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DESIGN, ANALYSIS AND DEVELOPMENT OF
OPTIMAL SATELLITE ATTITUDE CONTROL SYSTEM

SUMMARY

Satellite attitude control is an essential part of satellite missions, as it provides the
orientation of the satellite from one point of view to another one. In this thesis, a
comprehensive investigation on design, analysis and optimization of a satellite attitude
controller are presented, by mostly focusing on enhancing controller performance and
robustness. Two primary controllers are investigated as Linear Quadratic Regulator
(LQR) and Model Predictive Controller (MPC) and their disturbance rejection
capabilities are compared.

Initial chapter provides the fundamental concepts and definitions such as reference
frames, Euler angles, quaternions and so on. Conversion between quaternions and
Euler angles are also presented. Additionally, nonlinear mathematical model is
constructed as dynamics and kinematics subsystems. Disturbance model acting on
satellite is also presented as gravity gradient and aerodynamic torque. The total
nonlinear model is presented as state space equations. Dimension reduction of the
nonlinear model is executed by decreasing the number of quaternion elements. Then,
the linearization of nonlinear model is performed. Both analytical and numerical
linearization methods are explained. It is shown and validated that the linearized state
space system model presents the nonlinear model for small angle deviations.

The controller design focuses on optimal control methods, that are used in many areas
as well as satellite attitude control systems. Two primary controller approaches are
presented as LQR and MPC. The LQR controller is introduced as a optimal controller
algorithm. LQR is based on the minimization of a cost function that is constructed by
states and inputs of the system. Weight parameters, Q and R, affecting the performance
of the LQR controller are investigated and fine tuning of these parameters is performed.
It is observed that the appropriate selection of cost function parameters significantly
affects the controller performance, especially in terms of steady state error. LQR
controller shows the capability of optimal control on stabilizing and attitude tracking
performance of the satellites.

Additionally, Model Predictive Control approach is explored in detail. As distinct from
classical control methods, in MPC, a prediction model is utilized; states and outputs
are "predicted" by using this model. Construction of prediction equations in state space
is explained in detail. MPC control also is an optimal control approach. However, the
MPC updates the solution of the optimization problem in each time step and produces
updated predictions to be applied on calculation of control input. The MPC has also
constraint handling capability, meaning that one can limit the control signals, states and
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outputs of the system as a part of optimization problem. In this case, the optimization
problem becomes a constrained quadratic programming problem in which the problem
can be solved numerically.

A comparative analysis has been executed between LQR and MPC controllers. Their
disturbance rejection capabilities are analyzed by utilizing a simulation experiment.
A constant disturbance was applied to the system after a specific simulation time. It
is observed that the MPC controller outperforms the LQR controller by successfully
compensating the error between disturbed signal and the reference where the LQR
controller fails to do so. Disturbance rejection performances of two controllers are also
compared with the calculation of root mean square error values between disturbed and
reference signals. It is found that the root mean square error value for LQR controller
1s 0.01 whereas this value 1s 0.0029 for MPC controller, which is significantly lower
than LQR controller.

Based on the outcomes of this thesis, further recommendations for future research
are proposed. As an ongoing study, more advanced satellite attitude control methods
can be utilized such as Linear Quadratic Integrator and Linear Quadratic Gaussian
controllers. These advanced control methods offer improved performance since they
also account the integral action on control, system uncertainties, noise and so on.
Additionally, nonlinear control methods such as sliding mode control and adaptive
control can provide robustness to the system as they account for nonlinearities and
uncertainties in the system. Development of estimators such as Kalman Filter and
Particle Filter can also be utilized to model the measurement noise and including this
noise into the system model to enhance the control performance of the system under the
presence of disturbance. Model-based design techniques such as processor-in-the-loop
and hardware-in-the-loop simulations may assist to improve the system’s control
performance as they allow for the evaluation of control algorithms in real-time.
Implementation of proposed control algorithms into the embedded hardware will
also enable the testing of hardware and software constraints, as well as actual
implementation on real satellites.
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OPTIMAL UYDU YONELIM KONTROL SISTEMI
TASARIM, ANALIZ VE GELISTIRILMESI

OZET

Giiniimiizde Diinya yoriingesinde dolasan on binlerce aktif, operasyonel uydu
bulunmaktadir. Bu uydular kesif, seyriisefer, iletisim gibi bircok amacla
kullanilmaktadir. Bir uydunun en kritik alt bilesenlerinden birisi de uydunun yonelim
belirleme ve kontrol sistemidir. Bu alt sistem, uzayda uydunun yoniinii tayin
etmesine imkén kilmanin yanisira, bir yonden diger bir yone donmesini gerceklestirir.
Bu tezde bir uydu yonelim kontrolii sistemi tasarlanmig, analizi ve hesaplamalar
yapilmistir.  Ozellikle kontrolciiler seviyesinde, Dogrusal Karesel Regiilator (LQR)
ve Model Ongoriilii Kontrol (MPC) iizerine ¢alisilmistir. iki kontrolciiniin bozucu red
performanslar1 karsilastirilmis ve analizleri yapilmisgtir.

Baslangic boliimiinde matematiksel modeli kurmak icin gerekli tanimlamalar ve
kavramlar incelenmistir. Ik olarak referans sistemleri tanitilmistir. Bu baslik altinda,
oncelikle "ataletsel" olma kavrami incelenmis ve ilk olarak Yer Merkezli-Yer Sabit
(ECEF) koordinat sistemi tanitilmistir. Bu koordinat sisteminin x-y ve z bilesenleri
verilmistir. Sonrasinda sirasiyla Yer Merkezli Ataletsel (ECI), Yerel Diisey-Yerel
Yatay (LVLH) ve Cisim-Sabit koordinat sistemleri tamtilmig, x-y ve z eksenleri
verilmigtir. Koordinat sistemlerinin anlasilmasinin, ilgili doniisiimleri yapmak icin
onemli oldugu belirtilmistir. Bunun sonrasinda, uydu acisal gosteriminin iki tiirii olan
Euler acilar1 ve Kuaterniyonlar tanitilmigtir. Kuaternion ve Euler agilar1 arasindaki
doniisiim formiilleri verilmistir. Bu boliimiin sonunda, vektor carpimini matris ¢arpimi
biciminde ifade edilebilecek hale doniistiiren anti-simetrik matrisler tanitilmigtir.

Temel kavramlar ve tanimlarin agiklanmasi sonrasi uydu hareket denklemleri
tamtilmigtir. Hareket denklemleri, dinamik ve kinematik alt basliklari ile incelenmistir.
Uydu dinamik denklemleri, ataletsel koordinat sisteminde verilmistir. Dinamik
denklemi, girdi olarak uyduya etkiyen kuvvetleri alip, c¢ikti olarak uydunun acisal
hiz vektoriinii liretmeye yaramaktadir. Dinamik denklemler sonrasinda kinematik
denklemler verilmistir. ~ Kinematik denklemler hem Euler, hem de kuaterniyon
formunda incelenmistir. Kontrolciiniin tasarlandi1 kisimda kuaternion formunda
verilen kinematik denklemi kullamilmustir. i1k boliimde tanitilan anti-simetrik matrisler
kinematik ve dinamik denklemlerinde vektor ¢carpimini ifade etmek i¢in kullanilmistir.
Kinematik ve dinamik denklemlerin yazimi sonrast uyduya etkiyen bozucular,
yercekimi gradyani ve aerodinamik siiriikleme kuvveti altinda iki ana baglik olarak
incelenmistir. Yercekim gradyani, uydunun her yonden simetrik olmamasi dolayisiyla,
uyduya farkli biiyiikliiklerde etkiyen yercekimi kuvveti sonucu olusur. Bu durum,
kiitle merkezi etrafinda bir bozucu tork olusturur. Bu torkun denklemleri incelenmistir.
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Ikinci olarak, Diisiik Diinya Yoriingesi’'nde hareket eden uydular atmosferin iist
kisimlarinda kaldiklarindan, {izerlerine etki eden hava dolayisiyla siirtiinmeye maruz
kalirlar. Bu aerodinamik siirtinme, siirikkleme kuvvet olarak adlandirilir ve bir
diger bozucu etkidir. Bu siiriikleme kuvvetinin modellenmesi icin ilgili denklemler
verilmistir. Dinamik, kinematik ve bozucu kuvvet denklemleri verilmesinin ardindan,
dogrusal olmayan durum uzayir denkemleri olusturulmus, uydunun agisal hizi ve
kuaterniyon elemanlar1 durum vektorii olarak secilmistir.

Olusturulan dogrusal olmayan matematik modelinin dogrulamasi icin bir benzetim
diizenegi kurulmustur. Bu benzetim sisteminde, uydunun dinamik denklemlerinde
girdi olarak, x ekseni etrafinda 1 Nm biiyiikliigiinde bir tork uygulanmistir. Bu torkun
sonucunda kinematik denklemlerin c¢iktisina bakarak, uydunun beklenildigi gibi x
ekseni etrafinda dondiigii goriilmiistiir. Bu girdi torku, sabit olarak verilmeye devam
ettiginden uydunun agisal hizinin gittikge arttig1 gdzlemlenmistir; bu da beklenilen bir
sonuctur ve model dogrulanmistir. Ayn1 zamanda, uydunun dogrusal olmayan durum
uzay1 hareket denklemlerinin, durum eleman sayisinin azaltilabildigi gosterilmistir.
Kuaterniyon elemanlarindan skaler olan eleman kaldirildiginda, uydunun kontrol
edilebilir oldugundan bahsedilmistir. Bunun sonucunda dogrusal olmayan indirgenmis
durum uzay1 denklemi elde edilmistir.

Elde edilen dogrusal olmayan durum uzayi denklemleri sonrasi, kontrol sistemi
tasarlamak ve analizi amaciyla bu denklemlerin dogrusallastirilmasina karar ver-
ilmistir. Denklemlerin dogrusallastirmasi icin kullanilan yontemlerden biri olan Taylor
serisi acilimi anlatilmigtir. Taylor serisi acilimi ile elde edilen Jacobi matrisinin
elemanlar tiirev icermektedir. Jacobi matrisindeki bu tiirev elemanlarinin analitik
ve sayisal olarak hesaplamalart aciklanmistir. Dogrusallagtirllmis model analitik
olarak elde edilmis, ayn1 zamanda tiirevlerin sayisal olarak elde edilmesi i¢in bir
yontem olan Merkezi Farklar Yontemi tanitilmistir. Son olarak dogrusal olmayan ve
dogrusallastirilmis modellerin karsilastirilmast yapilmisti. Bunun testi i¢in uyduya
girdi torku olarak bir beyaz giiriiltii verilmis, iki modelin de ciktis1 incelenmistir.
Bu inceleme sonucu dogrusal olmayan ve dogrusallagtirilmig modellerin ¢iktilarinin
yaklagik 40 derece donme agisina kadar neredeyse esdeger oldugu gozlemlenmis,
boylelikle dogrusallastirilmis modelin dogrulamasi yapilmistir. Bu béliimiin sonunda
uydu hareket denklemleri, 6 elemanli bir durum vektorii iceren dogrusallastiriimig
durum uzay: sistemi seklinde elde edilmistir.

Elde edilen dogrusal durum uzayi hareket denklemleri kullanilarak kapali ¢evrim
bir kontrol sistemi tasarlanmistir. Bu tasarimda iki kontrolcii, LQR ve MPC
incelenmigtir. LQR kontrolcii temelde bir maliyet fonksiyonunun minimize edilmesi
tizerine kurulmus bir optimal kontrolcii tiiriidiir. Bu kontrolciide maliyet fonksiyonu,
durum vektorii ve kontrol girdi vektorleri kullanilarak olusturulmaktadir. Durum
vektorii ve kontrol girdi vektorlerinin, sirasiyla Q ve R parametreleri kullanilarak
maliyet fonksiyonundaki agirliklar: ayarlanabilir. Bu maliyet fonksiyonunu minimize
eden bir durum uzay1 geri bildirim kontrolciisii tasarlanmistir. Bu kontrolciiniin
kazang parametresi K ile ifade edilmekte olup, bu parametre Ricatti diferansiyel
denkleminin ¢oziilmesi ile elde edilmektedir. LQR kontrolcii i¢in ger¢ek uydu
verilerinin kullanildig1 bir benzetim tasarlanmistir. Bu benzetimde elde edilen kazang
parametresi incelenerek sistemin kararli oldugu ve verilen kuaterniyon referanslarini
takip ettigi goriilmiistiir. Buna ek olarak LQR kontrolciiniin Q ve R parametrelerinin
sistem performansina etkisi incelenmistir. Bu baglamda, Q ve R parametrelerinin
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degerleri degistirilerek sistem c¢iktist degerlendirilmigtir. Q ve R parametresinin
1 oldugu durumun uygun parametreler olarak secilmesi kararlagtirllmistir. Diger
durumlarda sistem ciktisinda kalicit hal hatasi gozlemlenmistir. Kontrol girdisini
belirli degerler arasinda kisitlamak amaciyla, sisteme bir "satiirasyon" blogu
konmustur kontrolcii ¢iktisi, £ 0.02 Nm ile sinirlandirilmistir.  Satiirasyon oldugu
durumlarda sitem basamak yanitinin degisimi incelenmis ve oturma siiresinin uzadigi
goriilmiistiir. Bu satiirasyon, dogrusal olmayan bir etken oldugundan LQR ¢oziimiinde
bulunmamaktadir ve optimal ¢6ziim degildir.

Ikinci kontrol algoritmasi olarak Model Ongoriilii Kontrol kullanilmistir. MPC, LQR
ile ayn1 temele dayansa da belirgin farklar1 bulunmaktadir. MPC kontrolcii, sistem
dinamiginin kullanildig1 bir "6ngoérii" modeline baglh olarak calisir. Durum uzayi
sistemi denklemleri kullanilarak 6ngérii modelinin nasil elde edildigi agiklanmistir.
MPC’nin LQR’da oldugu gibi benzer bir maliyet fonksiyonu kullandig1 gosterilmistir.
MPC’nin en ayirt edici 6zelligi, optimizasyon problemine kisitlama yerlestirme
olanagidir. Bu kisitlamalar sayesinde, sistemin durum vektorii, kontrol girdisi ve
sistem ¢iktis1 gibi parametreler belirli deger araliklarinda kisitlanabilir ve bu sekilde
optimizasyon ¢0ziimii yapilabilir. Sistem, kisitlar ve maliyet fonksiyonu ile ¢oziilmeye
calisildiginda, bir Karesel Programlama Problemi ¢oziimii yapilmakta oldugundan
bahsedilmistir. Bu Karesel Programlama Problemi, sayisal olarak ¢oziilerek optimal
kontrol girdisi elde edilmektedir. LQR’dan farkli olarak, MPC kontrolciide olusturulan
ongorii modeli ve optimizasyon ¢Oziimii, sistem ciktisina gore her zaman adiminda
giincellenmektedir. MPC kontrolcii i¢in de gercek bir uydudan alinan atalet momenti
verisinin yant sira LQR’da oldugu gibi kontrol sinyali £ 0.02 Nm aralifinda
kisitlanmig, yapilan bir benzetim ile MPC kullanildig1 durumda sistemin kuaterniyon
elemanlarint dogru sekilde takip ettigi goriilmiistiir. Ayni1 zamanda kontrol sinyali de
paylasilmis ve kisitlamanin basariyla gerceklestigi gosterilmistir.

LQR ve MPC kontrolciilerin karsilagtirilmasi i¢in bir benzetim yapilmistir. Bu
benzetimde, belirli bir saniyeden sonra uyduya bir basamak bozucu sinyal verilmistir,
farkli kontrolciilerin kuaterniyon c¢iktilart incelenmistir.  Ciktilar incelendiginde,
MPC kontrolciiniin verilen bozucu torkunu basariyla soniimledigi ve sistemin tekrar
referansa ulasti1 goriilmiistii. Ote yandan LQR kontrolciiniin, verilen sabit bozucu
tork karsisinda bu bozucuyu soniimleyemedigi goriilmiistiir.  Sayisal olarak da
kontrolcii performanslarinin kargilagtirllmas1 amaciyla kok ortalama kare hatalari
hesaplanmigtir. Bu hata degeri, her iki kontrolcii i¢in de bozucu uygulandiktan
sonra sistem ¢iktis1 ve referans sinyali arasinda hesaplanmig; LQR i¢in 0.01, MPC
icin 0.0029 degerine ulagilmistir. Bu noktada MPC kontrolciiniin, bozucu varliginda
LQR’a kiyasla gosterdigi performansin ¢ok daha iistiin oldugu ortadadir.

Tez calismasinin ¢iktilarinin kapsamli sekilde genigletilmesi i¢in Oneriler verilmistir.
Bunlar arasinda Dogrusal Karesel 1ntegrator (LQI), Dogrusal Karesel Gaussian (LQG)
gibi gelismis kontrolcii tasarimlart kullanmak bulunmaktadir. Bunun yam sira,
uyarlanabilir kontrol, kayan kipli kontrol gibi dogrusal olmayan kontrol tasarimlari
da tasarlanabilir. Boylelikle sistemde integrator kullanimi, ol¢iim giiriiltiisii ve
belirsizliklerin eklenmesi miimkiin olacaktir. Kalman Filtresi, Parcacik Filtresi gibi
kestiriciler de sistemin Ol¢iim giiriiltiisiiniin modellenmesi ve c¢iktilarin kestirimi
amaciyla kullanilabilir. Bdylelikle bozucularin var oldugu durumda da gelismis,
giirbiiz kontrolciiler tasarlanabilir. Bir diger adim olarak, islemci ¢evrim benzetimi
(SIL) donanim c¢evrim benzetimi (HIL) gibi adimlar kullanilarak bir model tabanh
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kontrol yaklasimi izlenebilir. HIL diizenekleri tasarlanarak sistemin kontrolciisiiniin
gomiilii bir donamimda calismasi saglanip, gercek sistemdeki kontrolcii performansi
incelebilir.
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1. INTRODUCTION

Satellites are used for a variety of purposes, such as communication, observation
(both Earth and space), navigation and so on. One of the main and most crucial
subsystems of a satellite is its attitude determination and control system (ADCS).
ADCS of a satellite enables it to orient from one attitude to another one as well as
stabilize around an orientation. Engineers may design an ADCS that has an enormous
pointing accuracy, 7 arc-seconds for Webb Space Telescope for instance [1]. To ensure
these high pointing accuracy requirements, advanced sensors and control techniques

are utilized for attitude control systems.

The first satellites are launched in the early 1950s. The first satellites were primitive
and did not require any attitude control system. However, with the growth of complex
missions and satellites, advanced attitude control became apparent. Attitude control is
a complex problem since there are many factors that may affect the orientation of the
satellite such as gravity [2], solar radiation [3], atmospheric drag [4] and satellite’s
flexible body [5]. To overcome attitude control problems, different actuator types
are used such as reaction wheels, magnetic torquers, control moment gyros and jet

thrusters.

One of the main actuators that are used in attitude control systems is reaction wheels.
To execute orientation change, one needs to change the angular velocity of the
reaction wheel resulting in angular acceleration. This angular acceleration may also
be interpreted as torque around the center of mass. By the conservation of the angular
momentum principle, the satellite starts to rotate around the opposite direction of
produced torque. Another main actuator used in attitude control systems is magnetic
torquers, also called magnetorquers. One can generate an artificial magnetic field
inside of the satellite by giving voltage to the coils of magnetorquers, this magnetic

field interacts with Earth’s magnetic field so that torque will be generated as a result of



this magnetic interaction. The actuator choice might depend on many factors such as

the desired level of performance, cost of the mission and size/mass of the satellite.

1.1 Purpose of Thesis

The main purpose of this thesis is to design and analyze a satellite attitude control
system by using different optimal control techniques. The main strategy is to design
controllers that can compensate the error between desired attitude and the actual
attitude of the satellite. As the controller, Linear Quadratic Regulator (LQR) and
Model Predictive Controller (MPC) methods are explained in detail. Tuning of
controller parameters and comparison of controllers in terms of disturbance rejection

performances are performed.

1.2 Literature Review

Various studies have been performed on satellite attitude control with advanced
methods, LQR and MPC in particular. LQR is a control method based on the solution
of an optimization problem where the cost function to be minimized consists of states,
inputs, and their weights. In [6], Ofodile et. al. design an attitude controller for a
3U CubeSat, "ESTCube2/3". They present the nonlinear satellite model and linearize
it. They propose different control algorithms, in which one of them is an LQR
controller. They compare different control algorithms. Navabi and Hosseini design
a quaternion-based attitude controller for a satellite that is actuated by reaction wheels.
After constructing nonlinear spacecraft dynamics, they use input-output feedback
linearization to obtain the linear spacecraft model and they apply the LQR controller
for attitude control purposes [7]. In [8], Fakoor et. al. focus on designing sliding mode
and LQR controllers for a 4 degree-of-freedom flexible satellite. Tuning of parameters
is performed by the Particle Swarm Optimization method. They use normalized
integral square error as the cost function of the particle swarm optimization algorithm.
Yang designs an LQR controller for a nonlinear spacecraft model. The author develops
a linearized spacecraft model by using three components of the quaternion, which
makes the system fully controllable. After that, the author develops an LQR design

and utilizes this design on a nonlinear spacecraft model [9].



The model predictive controller, on the other hand, is alike the LQR controller in terms
of being the solution to an optimization problem. However, in MPC, there exists a
model that predicts ongoing states and inputs/outputs of the system. The control move
is updated at every state according to the prediction model and system measurements.
Control input is determined with respect to the minimization of the cost function that
is similar to the cost function used in the LQR controller. Various studies are presented
on MPC-based attitude control of the satellites. In [10], Mamarasulov et. al. construct
a linear time-variant CubeSat nanosatellite model and design an MPC controller to
control the attitude of this spacecraft. They use Taylor expansion linearization to
obtain the linearized time-variant state space model of the satellite. The authors
also elaborate on the usage of the Kalman filter for sensor fusion purposes. At the
end of the paper, they compare the MPC controller with the LQR controller. Wood
et. al. design a magnetorquer-based attitude controller for a satellite. They use an
MPC controller to control the attitude of the satellite and compare their results with a
well-known controller type: PD controller [11]. Mirshams and Khosrojerdi propose a
method called "tube-based MPC" to stabilize the attitude of an under-actuated satellite
in 3-axis [12]. More studies on MPC-based satellite attitude control can be found

in [13,14].

1.3 Outline of Thesis

Outline of the thesis is as follows: In the second chapter, definitions required
to construct the mathematical model of the satellite are presented. Reference
frames, Euler angles, and quaternions are presented. The third chapter consists
of the construction of the satellite mathematical model under the dynamics and
kinematics subsections. Disturbances acting on an orbiting satellite are also modeled.
Additionally, a nonlinear state space model is presented and linearization of this
nonlinear state space model is performed. To investigate the performance of
linearization, comparison between nonlinear and linear models are executed. At the
end of this chapter, satellite linear state space is obtained. The fourth chapter comprises
the elaboration of controller designs. LQR and MPC controllers are explained in detail.

Tuning of controller parameters is examined and two controller methods are compared.



The last chapter concludes the study with significant outcomes and proposes studies

that may be investigated for ongoing research.



2. CONCEPTUAL BACKGROUND

2.1 Reference Frames

In this section, the reference frames that are used to explain the motion of a satellite
are introduced. Firstly, it is essential to understand the concepts of "inertial" and

"non-inertial" reference frames.

An inertial reference frame is a frame that has no acceleration. This is valid for both
linear and angular accelerations. On the other hand, a non-inertial reference frame
is a frame that has acceleration. One can apply Newton’s mechanical laws for an
inertial frame whereas Newton’s laws are not applicable for a non-inertial reference
frame [15]. For instance, if one writes equations of motion for a rotating frame (which
means existence of angular acceleration) there will exist an extra force called "Coriolis

force" which needs to be implemented into the equations of motion.

2.1.1 Earth-centered Earth-fixed (ECEF) reference frame

In the ECEF coordinate system, the origin is at the center of the Earth. z-axis points
towards the north pole. x-axis points towards the intersection of (0,0) latitude and
longitude. The y-axis is completed by the right-hand rule [16]. This reference frame

rotates with the Earth. Thus, it is a non-inertial reference frame. [17]

2.1.2 Earth-centered inertial (ECI) reference frame

ECI reference frame has the origin at the center of the earth. z-axis points towards the
north pole. x-axis points towards the vernal-equinox plane. The y-axis is completed
by the right-hand rule [18]. ECI is an inertial frame. Thus, it is fixed in the universe

and does not rotate.



2.1.3 Local-vertical local-horizontal reference frame (LVLH)

This frame is one of the main reference frames explaining a satellite’s orientation. In
the LVLH, the origin is at the center of mass of the satellite. z-axis points towards the
center of mass of the Earth. The y-axis is perpendicular to the orbital frame and The

x-axis completes the right-hand rule.

2.1.4 Body-fixed reference frame

The body-fixed reference frame is alike the LVLH frame. The origin is at the center of
the mass of the satellite. The is no standard representation of the axis for this frame.
It is common to choose the principle axis of inertia as the frame axes [19]. Visual

representations of ECI, LVLH and body-fixed frames are given in Fig. 2.1.

Figure 2.1 : Visualization of ECI, LVLH and body-fixed frames.

2.2 Euler Angles

The attitude of a satellite can be represented as the angle of the body-fixed frame with
respect to an inertial frame. Let us rotate the body-fixed frame around an inertial frame.
This rotation can be represented in different sequences. For instance, one can rotate

the frame around x-y-z, respectively to reach the current angular state of the satellite. It



is also possible to rotate with different sequences as well. When the rotation sequence
is z-y-x (also called 3-2-1), it is called as the "Euler angle". The rotation around z-y-x
are called "Yaw (y)", "Pitch (0)" and "Roll (¢)" angles, respectively. Let reference
coordinate system be represented by ¥ and target body-fixed coordinate system is y'//

Visualization of rotation sequence for coordinate transformations are given in Fig. 2.2.
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Figure 2.2 : Euler angle coordinate transformation sequence.

As shown in Fig 2.2, the sequence starts with a ¥ deg rotation around the z-axis, which

corresponds to a rotation matrix:

cy —sy 0
Az=|sy cy O 2.1)
0 0 1

where ¢ and s stand for cosine and sine, respectively. The second rotation consists of

rotation around the y-axis of the new frame, 7':

cO 0 —s0
Ay=10 1 0 22)
s 0 O

The rotation matrix around the x-axis of the new frame, y” is:

1 0 O
Ar=1(0 co s¢ 2.3)
0 —s¢ co

The final transformation matrix that consists of the Euler angle rotation sequence is:



cOcy cOsy —s0
Apcy = A1A2A3 = | —cOsy +sPsOcy  cOcy +s5PsOsy  sPcO 2.4)
SOsY+cosOcy  —socy+cosOsy  chcO

The matrix Apcys is also called the "Direction Cosine Matrix (DCM)" which is also
another representation to describe the satellite attitude. There exist different DCMs
according to different sequences of rotation. It is possible to obtain the Euler angles

from the DCM A by using basic relations that can be extracted from Eq. 2.4 as:

] 23
=tan —_—
’ (A33)

0 = —sin~ ' (A13) (2.5)

One of the main disadvantages of using the Euler angle is there happens singularity

when 6 = £90 deg. which needs to be avoided while representing the attitude.

2.3 Quaternions

Quaternions are the other options to represent the attitude of a satellite. Let us construct
a unit sphere in Fig. 2.3 and specify two points p; and p; represented as vectors p| and
p> on the surface of the sphere. Let v be a vector on the sphere surface perpendicular
to p1 and p>, namely their cross product. It can be said that rotation from pj to p; can
be achieved by the rotation around the vector v with an angle ¢. This rotation can be

represented by using quaternions.

Quaternion is a number system that was first described by William Rowan Hamilton
[20]. Quaternions have 3 vectoral and one scalar element just like given in Fig. 2.3

and can be represented as:

q = cos (%) + sin (%)\7 (2.6)

Which can be also described as scalar and vectoral parts. Let us arrange Eq. 2.6 as:

q=qo+qii+qj+q3k (2.7)



where the element g is the scalar element; g;, ¢» and g3 are the vectoral elements

represented as imaginary numbers.

Figure 2.3 : Visual representation of quaternions.

Some definitions related to quaternions need to be given. Adjoint (g), norm (||g||) and

inverse (q_l) of a quaternion can be calculated as [21]:

d=1[q0—q91—q2— ¢3]

lall = B3+ + B+ 43

Additionally,

(2.8)

2.9

(2.10)

(2.11)



ij=k
Jjk=1i (2.12)
ki=j

2.4 Conversion Between Euler Angles and Quaternions

It is possible to convert Euler angles to quaternions and vice versa. The proper

transformation from Euler angles to quaternions can be written as [22]:

-cos (%) cos (%) cos (%) + sin % sin (%) sin (%)

qu(l) sin <%> cos (%) cos (¥) — cos % sin (%) sin (¥) o1

2| |cos % sin (2) cos (¥) +sin % cos (%) sin (¥) .

1 cos % cos (g) sin (1’7/) — sin % sin (%) cos (%)

Similarly, conversion from Euler angles to quaternions can be represented as:
o] [ (Fees)
0| = |sin™! (2q0q2 —2q3q1) (2.14)
—1( 2qoq3+2

Vi e (Geaes)

2.5 Skew-Symmetic Matrix

A matrix is said to be skew-symmetric if its negative transpose is equal to itself,

namely:

A= AT (2.15)

Let us define two vectors M and N with basis vectors é1, é; and é3:

M =M é; +Mrér + Msés
(2.16)
N = Ni1é| + Nyé + N3és
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Cross-product of two vectors can be written as:

ey & &3
MxN=|My M, Mj

N Ny N3 (2.17)
= él (M2N3 —M3N2) — éz (M1N3 —M3N1) + é3 (M1N2 —Mle)
which can be represented in é basis as:
M>N3 — M3N, 0 —Ms M, Ny
M XN = M3N1 —M1N3 = M3 0 —M, N> (2.18)
M N, — M>N; —M, M, 0 N3
Equation 2.18 can be arranged as:
MxN=MyN (2.19)
where,
0 M M
My = | M; 0 —M (2.20)
—M, M, 0

Thus, it can be said that the cross-product operator can be represented as a matrix as
given in Eq. 2.20. Notice that this matrix satisfies the condition given in Eq. 2.15,
which is the condition for being a skew-symmetric matrix. Thus, the matrix M is

called a skew-symmetric cross-product matrix.
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3. SATELLITE EQUATIONS OF MOTION

Satellite equations of motion can be examined under the titles: kinematics, dynamics
and actuator and disturbance modeling. In Fig. 3.1, open loop diagram of a satellite
attitude system is given which clarifies the input-output relation and subsystems

between them.

”

Figure 3.1 : Open loop block diagram.

As the input, voltage, or Pulse Width Modulation (PWM) signal (for the DC motor of
reaction wheels), is given into the actuator subsystem that will produce the command

for generated control torque in which it can be represented as 7, the actuated system.

The disturbance torque also needs to be included in the system dynamics since there
occurs disturbances during the operation of satellites such as aerodynamic force (in

low orbit) gravity gradient, solar pressure and so on.

The total force acting on a satellite can be calculated by adding control torque and
disturbance torques. Total torque will be included as the input for the satellite dynamics

subsystem.

The satellite dynamics subsystem will produce the corresponding angular velocity with

respect to time for given input torques acting on the satellite.

The angular velocity state will be used as input for the kinematics subsystem to produce
the final angular state of the satellite. This final state can be obtained by different

representations such as Euler angles, quaternions and so on.
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The overall system can be interpreted as to be having the voltage as the input and
angular state as the output. One can design an open-loop simulator by constructing all

the equations/subsystems given in this section.

3.1 Satellite Dynamics

Dynamics is the part that deals with the force acting on the satellite. One can yield the
angular velocity state of the satellite by taking the overall force acting on the satellite
as the input. The force acting on a satellite can be examined as internal force and

external forces (disturbance).

The satellite dynamics equation is basically based on Newton’s second law for angular
motion, which can be described as: "the total external moment acting on a satellite
around its center of mass is equal to the time derivative of the angular momentum"

This can be formulated in inertial frame as [23]:

T, =h; 3.1)

where T, is the total external moment acting on the satellite and /; is the angular
momentum represented in the inertial frame, where the subscript / stands for the word

"inertial".

To examine the motion in the body frame, one needs to apply proper transformations
since it is known that the body frame is fixed to the satellite. Thus, it is a non-inertial
frame (See. Section 2.1). The transformation from inertial frame to the body-fixed can

be applied by adding a new term as explained in [23], which converts Eq. 3.1 as to be:

T, = hs+ o X hy (3.2)

where hp is the angular momentum vector of the satellite expressed in the body-fixed

frame and @ is the angular velocity vector of the satellite.

It is also known that the external torque can be composed of disturbance torque 7; and
control torque 7.. Additionally, the angular momentum of a body can be expressed as
the multiplication of the moment of inertia times angular velocity. For a satellite, this

can be defined as:

14



hs = L,@ (3.3)

where I is the moment of inertia matrix of the satellite.

Applying these conditions to Eq. 3.2 yields:

T+ T. =L+ o X o 3.4)
Leaving the angular velocity term alone in Eq. 3.4 yields the dynamics model for an
inertial pointing spacecraft [24]:

o= (-oxLo+t,+71,) (3.5)

Equation 3.5 represents the final version of the satellite dynamics equations. In this
equation, the input is control torque and disturbance torque whereas the output is
satellite angular velocity. Thus, one can obtain the angular velocity from the inputs
by only having the knowledge of the satellite moment of inertia matrix, which clarifies

the dynamics subsystem given in Fig. 3.1.

3.2 Satellite Kinematics

Kinematics deals with motion without considering the effect of force. For the satellite
motion, kinematics equations help to convert angular velocity obtained by dynamics

equations into convenient angles.

For a satellite, kinematics equations might be written in different ways. In this section,

the equations are constructed in the way of Euler angles and quaternions.

Euler angle-based kinematics equations differ for different rotation sequences. Since
the base rotation sequence is chosen as 3-2-1 Euler angle sequence for this thesis, the

kinematics equations for this sequence can be written as [25]:

¢ = o) + (@ 8in 9 + w3 cos @) tan O
6 = wycos — a3 sing (3.6)

Y = (mysin + w3 cos @) secO
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One can write Eq. 3.6, in matrix form as:

"4 1 0 sin¢g cos ¢ )]
= 5 0 cos@sin@ —singcosO| |wn 3.7
) €O8Y lcosO singsin®  cos@sind W3

By using Eq. 3.7, it is possible to obtain Euler angles as roll, pitch and yaw by taking
the angular velocity vector as the input. However, the biggest disadvantage of using
Euler angles to represent kinematics is that the existence of singularity. Notice that
the term 1/cos @ approaches infinity when 6 = +7/2, which destroys the equation.
Thus, when using Euler angle-based kinematics, one needs to avoid the pitch angle to

be +7/2 radians.

To avoid the singularity of FEuler angle kinematics, it is possible to write
quaternion-based kinematics. For a satellite, quaternion-based kinematics equation

is written as [24]:

q=5%q (3.8)

where

Q=0Q(0)= 3.9)

It is also possible to express Eq. 3.8 as:

70 g9 —9q91 —q2 —q3| |0

. 1 _

v _ 2|91 490 3 92 ! (3.10)
q2 2192 g3 q —q1| |

q3 a3 —92 91 4o 3

By using kinematics equations expressed in quaternion form, one can obtain the

quaternions by taking the angular velocity as input.

Equation 3.8 can also be separated into two parts as vector and scalar elements of

the quaternion. Let g be the vector that represents the vector elements of g, namely

g = [q192¢3]", which is also known as the Gibbs vector. Equation 3.8 can be written

as:

16



: l | —wxg+qalzx30
L}go]zi{ X{w‘;‘;”] (3.11)

where 3,3 1s 3x3 identity matrix, @y represents the skew-symmetric cross product

matrix of angular velocity:

0 -0 wm
Dy = | W3 0 — @ 3.12)
- W 0

3.3 Disturbance Modeling

There are various disturbance forces acting on a satellite during its operation. The
disturbance types depend on the mission of the satellite such as its shape, altitude
onboard elements and so on. Let us examine a satellite that operates at Low Earth
Orbit (LEO). The most important disturbances can be examined as aerodynamic and

gravity gradient forces at these altitudes.

3.3.1 Gravity gradient

Due to the unsymmetrical shape of the satellite, different gravitational force will act
on different points of it, which will cause a disturbance torque around the center of
mass. This disturbance torque is also known as gravity gradient torque and can be

approximated as a linear equation [23]:

3u
Gy = F (Izz - Iyy) ‘P

3
Gy — R_IL; (IZZ _ Ixx) 6 (3.13)
G,=0

where G,, Gy and G, are the gravity gradient torque elements for x,y and z directions,
u is Earth’s gravitational parameter, R is the radius for circular orbits, Iy, Iy, and I,

are the diagonal elements of satellite moment of inertia matrix.

3.3.2 Aerodynamic drag

The LEO orbit still consists of air. Satellites orbiting at LEO will be subject to a drag
force due to the presence of the atmosphere. This drag force F; can be calculated by

the well known drag equation [26]:
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1
Fy= 5pvchA,ef (3.14)

where p is the air density at that altitude, v is the linear velocity vector, c¢p is the drag

coefficient and A, is the reference area of the satellite that faces incoming air.

3.4 Nonlinear State Space Model

One can collect the whole equations of motion explained in previous sections in state
space representation. It is possible to introduce the dynamical behavior of a system by
defining particular states, inputs and outputs. State space equations for a system can

be written as:

x=F(x,u) (3.15)

where u is input and x is the state vector of the system.

Let us define the satellite state vector as to be consisting of satellite angular velocity

an quaternion elements:

x=[or @ o 9 @ @ ) (3.16)

As explained in equations of motion in previous sections, the overall nonlinear state

space model can be written as in Eq. 3.15:

@ TN (— oo+ T+ 14)
go| = —0'g (3.17)
g 0.5 (~0xg+qal330)

In this system, the inputs are control torque (7;) and external torque, T,. Output is the

quaternion elements.

3.4.1 Model validation

To proceed further on the system, let us validate our model by conducting a set of
tests. Nonlinear state space equations were constructed as given in Eq. 3.17. To test the
model, let us give an input torque to the system around the x, y and z axis, respectively.

The constructed Simulink model is given in Fig. 3.2. Content of MATLAB
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Function blocks "SCmodel_7state" and "quat2Euler" are given in Appendices A.1,

A.2 respectively.

NONLINEAR SATELLITE MODEL

A

=

Angular Vel.

-

u
input 1

|
4" ‘ xdot 3

. SCmodel_7state
Td —

states

phi
q ‘ theta
quat2Euler psi

Figure 3.2 : Nonlinear state space model constructed in Simulink.

1
!

1 Nm of torque around the x-axis was given to the system. The angular position and
velocity outputs of the system are given in Figs. 3.3 and 3.4. When a constant input
torque is applied to the system, it is expected to get a rotating satellite around the
torque-applied axis. This is shown in Fig. 3.3 as expected. Since the torque is given
continuously, the rotation rate must increase, which is proven in Fig. 3.4. Thus, the
time between two rotation periods must decrease by time, which can be also observed

in Fig. 3.3.
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Figure 3.3 : Variation of angles for a given test input.

19



25

N
T

=
5]
T

—-
T

oy ——
w——

Wz

Angular Velocity (rad/s)

I
wn
T

0 ] | 1 1 I}
0 20 40 60 80 100

Time (s)

Figure 3.4 : Variation of angular velocity for a given test input.

Since the model gives expected results for the given input test, one can say that it is

safe to proceed with this nonlinear model.

3.4.2 Dimension reduction of the nonlinear state space model

Let us rewrite Eq. 2.9 for normalized quaternion:

1=\/q%+q%+q%+q§ (3.18)

which shows that the scalar element of a normalized quaternion can be written as a

combination of quaternion vector elements:

w=\1-4 B3 (3.19)
By using Eq. 3.19, one can vanish the state gy given in Eq. 3.17. All other states that
consist of gp element can be written in terms of vector elements as stated in Eq. 3.19.
Let us rearrange Eq. 3.10 as to be having only vector element states:
q1 1|20 —a3 q | |o

70 =51 0 —a (0] (3.20)
q3 =92 91 9o 3

=00 (3.21)



Let us investigate the determinant of the matrix Q. This can be calculated as:

detO = qo (g5 + 1) + 93 (9390 — 0192) + 42 (9391 + q0q2)

s o 4 3.22)
=qo (45 +4i +45+43)
Using relation given in Eq. 3.18 yields:
detQ = qo (3.23)

According to this result, the determinant of the matrix Q is zero when gg = 0. This
condition is satisfied when o = £x rad (see Eq. 2.6). Thus reduced quaternion has
also singular point (like in the Euler angles) when the angle reaches + 180 degrees
since it is not full rank in these cases. However, most of attitude control applications

stay within the safe area.

In summary, reduced state space equations of motion can be written as:

o I (—ou o+ 7.+ 14)
X= { } r 10w (3.24)

The number of states is now reduced from 7 to 6. This enables the acceleration
of computational power. Furthermore, when the system is linearized, the classical
controller methods can be applied to the reduced system since it is now fully

controllable and stability analysis can be performed [27].

3.5 Linearizaton of Equations of Motion

The equations of motion were explained by using nonlinear equations. However,
working on a linear system enables the usage of classical control theory, stability
analysis and many more advantages. This section describes the linearization of

nonlinear satellite equations.

It is possible to approach a nonlinear system linearly around an operating point. As
an example let us investigate the function f = sin(x). It is well known that around
0 degrees, for small angle approximation, the function sin(x) can be approximated

linearly as f(x) = x. The visualization of two functions is given in Fig. 3.5 As shown
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in Fig. 3.5 the portion of functions that lay within around £0.5 rad (corresponding
+20 degrees) are nearly identical. Thus, for small angles, one can use f(x) = x to

calculate the sine of the angle.

3 -

y =X
y = sin(x)

Figure 3.5 : Plots of f(x) = x and sine function.

Linearization of a nonlinear function can be achieved by using a well-known method:

Taylor Expansion.

Let us express a nonlinear state space system:

x= f(x,u) (3.25)

The Taylor expansion around an operating point, (xp, %) can be written as :

d d
fx,u) %f(xo,uo)—i—a—i: (x—xo)—l—a—i: (u—up)+H.O.T. (3.26)

X=X0 u=uo

where H.O.T. stands for higher order terms. Let us define:

22



_9f
A= o . (x—x0)
B= a—i . (1 —up)

By ignoring higher order terms, Eq. 3.26 becomes:

O0x =Ab0x+ Bdéu

(3.27)

(3.28)

The matrices A and B might involve more than 1 row and column when the number of

states are more than one, which it is then called the "Jacobian Matrix", which can be

defined for states as:

Ifi 9N If
dx; Jdxy 77 dx,
Idfa 9h Ifa
= |
9y 9y 9y
dx; Oxy 77 dxp

(3.29)

where n is the number of states and ¢ is the number of functions. For input u, the

Jacobian matrix Jp can be written as:

Ifi 9dfi 9Ifi
Juy duy 7 Jduy
I 9 9fh
= |0 7 o
Iy 9Jq 9Jq
du; duy "7 duy

(3.30)

where m is the number of inputs. The derivative term can be calculated analytically for

simple equations, whereas it needs to be executed numerically for complex cases.

3.5.1 Analytical linearization

Let us rewrite the nonlinear state space equations by ignoring disturbance torques and

taking the control torque as input, namely 7, = u:
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. 7 (—w Lo+ u)
, [0) 1

It is possible to define the functions f; and f, to calculate the Jacobian:

fi=o
Hh=g

The Jacobian matrices for states and inputs can be calculated as:
% %
— () g
= \on of
Jo dg

af1
Jg = éaj%
u

Let us determine the stationary states xo and inputs g to be linearized as:

XO=[(010 o W30 q19 420 Clao]T
—0 0000 o0

u0=[u10 uz ”30}T

—0 0 o]

the elements of Jacobian matrices can be calculated as:

dfi _9d _
ol “agh Codetw| =0
% iIs Y —o o+ u) = 0343
ag X=X ag X=X0
dfr B Jd /1 1
dol_, o <5Q‘°) 29,
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(3.31)

(3.32)

(3.33)

(3.34)

(3.35)

(3.36)

(3.37)

(3.38)

(3.39)



Referring to Eq. 2.9, when the vector elements of quaternion are zero (given as

stationary point), the scalar element of quaternion becomes 1. Thus, the Jacobian

element given in Eq. 3.39 becomes:

1 00 1
0 =101 0| = 513X3
X=Xo 0 01

df> ad (1

= =— | 0w =0

ag X=X( 8(0 (2Q ) X=X( 3

For the input, Jacobian elements can be written as:

dfi Jd O
du u=utg du’ (=050 +u) u=uq ‘

dfa d < 1 )

- 5 ~ _Qw =S 03><3

u w Ju \ 2 v

Finally, the linearized state space equations become:

R s | A
=11 + u
g hx3 03x3] | & 033
Let us check the controllability of this final equation.

The controllability matrix for 6 states can be written as:

M= [B AB A’B A’B A*B AB]

(3.40)

3.41)

(3.42)

(3.43)

(3.44)

(3.45)

The matrix M can easily be constructed via MATLAB symbolic manipulation

(Appendix A.3) It is found as:

/L, 0 0 0 0 0 000000000000
0 1/, O 0 0 0 000000000000
0 0 1/Is3 0 0 0 000000000000
0 0 0 1/(2L) 0 0 000000000000
0 0 0 0 1/(2L,) 0 000000000000
0 0 0 0 0 1/(2L;) 000000000000

where the satellite moment of inertia vector is assumed as:
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o~

0
0
I,

(3.47)

oo
o5 o

From Eq. 3.46, one can see the that rank of matrix M is 6, which is equal to the number
of states. Thus, the linearized state space is fully controllable, which means one can

manipulate all the states by changing the inputs.

To observe the quaternion states, one can choose the output matrix C as:

0001O0O0
C=10 00010 (3.48)
0 00O0OT1
Thus, the state space for output becomes:
(0]
y=1[C] L}} (3.49)

where the feedforward matrix, D is assumed as zero.

3.5.2 Numerical linearization

Referring to Eq. 3.26, when linearizing a system, one needs the calculate the derivative
to obtain the Jacobian term of the Taylor series. In the Analytical Linearization section,
it is explained to get derivatives analytically. However, it might not be possible to get
analytical derivatives when the system is too complex. To execute this, one can use the
method of numerical linearization. Let us introduce the "Central Difference Method"

to get the derivative terms numerically.

The central difference method is based on obtaining the derivative by basically
calculating the slope of the line that passes through the point of the derivative. The
visual representation of the method is given in Fig. 3.6. The slope of the line (which

is approximately derivative) given in Fig. 3.6 can be calculated as:

ooy f(x+6x) — f(x—0x)
S~ S — (e —o)

(3.50)
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Figure 3.6 : Visualization of the central difference method.

One can obtain the numerical derivatives by using this method for complex models. It

is also possible to apply it to the satellite model.

3.6 Comparison of Nonlinear and Linear Models

To proceed further, let us compare the nonlinear and linear models to validate the
linearized equations. This is required since from now on, linearized model will be used
for controller design and analysis. Remember that the linearized model was given in
Eq. 3.44. The only parameter to construct this model is the satellite moment of inertia
matrix. Let us choose the satellite moment of inertia matrix as the parameters of a real

satellite taken from [28] as I; = diag([40.45,42.09,40.36]).

A Simulink model was established to compare the models. The model is given in Fig
3.7. As the input, a band-limited white noise torque around the roll axis was given
to the system with parameters of noise power 0.01 and a sample time of 0.1 seconds.
To reduce the complexity of the figure, only the roll angle is shown. The output of
nonlinear and linear models are given in Fig. 3.8. As shown by Fig. 3.8 the models are
nearly identical when the angle is smaller than approximately 50 deg. Thus, it can be
said that the linear model is quite successful for small angle approximation and can be

used as a representation of the nonlinear model reliably.
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4. CONTROLLER DESIGN

In previous chapters, basic definitions and equations of motion to construct the satellite
attitude control structure were explained. This chapter consists of explanation of
different controllers that are used to compensate the error between the reference and
the output angle. Referring to Fig. 3.1, The basic closed-loop control structure for a
satellite attitude control system is given in Fig. 4.1. Actuator dynamics are ignored
in this diagram. The controller basically takes the error between the reference and the
output. Then, it produces proper control input for the dynamics system, that is control
torque for the satellite attitude control system. The dynamics and kinematics blocks are

used to produce the quaternion output to visualize the orientation state of the satellite.

-
Disturbances | |

|
|
I I I

Td | |
| T N Satellite w Satellite Jout

> K . X N —>

| | Dynamics Kinematics |
|
I ! I
| |

e e e e e e e e e e — a1

qref Controller

Figure 4.1 : Closed loop control diagram.

4.1 Linear Quadratic Regulator

Linear Quadratic Regulator (LQR) problem is based on the solution of an optimization

problem. The formulation of an optimization problem can be expressed as:

minimizey J(x)

Subjectto  g(x) <0 h(x)=0

where J(x) is called the cost function to be minimized, g(x) is inequality constraint and
h(x) is the equality constraint. The number of constraints can be more than one as well
as there might be no constraints. It is possible to apply this optimization problem to

the control theory as well. By using this method, one can generate different problems

such as fuel minimization, time minimization, and so on. Optimal control algorithms

31



are used in many fields such as planetary landing [29], vertical rocket landing [30], and

SO on.

Let us construct a state space system:

X=Ax+Bu
4.1)
y=Cx+Du

where A is the state matrix, B is the input matrix, C is the output matrix, D is the

feed-forward matrix.

One can construct a cost function to be minimized as:

J= /oo (xTQx+ ul Ru)dt 4.2)
0

Where Q,,«x, and R, are positive definite matrices that determine the weights of
tracking error and control input, respectively. The control law that satisfies the state
space equation given in Eq. 4.1 and minimizes the cost function given in Eq. 4.2 is

determined as:

u=—Kx 4.3)

where

K=R 'BTP (4.4)

P« s found by solving the Riccati differential equation [6]:

0=PA+ATP—Q+PBR'BTP 4.5)
Once the state space, Q and R matrices are given, the steps of solving the LQR problem
can be sorted as:
1. Solve the Ricatti differential equation and get P.

2. Found gain (K) from Eq. 4.12.
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3. Use K as the gain of state feedback control, given in Eq. 4.3.

Let us design a basic LQR controller by using the state space model explained in Eq.
3.44. The closed loop diagram of the LQR controller is given in Fig. 4.2. The state

space model is explained as the open loop plant. The control law is explained in 4.3.

\ 4
Q

Open Loop Plant |

Figure 4.2 : LQR control diagram.

One can design a linear state space model by only knowing the satellite moment of
inertia. Let us use /; as the same as given in Section 3.6. By using given I, the state

space becomes:

X =Ax+ Bu
(4.6)

y=Cx+Du

where
03x3 03x3]
A= 4.7
{%hxs 033 @7
171

B=|F° 4.8
[03><3] (48)
C=[03x3 D3] 4.9)

The weights Q and R are determined as identity matrices, namely the weight of 1.

O = [loxe] (4.10)
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R = [l33] 4.11)

Inserting given A, B, Q and R matrices and solving the Riccati equation yields the

LQR gain value, which is the gain that minimizes the cost function given in Eq. 4.2:

6.4382 0 0 1 00
Kior = 0 6.5643 0 010 4.12)
0 0 6.4312 0 0 1

The stability of a closed loop state-space system for LQR can be found by finding
the eigenvalues of (A — BKrgr) which is obtained by giving the control input as u =

—Kj prx as mentioned in LQR control problem.

For the gain value found in Eq. 4.12, eig(A — BKygr) is found as:

[—0.0796 + j0.0776]
—0.0796 — j0.0776
—0.0797 + j0.0777
~0.0797 — j0.0777
—0.078 + j0.0761

| —0.078 — j0.0761 |

€ig (A - BKLQR) = (4.13)

This result gives the closed loop poles. As given in Eq. 4.13, all of the poles lie on the

left of the s-plane, which indicates that the closed loop system is stable.

Let us make a simulation for this LQR solution. The reference quaternion vector
elements [g1g2g3] are chosen as 0.1, 0.2 and 0.3, respectively. The output of the

simulation is given in Fig. 4.3.
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03

0.25

0.2 -

Output

0.15

0.1

q1
q2
a3
O 1 1 | 1 1 |

0 20 40 60 80 100 120

Times (s)
Figure 4.3 : LQR simulation output with given references.
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As shown in Fig. 4.3, the satellite is able to track the given quaternion references
accurately with zero steady-state error. Additionally, a custom reference signal has
been produced to investigate the performance of LQR controller on tracking. To reduce
the complexity of the graph, only g; custom reference has been produced. The output
of g1 element with reference is given in Fig. 4.4, which shows that the satellite is able

to track the given quaternion element accurately.

0.3 T T

0.25 | |Ref =-----

0.2

Output

0.1

0.05

-0.05 ' : ' :
0 100 200 300 400 500

Time (s)
Figure 4.4 : LQR simulation output for a custom reference signal.

4.1.1 Controller tuning

The LQR control has two important parameters to be tuned: Q and R. One can
investigate the effect on the Q parameter. To investigate that, let us keep R as the
identity matrix, namely 1 and alter the Q parameter. The output of g; for different Q
values is given in Fig. 4.5. As shown in this figure, one can see that a steady state error
occurs when the Q value is lower or greater than 1. Thus, as an intuitive approach, one

can set the Q parameter as 1.

It is also possible to examine the effect of R on the performance. Let us keep the Q
value as 1 and alter the R value. The output of g; element for different R values is
given in Fig. 4.6. This figure also shows that the values of R other than 1 have also

steady-state error. Thus, one can say that as an intuitive approach, R must be set to 1.

It is known that Q and R parameters are the values that "penalize" the parameters of
the cost function. Referring to the cost function to be minimized, the Q value has the

effect on x, namely states. Thus, increasing the Q value means penalizing changes in
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states, which means the minimum change in the states. Similarly, the R parameter has
the effect on u, namely control input. Increasing the R parameter means penalizing the

control input. Thus, increasing R means using less "energy".
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Figure 4.5 : LQR simulation output different Q values.
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Figure 4.6 : LQR simulation output different R values.

It is also possible to include the constraints to the LQR solution. Since the LQR
solution is executed for an unconstrained optimization problem, one can include a

"saturation block" to the input of the dynamics subsystem to limit the control torque

36



values. The saturation block is a nonlinear type of block and is not included in the
solution of the optimization problem. It is added subsequently. Thus, the saturation

included LQR is not the "optimal" solution to this attitude control problem.

Let us saturate the control torque between + 0.02 Nm and give a quaternion reference
to the system as to be g1 = 0.2. Outputs of saturated and unsaturated solutions of LQR
are given in Fig. 4.7. Additionally, the control inputs for saturated and unsaturated
cases are given in Fig. 4.8, which shows that the saturation block works fruitfully, the

input is limited between £0.02 Nm.

0.25 -
0.2 o
0.15 +
>
0.1
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Figure 4.7 : Effect of controller saturation on g
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_01f
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£
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Time (s)
Figure 4.8 : LQR control torque with and without saturation.
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4.2 Model Predictive Controller

Model Predictive Control (MPC) is also an optimal control solution. One of the most
important differences between MPC and LQR is that the optimization problem is
solved at each time step. MPC is based on the "prediction" of the next states and
control inputs of the models. Thus, one needs a strong, successful model to use that
control algorithm since the control inputs are updated according to the system model

besides system measurements.

MPC has also two important parameters as Prediction Horizon, N, and control horizon

N¢. These parameters determine the amount of prediction for the given system.

Consider a state-space system in discrete time:

x(k+1) =Ax (k) + Bu (k)
4.14)
y (k) = Cx(k)

Where A, is the state matrix B, x, is the control matrix and C,, is the output matrix

where p is the number of outputs.

Let us iterate the state space system given in (4.14) one step:

x(k+2)=Ax(k+1)+Bu(k+1)
= A(A (x (k) + Bu(k)) +Bu(k+1) (4.15)

= A%x (k) +ABu (k) + Bu(k+1)

The next step will be:

x(k+3) = Ax(k+2) + Bu(k+2) (4.16)

inserting Eq. 4.15 into this yields:

x(k+3) = A%x (k) + A%Bu (k) + ABu(k + 1) + Bu (k+2) (4.17)

Let us bring Egs. 4.15, 4.16 and 4.17 together to observe the pattern:
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x(k+1)=Ax(k)+ Bu(k)
x(k+2) = A%x (k) +ABu (k) + Bu(k+1) (4.18)

x(k+3) = A3x (k) + A*Bu (k) + ABu(k + 1) 4 Bu (k +2)

As shown in Eq. 4.18, one can "predict" the ongoing states with the equation:

[ x(k+1) ] A
x(k+2) A?
x(k+3) | = | A | x(h)+
x(k+N, AN
] 1 ( ”)_- R - (4.19)
B 0 0 o 0 u (k)
AB B 0 - 0 u(k+1)
A’B AB B -0 u(k+2)
AN=1B AN—2B AN 3B . B |u(k+N,—1)]
which can be written in a compact form:
x_s =Fx(k)+Hu_, (4.20)

Where N, is the prediction horizon. One can write the prediction equations by using
Eq. 4.19 to predict the future states and control inputs of the system. In this system, the
prediction horizon is the same as the control horizon. Since there is no issue concerning
computational burden, the control horizon is kept constant. By multiplying predicted
states with the output Matrix, C, one can also obtain the predicted outputs since y = Cx.

The cost function to be minimized for the MPC controller is similar to LQR control:

N,—1
minJ Z x,{ Oxi + u,{Ruk 4.21)
k=0

subject to:

Xp+1 = Axg + Buy k:1,2,...Np—1

Umin < Uk < Upax

39



where the matrices Q and R are the weights of states and inputs, respectively. The
block diagram of the MPC-controlled satellite system is given in Fig. 4.9. As shown
in the block diagram, in the controller section, there is an optimizer that solves the
optimization problem (given in 4.21) in every time step to find the feasible solution,
which is control torque for the satellite. The optimizer works with the prediction
model and predicts the ongoing states of the system. Furthermore, predictions are also
updated according to system output, g,. s for this case. The produced control torque is
used in the satellite dynamics subsystem to obtain the angular velocity vector of the
satellite, whereas the angular velocity vector is then used to obtain the quaternion state

of the satellite.

One of the most powerful sides of MPC is its constraint-handling capability. This
means that the user can provide specific constraints such as interval of control input
(which might be dc motor voltage constraint for a reaction wheel), and constraints
on states and outputs. For instance, one can also constrain the output quaternions
to make sure that the satellite is operating under the given angle interval. An
unconstrained MPC is also a controller type that has no constraints such as the classical
LQR controller. Unconstrained MPC has an analytical solution [31] whereas to
solve constrained MPC problems, one needs to define the optimization problem as a
"quadratic programming" problem and solve it numerically. Numerous open-source
libraries can be used to solve quadratic programming problems in many different

languages.

Let us also perform a simulation to investigate the performance of the MPC controller.
The simulation parameters are given in Table 4.1. As distinct from the LQR controller,
MPC has the capability of constraint handling. Thus, one can determine constraints
for control torque. Let us determine this control torque constraint as given in Table
4.1. Reference quaternion vector is chosen as g,y = [0.08,0.05,0.03]. Under these

conditions step response of quaternion outputs, g, 1s given in Fig. 4.10.
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Table 4.1 : MPC simulation parameters.

Parameter Symbol Value Unit
Satellite moment of inertia I diag([40.45,42.09,40.36)) kgm?
Control torque constraint Tt +0.02 Nm

Initial angular velocity 0 [00 0] rad/s
Initial quaternion elements 20 [000] -

E
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E Te ‘: i Qout
: i Satellite Dynamics Satellite Kinematics — >
Prediction !
Model : ; :

Figure 4.9 : MPC block diagram.
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Figure 4.10 : Step response of the MPC controller.
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Additionally, the control torque input plot for the case of Fig. 4.10 is given in Fig.

4.11. Fig. 4.10 shows that the satellite is able to track given references accurately.

Furthermore, Fig. 4.11 shows that the input constraint is satisfied accordingly between

4 0.02 Nm. This is the solution to a quadratic programming problem with input

constraints. So the optimal solution also includes the constraints as well. The

constraints are not included subsequently, contrary to the LQR controller.
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4.3 Comparison of Controllers

One can compare LQR and MPC controllers with respect to their disturbance rejection
performances. To evaluate this, a step (constant) output disturbance was given into the
system. The reference quaternion element, g; was taken as 0.1. Only g; was examined
to reduce the complexity of the graph. The disturbance was given into the system at
70th second and the magnitude is determined as 0.01. The output response of LQR

and MPC controllers are given in Fig. 4.12.
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Figure 4.12 : Disturbance rejection performance of LQR and MPC controllers.
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It is obvious that the MPC controller successfully compensates the disturbance whereas
the LQR controller fails to do so. Since the disturbance is given as an output
disturbance, a sudden change in the output occurs, as expected. The disturbance
rejection performance of the controllers can be also compared by using a mathematical
approach, Root mean square error (RMSE). RMSE values of the controllers between
the output and reference were calculated after the disturbance was applied. RMSE
value for the LQR controller was found as 0.01 whereas this value is 0.0029 for the

MPC controller, which is exceptionally lower than LQR.
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5. CONCLUSIONS AND RECOMMENDATIONS

In this thesis, design, analysis and optimization of controllers for a satellite attitude
control system have been explored. The main purpose was to investigate improving
the performance and robustness of attitude control systems. To achieve this, LQR
and MPC controllers were investigated and compared in terms of disturbance rejection

performances.

In the initial chapters, the required definitions to design a satellite attitude control
system were introduced. Satellite mathematical model were explained as dynamics
and kinematics subsystems. The nonlinear system dynamics were linearized around
the operating point. The linearization process was explained in detail and a comparison

of nonlinear and linear models was executed.

The controller design mainly focused on optimal control methods. Initially, LQR
controller was introduced with tracking performance evaluation. The tracking
performance was also investigated with the tuning of cost function weights. It has been
observed that the cost function weights Q and R have a significant effect on the system
output. It was also observed that the LQR is capable of stabilizing the attitude of
the satellite and tracking the given reference accurately. Additionally, an investigation
of the MPC controller was executed in detail. Model Predictive Controller has the
advantage of predicting the future states and outputs by the prediction model as well
as it has the capability of constraint handling. Then, LQR and MPC controllers were
compared in terms of their disturbance rejection performances. It was observed that
the MPC controller was able to compensate the disturbance successfully and brings
the state to the reference quaternion whereas the LQR controller was not able to

compensate the error between reference and output after the disturbance was applied.

Future research could explore the implementation of advanced control algorithms such
as Linear Quadratic Integrator, Linear Quadratic Gaussian, Nonlinear control and so
on. Advanced estimators may also be developed such as Kalman Filter, and Particle

Filter to include the measurement noise into the system model and enhance the control
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models in the presence of this noise. Additionally, model-based design techniques such
as processor-in-the-loop, and hardware-in-the-loop can be developed in embedded

hardware to achieve more realistic results.

This thesis contributes the body knowledge for satellite attitude control design and
provides profitable insights for the engineers and researchers employed in satellite
missions. It also aims to provide intuition on selecting and optimizing appropriate

control parameters.
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APPENDIX A.1: MATLAB Function block: '""'SCmodel_7state"

function xdot = SCmodel_T7state (u, x)

% xdot (1:3) = dw/dt

% xdot (4:6) = dg/dt

w = [x(1); x(2); xX(3)1; % Angular velocity state

g = [x(4); x(5); x(6); x(7)]1; % Quaternion state

Control torque
Disturbance torque

o)
)
o)

)

Td = u(4:06);

S = [0 -w(3) w(2);%Skew symmetric cross product matrix
w(3) 0 -w(l);
-w(2) w(l) 1
Omega = [ O -w (1) -w(2) -w(3);
w(l) 0 w(3) -w(2);
w(2) -w(3) 0 w(l);
w(3) -w(2) -w(l) 01;

Is = diag([40.45 42.09 40.36]);

xdot = zeros(length(x),1); % Initialization

xdot (1:3) = Is\(-S*Isxw + Tc + Td); % Satellite dynamics
xdot (4:7) = 0.5+xOmegaxq; % Satellite kinematics

end
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APPENDIX A.2: MATLAB Function block: "quat2Euler"

function [phi, theta, psi] = quat2Euler (q)

q0 = q(1);

ql = q(2);

gz = q(3);

a3 = q(4);

phi = atan2 (2«g0xgl + 2xg2*g3, g072 - gl™2 - g2”2
+ g3°2);

theta = asin(2+xg0*g2 - 2xg3*ql);

psi = atan2 (2xg0xg3 + 2xglxg2, g0"2 + gl”"2 - g272
- g372);

phi = phix180/pi;
theta = thetax180/pi;
psi = psi*180/pi;

end
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APPENDIX A.3: MATLAB Code: Controllability Check Matrix

clear;
clc;

syms I_1 I_2 I_3

Is = [I_1 0 0; %$Satellite moment of inertia matrix
0 I.2 0;
0 0 I_31;

A = [ zeros(3,3) zeros (3, 3)

0.5+«eye(3,3) =zeros(3,3)];

(03]
Il

[inv (Is); zeros(3,3)];

=<
Il

[B AxB A"2%xB A"3xB A™4xB A"5%B] % Controllability mafirix
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