
frame as shown in Figure 3.10

Figure 3.10: Sketch of the top of the testing platform identifying wheel numbering, body frame, and
torque directions.

According to the reaction wheel configuration, equation 2.14 can be rewritten as follows,

Aw =

 1/
√

3 1/
√

3 −1/
√

3 −1/
√

3

1/
√

3 −1/
√

3 1/
√

3 −1/
√

3

1/
√

3 1/
√

3 1/
√

3 1/
√

3

 (3.1)

After re-calculation the vector component with the method that shown in equation 2.16 - 2.21, equa-
tion 2.22 can be rewritten as follows,
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and equation 2.23 can be rewritten as follows,

21




τc1
τc2
τc3
τc4

 =
1

4


√

3
√

3
√

3 1√
3 −

√
3
√

3 -1
−
√

3
√

3
√

3 -1
−
√

3 −
√

3
√

3 1

 ·


ˆτwx

ˆτwy

ˆτwz

0

 (3.3)

The control torque on each axis was produced by the controller. The controller which is used in this
thesis was the PD-type controller with the quaternion feedback which make the control law can be
represented on each axis as;

ˆτwx = −2Kpxqe1qe4 −Kdxωx

ˆτwy = −2Kpyqe2qe4 −Kdyωy

ˆτwz = −2Kpzqe3qe4 −Kdzωz (3.4)

Where,
qe is the quaternion error which calculates from the difference between the target quaternion qcmd and
the current spacecraft quaternions qc
ω̇ are the angular velocity of the body axes in the references.

According to the equation 3.3 and 3.4, The block diagram of the controller can be drawn as illustrated
in Figure 3.11

Figure 3.11: The block diagram of the PD-type controller.

According to the block diagram in Figure 3.11, where Icmd is the current command and Ic is the
control current which motor driver sends to the reaction wheel, in the situation which the satellite
has the constant external distribution torque d, the controller was required to produce the constant
control torque to stabilize the satellite. However, the actuator which is the reaction wheel not be able
to produce the constant torque in a long period. After a few moments, the reaction wheel will reach
that saturation limitation. In order to resolve this problem, the saturation limitation handler is made.
The concept of the saturation limitation handler is chopping the enable time of the reaction wheel to
make the reaction wheel disabled for a short period to decrease the rotational speed of the reaction
wheel. However, the discontinuous working of the reaction wheel affects the quantity of the control
torque that produce from the reaction wheel which reduces the performance of the controller. In order
to solve this problem, the adaptive disable period was chosen.
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Figure 3.12: The block diagram of the PD-type controller with saturation limitation handler.

The principle of the adaptive disable period is, if the rate of error θ̇e was low, the disable time period
td should be high because in this situation mean that the satellite platform was trying to reach the
desired angle. The controller should have a constantly working actuator. On the contrary, if θ̇e was
high, td should be low because this circumstance means that the satellite platform nearly reached or
try to maintain the desired angle. The controller can be interrupted by shutdown the actuator into
sleep mode in a short period and start the actuator in again to reduce the rotating speed of the reaction
wheel. However, if the constant external distribution torque was very high, the saturation limitation
handler will not be able to reduce the rotation rate of the reaction wheel, when the wheel is reached
their saturation speed. The saturation limitation handler will shut the wheel down until the rotational
speed reaches the lower limit, then the wheel will be activated again.

The equation which is used to calculated the td was:

td =
(
Kst

∣∣∣θ̇e(tdmax − tdmin) + tdmin

∣∣∣)ta + ta ,when ta is the active time period

According to figure 3.13, the overall algorithm of the saturation limitation handler was express as a
flowchart. Firstly, when the controller start working, the timer will be started. After that, the controller
will check that the timer count value is beyond the active time period or not. If the result is negative,
the controller moves further to check that the rotational velocity of the reaction wheel reaches the
maximum limit or not. If the result also is negative, the controller will enable the reaction wheel to
create the control torque and calculate new the disable time period. Nevertheless, if the timer count
value is more than the active time period, the controller will disable the reaction wheel and keep
checking that the timer count value is more than the disable time period or not. If the result is positive
the controller will reset the timer count value and enable the reaction wheel again. Moreover, if the
revolution rate of the reaction wheel reaches the saturation limitation, the controller will disable the
reaction wheel until the speed of rotation of the reaction wheel is reach the lower limit and then the
controller will enable the reaction wheel again.
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Figure 3.13: The algorithm of saturation limitation handler.
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3.3 Experiment Design

The experiments in this thesis were separated into two parts which were; 1) the experiment for the
attitude controller, and 2) the experiment for the saturation limitation handler.

3.3.1 The experiment for the Attitude Controller

The experiment of attitude controller was separated into two main part which was; a) the performance
test when giving the angle command, and b) the disturbance handling performance.

a) The experiment of the angle command

This experiment was conducted on the earth which means the gravitational effect was inevitable.
The gravitational force creates the external disturbance torque to the body of the satellite platform
all the time. In order to reduce the gravitational effect, the counterweight balance applied. The
counterweight balance technique was used to adjust the center of gravity of the satellite platform to
as closest as possible to the rotation point of the platform. However, as long as the center of gravity
point and the rotation point were not in the same position, the gravitation effect still occurred.

The procedures of the experiment were given the angle command to the controller and see the respond
of the satellite platform to find the performance of the controller. The system parameters which are
implemented on the experimented were shown in table 3.1

b) The experiment of the external force to the satellite platform

Besides the disturbance torque from the center of gravity effect, this experiment will provide the
external force to the satellite platform to test the recovery performance of the implement attitude
controller.

3.3.2 The experiment for the saturation limitation handler

The procedures of the experiment were given the angle command to the controller to maintain at
the desired angle while handling the external disturbance torque which comes from the center of
gravity effect as well and sees the revolution rate of the reaction wheel to find the performance of the
controller.
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Table 3.1: System parameters for hardware experiment attitude controller

Parameters Symbol Value Unit

PD-Controller

Proportional gains

Kpx 9 -

Kpy 9 -

Kpz 3 -

Derivative gains

Kdx 15 -

Kdy 8 -

Kdz 7 -

Saturation limitation handler

Sleep time gains Kst 0.1 -

Disable time period
tdmax 10 sec

tdmin 0 sec

Active time period ta 900 ms

Figure 3.14: The illustration shown the attitude of the satellite platform between the current angle
(transparent) and the desired angle.
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Chapter 4

Results and Discussion

4.1 The experiment results and discussion for the Attitude Controller

4.1.1 Experiment results

The experiment was conducted on the four difference attitude commands. The satellite angle response
of the system is observed and shown in figure 4.1 - 4.4

Figure 4.1: Set-point : roll 5◦, pitch 5◦, yaw 25◦
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According to figure 4.1, the result in the roll and yaw axis did not reach to the set-point value in the
steady-state because of the effect of saturation limitation handler and the gravitational effect com-
bined together. In the roll axis response graph, those two effects obviously displayed. When the
saturation limitation disables the reaction wheel to reduce the rotational speed of the actuator, the
platform rotating back to the origin point because of the gravitational effect. Then, when the satura-
tion limitation enables the reaction wheel, the platform is trying to rotate back to the desired angle.
This cycle makes the platform move back and forth continuously in the roll axis. Moreover, the sat-
uration limitation handler made the control torques which was provided from actuators was too little
to make the platform rotate when the platform is close to the desired angle.

Figure 4.2: Set-point : roll 10◦, pitch 10◦, yaw 25◦

According to figure 4.2, the effect of gravitational and saturation limitation handler evidently displays
in the roll and pitch axis response. At this desired angle, the disturbance torque was increased double
when compared with the first experiment.
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Figure 4.3: Set-point : roll −5◦, pitch −5◦, yaw −25◦

According to figure 4.3, the effect of the gravitational and saturation limitation handler was obviously
displayed in the pitch axis response. the controller can stabilize the platform but can not eliminate the
steady-state error. Moreover, when the desired were double of the third experiment, the steady-state
error evidently displayed in the roll and pitch axis response which are shown in figure 4.4 because of
the disturbance torque from the gravitational effect.
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Figure 4.4: Set-point : roll −10◦, pitch −10◦, yaw −25◦

According to figure 4.5, the response of the platform shown that the implement controller of this
thesis can deal with the impulse disturbance. The disturbance which was given to the platform was in
the unit of amount of angle as 10 degrees in all axes. The controller can resist the movement of the
platform which was the result of the disturbance force exerted into the platform. However, after the
controller already eliminates the disturbance force, some steady-state error occurred all of the axes.
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Figure 4.5: The response of the satellite platform when the external force exerted to the platform.

4.1.2 Discussion

According to figure 4.1 - 4.4, all of the responses in the yaw axis are smooth and keep maintain
at the desired angle because it was not have the disturbance forces in the yaw axis. The friction-less
testing platform performing perfectly due to the smooth movement in the yaw axis. The only problem
that makes the testing platform in this thesis can not be perfectly simulated space is the gravitational
effect. The gravitational effect was minimized by using the counterweight approach but it was not
able to absolutely eliminated which makes all of the experiments have the external disturbance. In
figure 4.5 was the result of the external disturbance force handler. The controller can maintain the
desired angle and eliminate the movement of the platform which was the result of the external force.
However, the steady-state error occurred after the controller makes the platform rotated back to the
desired angle because of the effect of the saturation limitation handler.
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4.2 The experiment results and discussion for the saturation limitation handler

4.2.1 Experiment results

The experiment was conducted on the two different modes of the controller but the environment
and the desired angle of the platform were the same in all of the tests. The experiment starts from
command the desired angle to the controller which were 10◦ in roll and pitch axis and 25◦ in the yaw
axis. At the −10◦ in roll and pitch axis, the controller was required to produce 8.12775 mNm. torque
in x and y-axis to counter the external disturbance torque which came from the gravitational effect.
The response of the system is observed and shown in figure 4.6-4.7

Figure 4.6: The response of the satellite platform when deactivated the saturation limitation handler.
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Figure 4.7: The response of the satellite platform when activated the saturation limitation handler.

4.2.2 Discussion

According to figure 4.6 - 4.7, the rotational speed of the wheel number 1 when the saturation limi-
tation was deactivated used 35,922 ms from start rotating until reach the rotational saturation speed.
Nevertheless, when the saturation limitation was activated, the rotational speed of wheel number 1
used 44,978 ms from start rotating until reach the rotational saturation speed which was 9,056 ms
longer which mean the saturation limitation handler extended 25.21 percent of the saturation period
when compared with the saturation period when deactivated the handler.
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Chapter 5

Conclusion and Recommendations

5.1 Conclusion

In this research, the simulation satellite platform was developed based on a simulated space environ-
ment like a closet as possible for testing the implement attitude controller. The satellite platform was
placed on the air bearing for the friction-less movement and attached with adjusting balancing weight
in three-axis to reduce the center of gravity effect and shifted the center of gravity point of the plat-
form to the middle. The reaction wheel was chosen to be the main actuator to create the control torque
to the platform. The implement attitude controller was base on the PD-type controller couple with
the saturation limitation handler to control the platform’s attitude and extend the saturation period of
the actuators.

From the experiment, the experimental result of the proposed system: the testing platform can sim-
ulate the space environment due to the frictionless movement of the platform. The only thing that
makes this testing platform can not fully simulated space environment is the gravitational effect which
creates the constant disturbance torque to the platform all the time when the controller tries to main-
tain the attitude. The controller has the ability to change the attitude of the platform and maintain the
desired attitude for the period of time. The controller also eliminated the unexpected movement of
the platform when the external force was exerted into the platform and move the platform back to the
desired attitude. Moreover, the saturation limitation also extends 25 percent of the saturation period
of the actuator when compare with the platform which did not have the saturation limitation handler.

5.2 Recommendations

This research targets to study and design the simulation satellite platform by using the air bearing and
counterweight balance equipment to simulated the space environment. The control algorithm which
was implemented in this thesis is the PD-type controller which has the narrow robustness command
and can not resist the massive external disturbance. In order to enhance the robustness of the control
algorithm, the non-linear control algorithm was highly recommended.
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