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Abstract

The topic of this thesis is attitude control of a micro-satellite. Due to their physical size, micro-
satellites have fairly limited power supply, data storage, and computational resources, hence
making it crucial to have a simple and reliable control system. A reasonable approach is to
evaluate the controller off-line, and consequently reducing the need for CPU speed drastically
as real-time effort in space can be restricted to a table-lookup. In many circumstances it may
also be desirable to prevent the different components from operating near their thresholds, ei-
ther the design focus is to keep power consumption within some limits or to keep the rate of
wear as low as possible. It is shown in this thesis that all these concerns can be dealt with by
formulating a Model Predictive Control problem (MPC).

It is shown that explicit solutions to constrained linear MPC problems can be computed by
solving multi-parametric quadratic programs (mpQP), where the parameters are the compo-
nents of the state vector. The solution to the mpQP is a piecewise affine (PWA) function, which
can be evaluated at each sample to obtain the optimal control law. In addition to reducing the
on-line effort, the controller can be implemented on inexpensive hardware as fixed-point arith-
metics can be used. A simple second order system is included to illustrate the procedure.

An explicit MPC (eMPC) controller is derived for the SSETI/ESEO micro-satellite, initiated

by the European Space Agency (esa). The structural data is based on the the latter, and the
spacecraft is modelled as an ideal rigid body. Various topics within spacecraft and astrody-
namics are included to provide a thorough insight in how the model is derived. To represent its
attitude, the well known Euler parameters are utilized, while the dynamic equations are based
on the Newton-Euler formulation. An important thing to keep in mind is that the thrusters on
the satellite are on-off by nature. An attempt to solve this problem is done using a preliminary
bang-bang modulation scheme.

The controller is connected in closed-loop with the nonlinear plant, and the effectiveness is
demonstrated through simulations. With purpose of comparing the performance to other con-
trol schemes, we also derive and simulate PD-control and stationary LQR. As familiar to the
author, the eMPC approach has not yet been applied for attitude control of satellites. A paper
based on the work in this thesis is to be submitted to the American Control Conference (ACC)
2005. A preprint is given in the appendix.

Keywords:Predictive control; Constraints; Piecewise linear controllers; Linear quadratic reg-
ulators; PD-control; Spacecraft and astrodynamics; Attitude Control; Bang-bang modulation;
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Chapter 1
Introduction

Orientation control of rigid bodies has attracted many researchers in recent years. This is due to
the broad range of applications and the theoretical challenges it offer. Many real-life mechan-
ical systems, including aircrafts, helicopters, spacecrafts, underwater vehicles, surface vessels
and robots are examples of such systems. In the case of spacecrafts, we formally say that we
deal with the problem oéattitude control More precisely, this is the process of orienting the
spacecraft in a specified, predetermined direction. The problem consists of two areas called
attitude stabilization and attitude maneuver (tracking) control. The first is the process of main-
taining an exciting orientation, while the latter has to do with controlling the reorientation of
the spacecraft from one attitude to another. The two areas are not totally distinct however, and
in many cases the problem to be solved deals with both.

The purpose of this thesis is to establish and investigate a reasonable model of a micro-satellite,
and then finally propose a strategy to solve the problem of attitude control. However, unlike
preceding work, typically solved using PD- or LQ-control, Lyapunov design procedures, slid-
ing mode, adaptive- or quaternion feedback technigtesor H2 /H ., the work in this thesis

will be on explicit Model Predictive Control. As familiar to the author, this approach has not
yet been applied for attitude control of spacecrafts. When doing implementation, an important
thing to keep in mind is that the actuating thrusters are on-off by nature. An attempt to solve
this problem is done using a preliminary bang-bang scheme.

The satellite model and technical data is based on the SSETI project initiated by the Euro-
pean Space Agency (esa), and the thesis is a contribution to this project. Note that whenever
referred to, the Phase B documents can be found on the official SSETI/ESEO hofmepage

1.1 Student Space Exploration & Technology Initiative

The Student Space Exploration & Technology Initiative, from now on called SSETI, was
founded by esa’s education office in hope of improving young people’s interest in space re-
lated technology. Through the project, students from different European universities partici-
pate in designing, building and operating a micro satellite. The European Student Earth Orbiter,
ESEQ, is to be suitable to circle and take pictures of the Earth. Having reached this aim, further
assignments are intended.

!References and general information can be found on the official weliii #www.sseti.org


http://www.sseti.org
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The project is structured into different missions, each with different complexity level. One
reason for this layered structure is that students as well as teachers, professors and space pro-
fessionals can gain more experience and knowledge of the requirements fiisttitauted
developmentconcept by taking one step after another. The missions can be further divided
into different phases, ranging from Phase 0 to Phase F. The latter contains mission operations
after launch, while the first phases can be described as design phases which are necessary for
further development and manufacture of the satellite. The overall SSETI project structure is
illustrated in Figure 1.1, where Mission 1, Mission 2 and Mission 3 are Earth Orbiter (ESEO),
Moon Orbiter (ESMO) and Moon Rover (ESMR), respectively.

Memdscture

Integrotion

Test Moon Orbiter

Mission 1 Phase 0,A,B,C
Fro-assesmant study

Feasobility srudy Mission 2
Detmiled dafintion 3
Dovelopmant

Moon Rover

Phase E,F
Launch
Milision operotian

Figure 1.1: SSETI missions

In addition to the satellite, the whole system consists of the payload carried by the spacecraft
and the associated ground systems. The different universities have one or several teams, each
responsible for one particular subsystem. Also, for some of the subsystems there are numer-
ous teams working together. At the time of writing there are nineteen subsystems, which are
summarized in Table 1.1. Since the main focus in this thesis will be on attitude control, further
details on the ESEO-AOCS subsystem will be given shortly.

2By the term distributed development we denote a new and unconventional kind of communication, where all the
teams communicate using modern communication tools such as the internet, chat sessions, e-mails and telephone
conferences. In the end, all the different contributions are put together to make up the final product.
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ESEO subsystems
Attitude and Orbit Control System [AOCS] Propulsion [PROP]
Mechanisms [MECH] Mission analysis [MIAS]
On-board data handling [OBDH] Electrical Power Supply [EPS]
Thermal Control [TCS] Structures-Configuration [CONF]
SSETI Infrastructure [INFR] Systems [SYS]
Communication [COMM] Structures-Calculations [STRU]
Harness [HARN] Public Relations [PR]
Simulations [SIMU] Ground stations [GROU]
Risks analysis [RISK] Payload [PAY]

Operations [OPER]

Table 1.1: SSETI/ESEO subsystems

1.1.1 SSETI/ESEO-AOCS

The following information is taken from the Phase B report, which gives the major design
and performance requirements for all the subsystems, including ESEO-AOCS. Some technical
specifications, such as specific structural data, will be omitted at this point as they will be
repeated in Chapter 5. Also, for more in-depth details the reader should refer to the report.

ESEO mission objectives

In addition to the human aspects of the SSETI project, the high level operational goals or
mission objectives for ESEO can be summarized as

1) Acquire and uphold the required attitude during operational phases.

2) Perform required attitude maneuvers.

3) Perform required orbit maneuvers.

4) Compensate attitude perturbations created by orbit maneuver operations.

The satellite should be able to execute these tasks through its whole lifetime. The nominal
mission duration is set to be 28 days, while the orbit maneuver window is 18 days.

In terms of attitude and control requirements, the above mentioned goals are specified ac-
cording to the diversified situations the satellite is expected to face during its lifetime. We
denote these situations attitude mission modesind they include launch-, initialization-,
stabilization-, nominal-, safe-, failure- and transfer mode. Further details will be given shortly,
when discussing AOCS requirements.

ESEO-AOCS architecture

The AOCS is one of the subsystems needed to fulfill the high level objectives mentioned above.

It makes up a complex system which comprises the attitude sensors, a dedicated processor and
the software for attitude and orbit determination and control. All actuators belong to the AOCS
subsystem with exception of the thrusters, which are components of the propulsion subsystem.
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In terms of controlling the satellite it was decided to have 8 attitude thrusters, using a cold
gas system. Four of these are to be used foAttieude Control Systef{ACS) and the other

four for the Reaction Control Systéh{RCS). A reaction wheel will also be included in the
ESEO satellite. The orbital thruster, which makes up part ofah#t Control SystenfOCS),

is the only mean of achieving the orbital transfer.

A short summary of the sensors and actuators onboard ESEO is given as

Actuators Sensors

8 Attitude thrusters (AT) 1 Magnetometer (MAG)
1 Orbital thruster (OT) 1 Star tracker (STAR)
1 Reaction wheel (RW) 2 Horizon sensors (EHS)
4 Sun sensors (SUN1, SUN2)

Table 1.2: ESEO actuators and sensors

Further details on actuator placement and constructional aspects will be given later.

Performance requirements

Closely related to the mission objectives, we state the high level AOCS requirements as

1) The AOCS should control the satellite in order to allow the solar panels to get maximum
energy.

2) The AOCS should allow communication to Earth via the high gain antenna.
2) The AOCS should be able to perform a transfer maneuver.

3) The AOCS should be able to perform attitude maneuvers in order to take pictures, using
either wide angle camera (WAC) or narrow angle camera (NAC).

4) The AOCS should have redundancy at the system level, which means that no component
failure should be critical.

As mentioned earlier we have attitude mission modes associated with the performance require-
ments. Even though they are all relevant, only the nominal mode will be considered in this
thesis.

The nominal mode refers to general spacecraft operations when in orbit. It includes the task of
maintaining a stable attitude, i.e. the satellite is raplinting, as well as pointing the onboard
camera towards a desired location. The latter is controlled by the OBDH subsystem. During
the nominal phase, attitude estimation must be withift accuracy Zo).

%|s to be used for general attitude control operations. System is redundant to RCS.
“Is to be used for reaction control on orbit control perturbations. System is redundant to ACS.
5According to Wertz (1999), nadir is the direction towards the center of the Earth
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The accuracy depends mainly on the status of the sensors. As for the control algorithms,
there will be a need for precise maneuvering and the algorithms used will consequently have to
guarantee low errors. At the time of writing, the choice of control scheme is not definite for the
general ESEO-AOCS. However, it is most likely that a nonlinear controller would be desirable
for large angle maneuvers and tracking, while for precision and set-point control a linearized
model, and consequently also a linear controller, could be adequate. This will be investigated
further, when deriving the controllers in later chapters.

For details on the remaining operation modes, the reader should refer to the Phase B report.

We now give a summary of some specific pointing and stability requirements. In our case
the values in Table 1.5 are to be used as a reference for the remainder of this thesis.

Axis of rotation

X,y (roll, pitch) z (yaw)
Absolute pointing error 16° No constrain
Absolute measurement error No constrain | No constrain
Stability error 0.12°/s 0.0055° /s
Absolute rate error 0.01°/s 0.0006° /s

Table 1.3: Satellite pointing requirements during WAC operation

AXxis of rotation

X, Yy (roll, pitch) Z (yaw)
Absolute pointing error 6° No constrain
Absolute measurement error 3° No constrain
Stability error 0.12°/s 0.0055°/s
Absolute rate error 0.01°/s 0.0006° /s

Table 1.4: Satellite pointing requirements during NAC operation

Axis of rotation

X, Yy (roll, pitch) Z (yaw)
Absolute pointing error 1° 5°
Absolute measurement error 0.1° 1°
Stability error No constrain | No constrain
Absolute rate error No constrain | No constrain

Table 1.5: Satellite pointing requirements during normal operations
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Axis of rotation

X, y (roll, pitch) Z (yaw)
Absolute pointing error 1° 1°
Absolute measurement error 0.1° 0.1°
Stability error No constrain | No constrain
Absolute rate error No constrain | No constrain

Table 1.6: Satellite pointing requirements during orbit maneuvers

Axis of rotation

X, y (roll, pitch) Z (yaw)
Absolute pointing error 1° No constrain
Absolute measurement error No constrain | No constrain
Stability error No constrain | No constrain
Absolute rate error No constrain | No constrain

Table 1.7: Satellite pointing requirements during communications

Based on the high level requirements and the specific requirements, it is possible to calculate

torque requirements for the attitude thrusters. We also note that ACS failure is considered a

worst-case scenario. This is due to the fact that the RCS consumes more fuel, and it does not
offer the same accuracy as ACS. ACS and RCS torque values and boundaries are given in Table
1.8, which are the values for the thrusters manufactured by the propulsion team.

7p [Nm] 7, [Nm] 7, [Nm]

ACS

Min 0.0306  0.0306  0.0252
Nominal 0.0484  0.0484  0.0398
Max 0.0510  0.0510  0.0420
RCS

Min 0.1000  0.1000  0.1000
Nominal 0.1580 0.1580 0.1195
Max 0.1661 0.1661 0.1256

Table 1.8: Required torque supply from attitude thrusters

1.2 Previous work

There exist numerous research articles on the problem of attitude control for spacecrafts. Most
of these deals with the case of complete control actuation using either momentum exchange
devices, thrusters or magnetic actuators, while some also deal with the underactuated case. For
the latter the reader should refer to Tsiotras and Doumtchenko (2000) and references therein.

The following summary gives an overview of some of the work that has been done on fully
actuated attitude control for spacecrafts. Since the model to be derived later utilizes thrusters
and a momentum exchange device, focus will be on similar configurations.
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Controllability criterions of a rigid body equipped with thrusters and momentum wheels are
addressed in Crouch (1984), while a general analytic framework for the stability analysis for a
large family of globally stable tracking control laws is presented in Wen and Kreutz-Delgado
(1991). For the same paper, various errors are corrected in Fjellstad and Fossen (1994).

A new class of globally asymptotically stabilizing feedback control laws is presented in Tsio-
tras (1994). By utilizing a non-quadratic Lyapunov function, together with stereographic pro-
jection, a linear controller is proposed for the case of three kinematic parameters. According to
the author, only nonlinear controllers were known prior to this work. In Hall (1995) attention
is given to the spinup dynamics of gyrostats containing a single axisymmetric rotor. It is also
indicated how to apply the theory for multiple rotor gyrostats. This theory is later utilized in
Hall et al. (1998), when developing tracking control laws for a rigid spacecraft using N-rotor
gyrostats and thrusters. In Hall (2000) a subset of the equilibrium attitudes of a satellite with N
rotors in a central gravitational field is studied. This is done using a non-canonical Hamiltonian
formulation. Local stability for the equilibriums is also discussed.

Robust attitude control is addressed by means of a wide range of different schemes. In Chen
and Lo (1993) this is implemented for multiaxial tracking, the actuators being pairs of oppos-
ing thrusters, using a sliding-mode design technique. Similar techniques are used together with
singular perturbations and nonlinear quaternion feedback in Cavallo and Maria (1996). Non-
linear large angle robust attitude control is also obtained ukiggmethods. This is the case

in Show et al. (2001), where the satellite has fully coupled body fixed cantered thrusters. A
mixed Hs /Ho approach, together with LMI (linear matrix inequality) design, is utilized in
Sun and Yang (2002) to overcome inertia matrix uncertainty and unbalanced thruster torques.
In Show et al. (2003) th&{., controller contains linear terms for stabilization and nonlinear
terms for performance enhancement. The nonlinear controller parameters are designed using
a LMI method. The proposed controller is applicable to wheel controlled systems as well as
thruster controlled systems.

Some work has also been done on integrated power/attitude control systems (IPACS). In Hall
(1997) a cluster of four or more high-speed flywheels was used to provide large angle attitude
control and energy storage, by using a singular value decomposition to decouple the wheels.
Integrated attitude control and power tracking was also addressed in Tsiotras et al. (2001).
For the latter, four or more energy/momentum wheels in a non-coplanar configuration and a
set of three thrusters were used to implement the torque inputs. Prior to this work, exact non-
linear equations of motion had not been considered in sense of IPACS, according to the authors.

The above mentioned contributions were done using rigid body models. In the case of flex-
ible spacecrafts, the complexity increases. This could for instance be the case for satellites
with large flexible solar arrays. In Wie and Plescia (1984) a nonlinear microprocessor-based
reaction jet controller is presented. To reduce vibrations, and the fact that thrusters are on-off
by nature, makes the use of signal modulation necessary. The aid of both static and dynamic
Pulse-Width Pulse-Frequency (PWPF) modulators is also addressed in this paper. The same
issues are discussed in Wie and Barba (1985), as well as comparing PWPF with the more tradi-
tional bang-bang control scheme. Some stability and control analysis are also given, by means
of quaternion feedback. In addition to PWPF, Song and Agrawal (1999) use smart materials
for active vibration suppression.
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1.3

Outline of the thesis

The thesis is organized as follows:

Chapter 2: Different parametrizations of the attitude and their properties are described.
Our choice of attitude parametrization is discussed in the end.

Chapter 3: An introduction to spacecraft dynamics, actuators and astrodynamics is
given. The satellite model to be used later is derived based on the theory in this chapter.

Chapter 4: A complete model of the satellite is presented and some important control
properties are discussed.

Chapter 5: A review on PD-control and LQR, together with an introduction to explicit
Model Predictive Control, is given. Based on this theory, and the model in Chapter
4, attitude controllers are designed. The performance of the explicit MPC approach is
compared with the other schemes, which are both well known in the literature. This is
done by means of simulations in MATLAB and Simulink. Since the actuating thrusters
in the model are on-off by nature, a continuous control sequence will not be applicable.
A suggestion on how to solve this problem, using bang-bang modulation, is given.

Chapter 6: Conclusions and recommendations for further work are given.

Appendix A: Based on the work done in this thesis, a paper is to be submitted to the
24t American Control Conference (ACC) 2005, Portland, Oregon. A preprint is given
in this appendix.

Appendix B: During the process of this thesis extensive communication and information
flow have been done within the SSETI project and esa. Some examples can be found in
this appendix.

Appendix C: Includes different printouts of source code and block diagrams from MAT-
LAB and Simulink, respectively.

Appendix D: Newton-Euler equations of motion for a rigid body are derived.

Appendix E: An overview of important topics within celestial mechanics is given. Ce-
lestial mechanics underlies all the dynamical aspects of the orbital motion of a spacecraft
and the motion of the mass center.

Appendix F: The relatively new(w, z) parametrization is derived in detail.



Chapter 2
Attitude parametrization

Rigid body dynamics is important for a wide range of control applications, and is essential in
robot control, ship control, control of aircrafts and satellites, and vehicle control in automotive
systems. In the case of describing the dynamics of a rigid spacecraft, the Newton-Euler equa-
tions of motion are commonly used to provide a complete and well defined framework. For the
kinematics the situation is different, due to the fact that the rotation matrix, which describes
the relative orientation between two reference frames, can be parameterized in more than one
way. Which parametrization to use is clearly dependent on the problem to be solved. This
chapter gives an overview of different attitude parametrizations, including the relatively new
(w, z) parametrization. A brief discussion can be found in the end, explaining our choice of
parametrization.

2.1 The rotation matrix

The rotation matrix, also called thirection cosine matrixhas three interpretations;

e Describes the mutual orientation between two coordinate frames, where the column vec-
tor are cosines of the angles between the two frames.

e Transforms vectors represented in one reference frame to another.
¢ Rotates a vector within a reference frame.

The rotation matrixR from framea to frameb is denotedRj. A matrix R is a rotation matrix
if and only if it is an element of the set denoted §§(3), that is,

SOB)={ReR>® : R'TR=T anddetR =1}, (2.1)

wherel is the3 x 3 identity matrix.

A useful parametrization of the rotation matrix is the angle-axis parametrization corresponding
to a rotatiord € R about a unit vectok € R3. Rodrigues’ formula(Murray et al., 1994) gives

R(k,0) = I+ S(k)sinf + S%(k)(1 — cosh) (2.2)
whereS(-) is a skew-symmetric matrix operator and member of the set denotea| By

so(3) = {SeR¥3 : 8T =g} (2.3)
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In coordinate vector notation we introduce siew-symmetric formmf the vectorw defined by

0 —Wwy Wy Wy
w2 S(w)=| w, 0 —wl, w= |wy (2.4)
—Wy Wy 0 Wy

2.1.1 Kinematic differential equation

From the properties a$O(3), it can be shown that the kinematic differential equation for the
rotation matrix can be given by the two alternative forms (Egeland and Gravdahl, 2002)

Ry = (w}) Ri (2.52)
R} = Ry(w})” (2.5b)

wherew?, is the instantaneous angular velocity of frabrelative to framez as seen from the
a frame. Similarw?, is the angular velocity of framerelative to framez as seen from thé
frame. Using (2.4) we can rewrite (2.5) as

R} = S(wg,)RY = RS (wg) (2.6)

2.1.2 Attitude deviation

Let the framen define a reference orientation and let frabri@e a body fixed frame. Then the
rotation matrixR = R} will describe the orientation of the body. Suppose that the desired
orientation of the body is given by a rotation matRy.

In the case of rotation matrices it does not make sense to sulityzafiom R as the result
would not be a valid rotation matrix. Insteagl the deviation between the desired and the actual
orientation is described by the rotation mafy € SO(3) defined by

R2R]R (2.7)

It can be shown (Egeland and Gravdahl, 2002), by using composite rotations, that the kine-
matic differential equations for the attitude deviation can be calculated as

wp = wb—wg (2.8a)
%R = RS(&") (2.8b)

Clearly, from (2.7) we se thatwhdR = R, = R = L.

2.2 Euler angles

The Euler angles parametrization gives a rather physical interpretation of the orientation of one
coordinate frame relative to another. When describing the motion of rigid bodies that move
freely, like aeroplanes and satellites, the yaw-pitch-roll (ZYX) type is commonly used. The
rotation matrix fronu to b can be found by post-multiplying three composite rotation matrices,
which are all obtained from simple rotations about the axes fixed ib-Hystem. The resulting
rotation matrix is given as

b= Rz(¢)Ry(6)Rx(¢) (2.9)
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where
1 0 0 c(@) 0 s(0) c(y) —s() 0
R.(¢) = |0 c(¢) —s(@)| ,Ry(0)=| 0 1 0 | , R()=|s(¢) () 0O
0 s(¢p) c(o) —s(0) 0 ¢(9) 0 0 1

and we have used that-) ands(-) denotes:os(-) andsin(-), respectively. The final rotation
matrix froma to b can then be found from (2.9) as

)C(%Z))S(cﬁ)} (2.10)

Without any further explanation we conclude that we get a singularity in (2.1@) for: 7.

Note that many possible permutations of the Euler angles parametrization exist, depending
on how the composite rotations are done. An overview can be found in Kane et al. (1983).
2.3 Euler parameters

The Euler parameters, also calledit quaternions are attractive due to their nonsingular
parametrization and linear kinematic differential equations if the angular velocities are known.

The quaternion representation requires less computations than for instance the Euler angles
representation, and is therefore useful in applications where computer resources are limited.

The Euler parameters are defined in terms of the angle-axis paramietedk, briefly dis-
cussed in regards to (2.2). The mapping is defined as

n:cosg, e:ksing (2.11)
which gives the corresponding rotation matrix
R(n,€) =1+ 21S(e) + 2S?(e) (2.12)
By defininge £ [e1, €2, e;;}T we can write the rotation matrix fromto b by means of (2.12) as
1—2(5+€3) 2(erea —me3)  2(erez + nez)
Ry = | 2(e1e2 +meg) 1 —2(e2 + eg) 2(eg€3 — Meq) (2.13)
2(€163 —mea)  2(e2e3 +ner) 1 —2(e +€3)

Itis found in Egeland and Gravdahl (2002) that the derivatives of the Euler parameters can be
given as functions of the angular velocity, which gives the kinematic differential equations

1
n = —ieTwa (2.14a)

€ = % [nI + S(e)] wgb (2.14b)
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By definingwgb 2 [wi, wg,UJ3]T, (2.14) can be written in component form as

n = —%(slwl + eowo + £3w3) (2.15a)
G = e e o) (2.15b)
€y = %(53W1 + Nwe — £1w3) (2.15¢)
€3 = %(—Egm + c1wa + Nws) (2.15d)

Finally, we note that)?> + e"e = 1. The latter is known to be a redundancy.

2.4 Rodrigues parameters

The classical and modified Rodrigues parameters can be interpreted as the coordinates resulting
from a stereographic projection of the four-dimensional Euler parameter hypersphere onto a
three-dimensional hyperplane (Schaub et al., 1995). The difference between them is how the
projection point and mapping hyperplane is chosen.

2.4.1 The classical Rodrigues parameters

The classical Rodrigues parameters can be derived from the Euler parameters with the trans-
formation

q="°< (2.16)
n
Combining (2.16) and (2.11) yields
q= ktang (2.17)

Clearly, the classical Rodrigues parameters have a singular conditiéafatr, where|q| —
oo. The kinematic differential equation is derived from (2.14)

) d e néE—ne
q:——: 2
dtn n

which gives the quadratic nonlinear differential equation for the kinematics, that is

(2.18)

.1
=5 [T+8(a) +aa']wsy (2.19)

By definingwgb 2 |wy, u}2,u)3]T, (2.19) can be written in component form as

. 1
i = [(1+ ¢})wi + (q1g2 — g3)wa + (q13 + g2)ws] (2.20a)
. 1
¢ = 3 [(q102 + g3)w1 + (1 + 3)ws + (g2q3 — q1)ws] (2.20b)
. 1
B =5 [<QS(]1 —q2)wi + (q3q2 + q1)w2 + (1 + q§)w3] (2.20¢)

Unlike the Euler parameters, the Rodrigues parameters are numerically unique. They uniquely
define a rotation on the open rangg efr, 7). As is evident in (2.16), reversing the sign of the
Euler parameters has no effectgn
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2.4.2 The modified Rodrigues parameters

The modified Rodrigues parameters can be derived from the Euler parameters with the trans-

formation .

= 2.21
7T 1y (2.:21)

Combining (2.16) and (2.21) yields
o = ktan g (2.22)

Clearly, the the modified Rodrigues parameters have a singular conditi@r=fat2x, which
allow twice the principal rotation angle compared to the classical Rodrigues parameters. From
(2.16) and in (2.14) we get the differential kinematic equations

1
o= 1 [(1- o'o)I +2S(0) + QUUT] Wby (2.23)
By definingw?, £ [w;,ws,ws]", (2.23) can be written in component form as
. 1 2 2 9 1 1
o = Z( +0? =03 — 03wy + 5(0102 — 03wy + 5(0103 +o2)ws  (2.24a)
. 1 1 2, 2 9 1
o2 = 5(0201—1-03)0014-1(1—01 + 03 —03)W2+§(U2‘T3_01)w3 (2.24b)
) 1 1 1 2 2., 2
P 5(0301 —0'2)(.4)1+§(0'30'2+0'1)w2+1(1_0-1 — 03 +o3)ws  (2.24C)

The equations display a similar degree of nonlinearity as do the corresponding equations in
terms of the classical Rodrigues parameters. However, unlike the classical Rodrigues parame-
ters, the modified Rodrigues parameters are not unique. This can be seen in (2.21).

2.5 The(w, z) parametrization

The three-dimensiondlw, z) parametrization is a relatively new formulation for describing

the relative orientation of two reference frames using two perpendicular rotations. Although it
uses three parameters to describe the motion, two of the parameters can be combined to a single
complex variable. The complex variable is used to designate the second of the two rotations
and it is derived using stereographic projection (Conway, 1978). Since this parametrization is
quite new and not very well known it is derived in detail in Appendix F. The main results are
given in the following.

The differential kinematic equations for tlie, z) parametrization are

Wi = w3wWg + wowiwg + %(1 + W% - W%) (2.25a)

. w

Wo = —w3W] 4+ wiwiws + 72(1 + Wg - W%) (2.25h)
Z = w3 — wiwWg + wowq (2.25¢)

Alternatively they can be written more compactly as
W = —lwsw+ % + %\7&/27 (2.26a)

P o= wyt %(ww — W) (2.26h)
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Properties

The (w, z) parametrization has some unique properties that makes it useful in attitude control
problems.

e The kinematic equations are compact and have a clear physical interpretation. It can be
realized using two rotations about perpendicular axes.

e Thez parameter does not appear in (2.25a) and (2.25b). This means that in some appli-
cations the control problem can be decomposed into one of controllingroatyd one
of controlling z.

e A three dimensional parametrization will always involve singularities. A singularity
appears in théw, z) parametrization when the body is upside down and consequently
w — oo. The equilibrium(wy, wg, 2) = (0,0, 0) is nevertheless as far away from the
singularity as possible.

e The(w, z) parametrization can easily be connected to other well known parametrizations
like Euler angles, Rodrigues parameters and angle-axis parametrization.

2.6 Discussion

The previous sections have shown that there are many attitude parametrizations to choose from.
Some differences exist however, and which parametrization to use is clearly dependent on the
problem to be solved.

The Euler angles may seem intuitive but they can introduce complicated nonlinear expression
with inherent singularities. To avoid the singularities we would have to stay in the open range
(—3,5). The Rodrigues parametrizations also suffer from singularities. It has been shown
however (Schaub et al., 1996), in the case of modified Rodrigues parameters, that the singular-
ities can be dealt with using a kind of switching technique. Nevertheless, in the general case it
is a well known fact that a three dimensional parametrization always will involve singularities.
This is also the case for thev, z) parametrization. The equilibriurfw;, we, z) = (0,0,0)

is nevertheless as far away from the singularity as possible, which occurs when the body is
in upside down configuration. The parametrization using Euler parameters on the hand, is
the only four dimensional parametrization discussed sofar, and consequently it does not suffer
from any singularities. This makes it a popular choice in many applications and in the literature.

Despite the singularity problem, tHev, z) parametrization has some unique properties that
would make it useful in attitude control problems. The reason why we choose the Euler param-
eters instead is partly due to singularity avoidance, but mostly because the latter is more known
in literature, and also due to the fact that the Euler parameters have been used extensively in
earlier phases of the SSETI project.



Chapter 3
Spacecraft and astrodynamics

The study of the dynamics of objects in interplanetary or interstellar space is called astrody-
namics and has two major divisionSelestial mechanicsr orbit dynamics is concerned with

the motion of the center of mass of objects in space, whetti#isde dynamicss concerned

with the motion about the center of mass. Since the attitude dynamics is the main focus of
this thesis, only a brief review will be given on the celestial mechanics. For the interested
reader, Sellers (2000) is highly recommended as an introduction to astrodynamics. For more
in-depth information see Hughes (1986), Wertz (1978, 1999) and Vallado (1997). The work in
this chapter is based on these references.

3.1 Coordinate reference systems

As described in Chapter 2, we have already established the mathematics needed to describe the
relative orientation between to coordinate reference frames. Obviously, to utilize these strong
results it is necessary to have well defined reference frames. In the following we define suitable
coordinate systems, which will be used throughout this thesis. We adopt the notation in Hughes
(1986), by letting a reference frame be denotedhywhere the index denotes which system

we consider. The three unit vectors forming the basis, are given the same index. Furthermore,
all the systems to be defined are right-handed, and described by their origins, fundamental
planes, and their preferred directions. Positive rotation in a system is when rotating counter
clockwise about positive axis, when seen towards the origin.

Earth-centered inertial frame

This system originates at the center of the Earth, and is designated by the letters ECI. The
fundamental plane is the Earth’s equator. ®eaxis points towardsernal equinoxY, the

y; axis is90° east in the equatorial plane, and theaxis extends through the North Pole, as
shown in Figure 3.1 This coordinate system is non-rotating, and assumed fixed in space, hence
we call it an inertial reference frame. For the remainder we&jge denote the ECI system.

Remark 3.1.1. Thegeocentric equatorial coordinate systedenoted 1JK, is often used inter-
changeably with the ECI system. This is often confusing, and in fact, the 1JK system is usually
what people mean when they use the term ECI. The 1JK isaghkinertial system, while the

ECI system is slightly moving by means pfecessiorand nutation However, we will not
pursue this problem any further, and for our purposes we assume that the ECI system coincide
with the IJK system, at all time.



16 Spacecraft and astrodynamics

Figure 3.1: The ECI frameF;

Earth-centered Earth-fixed frame

As for the ECI system, the Earth-centered Earth-fixed system, denoted by EGBFginates

at the center of the Earth, and the fundamental plane is the Earth’s equator. The basis is spanned
by the unit vector., y. andz., wherex. is fixed and aligned with the particular meridian. A

brief discussion on the rotation of the Earth, and consequently the rotatinrefative toF;

will be given shortly.

Satellite orbit-fixed frame

The orbit frame has its origin located in the satellite’s center of mass. Its basis is defined by
the unit vectors,, y, andz,. Thez, axis isalwaysnadir pointing (center of the Earth), while
thex, axis is perpendicular ta, and pointing in the direction of the velocity. Both vectors lie

in the orbit plane. The, axis completes the right-hand coordinate system. An illustration can
be seen in Figure 3.2. For the remainder weAgtenote the orbit frame.

Remark 3.1.2. In the SSETI/ESEO phase B report they use the taititude reference frame
(ARF), apposed to our orbit-fixed frame.

Figure 3.2: Satellite orbit frame¥%,
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Satellite body-fixed frame

The body frameF;,, has its origin located in the satellite’s center of mass, and is spanned by
the unit vectorsy, ys, zp, respectively denoted as roll, pitch and yaw axis. Zheaxis is such

that it points in the direction of positive orbit maneuver thrust. The fundamental plane is then
the plane perpendicular tg. They, axis lies in the fundamental plane, and points parallel to
both solar panels. The, axis completes the coordinate system. Unlikg F is fixed to the
satellite body, hence rotating with the satellite.

Remark 3.1.3. In the SSETI/ESEO phase B report they use the teatellite reference frame
(SRF), apposed to our body-fixed frame.

Ly

F

Zb

Yb

Figure 3.3: Satellite body framé,

3.1.1 Transformations between reference frames

In the following we give rotation matrices between some of the different coordinate reference
frames defined above. We note thafR¢ : 7, — F,} < {(R%) = (R$) "1 : F, — F}.
Transformation from F; — F.

The relative rotation and movement of the Earth is very complex, and a lot of the prediction is
based on empiric data.

In the most general form, thus also the most complex, it is useful to consider the transformation
of position of a stellar object itF; into . as two rotations, that is

re = T3x3Usx31; (3.1)

whereU includes the rotations of the Earth caused by external torquesI'dhd rotations to
which the Earth would be subjected to if all external torques would be removed. This formula-
tion is approximately realized in practice by the transformation consisting of the 9 rotations

re = [Ry(zp)Ra(yp)R(—GAST) ...

R, (s + AR (A%)Ra(—2)R:(2a)Ry (~04)R=(Ca) | 1 (3:2)
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Without any further explanations of the terms in (3.2), we easily see that the equation would
involve rigorous calculations. For more details on (3.2), refer to Teunissen (1998).

When ignoring nutation, precession, polar motion and change in vernal equinox, the equatorial
plane is identical fotF; and F.. It is then assumed th&. rotates aboug; with a constant
angular velocity. In terms of the rotation matrices given in Section 2.2, we can write this as

cos(a) sin(a) O '
R =R.(—a) = |—sin(a) cos(a) 0|, wherea=wj, -t (3.3)
0 1

The mean angular velocity to the Earth is equalsfp £ wg = 7.2921158 - 107° [rad/s],
while ¢ in (3.3) is the elapsed time since a defirgubcH.

Transformation from F; or . — Latitude and Longitude

Representing the position of the target in eittfgror 7. gives a distinct description, but it

is often convenient to convert to latitude and longitude, and sometimes also the height of the
target above the Earth reference ellipsoid. Given the cartesian coordinates there are many
different algorithms in performing this task. Figure 3.4 shows the definitions and parameters
needed for the transformatiopn,. andy are the geocentric and geodetic latitudes respectively.

r

Ie o -

.

Y
R AY
Lie |-+ [Meo |

le
N

\‘______/

Figure 3.4: Definitions of the ellipsoidal parameters

Furthermore- is the geocentric radiusy is the geocentric radius of the user position projected
onto the surface of the Earth, h is the ellipsoidal height, and N is the radius of curvature in the
prime vertical obtained from

7,2

N = ¢
\/rg cos? () + r2 sin’ ()

where the equatorial and polar radii,andr,, are the semiaxes of the Earth ellipsoid.

1The epoch designates a particular instant, or moment of occurrence.
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The longitudeX is easily computed as
A = arctan(y/x)

while latitudep and height: above the Earth’s surface are implicitly defined by

N _].
tan(,u):;(l—eQ ) , h= PN

Finally we note thap ande are given as

p=Va2+ 42, e=1/1—(rp/r)?

Without pursuing these equations any further, we see that they can be solved iteratively for
. andh. The input parameters would be the radius vector of the targetyi .|z, y, z|".

Transformation from F, — F;

In Vallado (1997) the transformation from what he calls the RSW frame to the ECI frame is
given in terms of classical orbit elementsk@plerian orbit elements (COEMore information
about COE can be found in Appendix E. However, the RSW frame does not coincid&yvith
as we define it, hence we have to include the rotation from RS\W,, i.e. we have to find the
rotation matrixR 25", The latter is easily found to be given as

RISW = R.(7/2)Ru(—7/2) (3.4)
whereR () andR,(+) are similar to the Euler angle rotation matrices given in Section 2.2.
The transformation fronf, — F; can then be written as

r; = RhswR™" 1, = Riro
WhereRjQSW is given in Vallado (1997). The rotation matd is given in terms of COE as

s()s(u)

(u) —s(i)s(2) —c(Q)e(u) + c(i
Je(@)sw)|  (@35)

whereu = w + v and we have used that-) ands(-) denotecos(-) andsin(-), respectively.

Transformation from F, — F,

Based on the discussion in Chapter 2, we chose to represent this rotation by means of Euler
parameters. As in (2.13), we can write the rotation matrix ftem— F, as

1—2(3+¢€%) 2(crea —mes) 2(eres + me2)
Ry = | 2(e1e2 +1me3) 1 —2(e2 + e%) 2(ege3 — Meq) (3.6)
2(e1e3 —nea)  2(ezez +mer) 1 — 2(6% + e%)
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3.2 Attitude dynamics

The following section considers Newton-Euler equations of motion for rigid bodies, as well as
giving an overview of disturbance and control torques. Some of the equations found in this
chapter, together with the differential kinematic equations that were found earlier, make up the
system to be investigated in later chapters. Unless otherwise is stated, the principal axes in the
equations will coincide with the body reference system.

3.2.1 Newton-Euler equations of motion for rigid bodies

The angular motion of a spacecraft can be modelled as an ideal rigid body. However, most
spacecrafts have flexible parts like for instance antennas and solar panels. Also, internal effects
like fuel sloshing and thermal deformations are not accounted for using a rigid body model.
Nevertheless, for many problems the rigid body model is a good approximation, especially for
small spacecrafts.

Since only rotational motion will be considered throughout, the translational case will not be
taken into account at this stage. However, a detailed derivation of the equations of motion for
both cases is given in Appendix D. For the rotational case, when referred to the center of mass
and the body reference system, the well known equations for a rigid body can be written as

Iof, + S(wh)lwh, =7 =Y 7 (3.7)
k

wherel is the inertia matrix for the rigid body, referred to the center of mass, [T, Ty, TZ]T

is the total torque acting on the body, a@ll = [w1,ws,ws]T is the angular velocity as ex-
plained in Chapter 2. The torqueg, acting on the individual mass elements in the body, are
due to both forces between individual mass elements and externally applied forces. Usually
the internal torques sum to zero and the resultant torque is simply the torques due to external
forces. The external torques can be divided into two groups, calléisturbance torqueand

control torques The first case is caused by environmental effects such as aerodynamic drag
and gravity gradient torque, while the latter is deliberately applied torques from devices such
as thrusters, wheels, or magnetic coils. Both cases will be discussed in the following.

Assuming a diagonal inertia matriX, = diag{i11,i22, 733}, the dynamics in (3.7) can eas-
ily be found to be given in component form as

inwr + (ig3 —i)wows = T (3.8a)
Qgowo + (111 —i33)wswi = Ty (3.8b)
ig3ws + (g2 —i11)wiwe = T (3.8¢)

Remark 3.2.1. By defining the angular momentuin £ I“’fw and assuming only external
torques, (3.7) can be rewritten as

dh

dt
From this equation it can easily be seen that the angular momentamd hencev?,, is not
constant in the body frame, even when the external totiguie equal to zero. The resulting

motion is callechutation Rotational motion without nutation only occurs whef) || h, that
is, only if the rotation is about a principle axis of the rigid body.

Te — S(w)h (3.9)
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Remark 3.2.2. A spacecraft equipped with reaction or momentum wheels is not a rigid body

in the sense that they cause a redistribution of the angular momentum between the wheels and
the spacecraft body. The wheels do not change the total angular momentum of the spacecraft,
hence they can not be external torques.

However, in the case of using reduction or momentum wheels in the spacecraft body, the equa-
tions above can still be used with one minor modification. To encounter for the angular mo-
mentum of the wheels, we redefine the total angular momentum for the spacecraft, that is

hy, = 1w}, + h,, (3.10)

where the inertia matrif includes the mass of the wheels and the vehipr= [hy, ho, h3]T
is the net angular momentum due to the rotation of the wheels relative to the body. Using a
similar procedure as when deriving (3.7) we get the following equation of motion

dhy,
I}, + S(wh)Awh, 4+ hy) = 7 — — (3.11)

The quantitydh,, /dt is the net torque applied to the wheels from the spacecraft body, so by

Newton'’s 3rd law of motion,d¢h,, /dt 4 [Twzs Twy, Twz]T is the torque applied to the spacecraft

body by the wheels. Writing (3.11) in component form in the body system, referred to the

center of mass, yields

i11w1 + (i33 — d92)wows + hawa — howz = Ty + Tug (3.12a)
iggd)g + (ill — i33)¢d3wl + h1W3 — h3wl = Ty + Twy (312b)
i33w3 + (izg — i11)¢d1¢d2 + hzwl - hu.ug = T, + Twz (312C)

Remark 3.2.3. Arigid body with one or more spinning wheels is commonly calleyestat

An alternative representation of the multi-spin system described in (3.11) is derived in Hughes
(1986), in the case of using only one wheel. In Hall (1995) the representation is expanded to
include any number of wheels, which makes it quite practical to use. The rotational equations
of motion for aN-wheel gyrostat can be written as

hy, = 7-[J7'(h, - Ah,)] x hy (3.13a)
h, = 7, (3.13b)

whereh, is the N x 1 vector of the axial angular momenta of the wheelss the3 x 1 vector
of the total torque acting on the body, not including wheel torqugss the NV x 1 vector of the
internal axial torques applied by the platform to the wheels,And the3 x N matrix whose
columns contain the axial unit vectors of themomentum exchange wheels. The vedipis

the total angular momentum for the spacecraft in the body frame, given by

hy, = Jw}, + Ah, (3.14)
J is the inertialike matrix defined as

JET - ALAT (3.15)



22 Spacecraft and astrodynamics

wherel is the moment of inertia matrix for the spacecraft, including wheels, and the matrix
I, = diag{I, I, ..., Iy} contains the axial moments of inertia of the wheels on the diag-
onal. The axial angular momenta of the wheels can be written in terms of the body angular
velocity and the wheels’ axial angular velocities relative to the bagyas

h, = ILATW) + TLw, (3.16)

Note thatws = [ws1, ws2, ...,wsN}T is a N x 1 vector, and that these relative angular ve-
locities are those that would for instance be measured by tachometers fixed to the platform.
We denote the resultant axial angular velocity of the wheels, relative to the inertial frame as
We = [Wel, wea, ...,ch]T. Using this notation we can write (3.16) as

h, = Lw. (3.17)

wherew, = w, + ATw},. Note that because typically the wheels spin at a much higher speed
than the spacecratt itself;; > wfb and we have thab, ~ w;.

It is also possible to write (3.13) in terms of angular velocities. By defiping [hy, h,]"

andv £ [wh, w,]T, we can write (3.14) and (3.16) in the compact form

(3.18)

pu=Av, whereA = [ I AIS}

LAT I
Clearly, we can findv?, andw, from v = A1y, or equally, we can writey = A~ .

Lemma 3.1 (Matrix inversion lemma). SupposeA and D are square,D invertible, B, C
compatible dimensions. (A — BD~'C) is invertible then

A B ' (A-BD"'C)"! —(A-BD"!C)"'BD"!
c D] ~|-D'c(A-BD'C)"! D'C(A-BD'C)"'BD"!+D"!

By utilizing Lemma 3.1 together with (3.18), we get that

+b —1 —1 ’
W1 [ J —J 1A Iy
Las] - [—ATJ—1 ATJ—1A+I;1} {ha (3.19)

3.2.2 Disturbance torques

As mentioned above, the environmental disturbances contribute as torques on the spacecraft
body, making them noneligible when doing attitude prediction in real life. If they were to be
added to the equations of motion they would have to be modelled as functions of time as well
as of the orientation of the spacecraft. Worth noticing is that external torques will change the
angular momentum of the spacecraft, while the internal torques only will affect the distribution

of momentum between the moving parts. Some disturbance torques are given in Table 3.1,
indicating at what height above the surface they are most likely to dominate. In the following
an overview of the most important disturbance torques is given. This could contribute as a
good starting point, if advanced models or robustness issues are to be considered.
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Table 3.1: Environmental disturbance torques

External torque Region of space where
source dominant
Aerodynamic < 500km
Gravity gradient 500km to 35000km
Magnetic 500km to 35000km
Solar pressure > 700kmi

Thrust misalignment all heights

Internal torque
source

Mechanical and electrical devices
Fuel sloshing

General mass movement
Flexible appendages

*The specific altitude at which the various torques
dominate are highly spacecraft dependent
fValue depends upon the level of solar activity

Aerodynamic torque

The interaction of the upper atmosphere with a spacecraft’s surface produces a torque about the
center of mass. The effect is clearly dependent on the area and shape of the exposed surface. In
general the impact of the atmospheric molecules can be modelled as an elastic impact without
reflection. For low orbit spacecrafts the air density is high enough to influence the attitude
dynamics of the body. Calculating the aerodynamic torques and forces can be done in several
ways, and more or less all approaches lead to rather complicated expressions. Use of empiric
data is also common.

If the spacecraft surface comprises a collection of small incremental @fgasach with out-
wards unit normah, then the force on a surface element is given by
1, A
dfero = —§pv Cp(n-v)vdA (3.20)
wherev is the translational velocity of the surface element relative to the incident stream, and
is the unit vector in the same direction. The coefficigndCp are the atmospheric density

and the drag coefficient, respectively. Performing a summation over all such areas gives the
simplified expression for the aerodynamic torque, that is

Taero = /rstfaero (321)

wherer; is the position vector from the center of mass of the body to the surface element
dA. Usually this integral is not amenable to simple solutions for a surface associated with a
complex structure. A commonly used alternative is to represent the spacecraft as a collection
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of simple geometrical elements. The torque about the center of mass of the spacecraft is then
the vector sum of the individual torques for each of these geometrical simplifications, that is

Taero = Z rp X Faero,k (322)
k

The vectorr;, is in this case the vector distance from the center of mass of the spacecraft to
the center of pressure of the the specific geometric shap®ang;. is the force acting on the
component. Aerodynamic forces for some simple geometric figures are listed in Table 3.2.

Geometric figures Foerok

Sphere of radius R —2pv’CpT RV

Plane with surface area A and—1 pv?CpA(fr - ¥)¥
normal unit vectoih

Table 3.2: Aerodynamic force for some simple geometric figures

Gravity gradient torque

As a result of the nonuniform gravitational field surrounding the Earth, any nonsymmetrical
object in orbit is subject to a gravitational torque. It is important to emphasize that this can
only occur as long as there are variations in the specific gravitational force over the spacecraft.

The unit vectorz, that appears in (3.23) is called thacal vertical and by definition it is
always nadir pointing. We also defined it when descritifyg

3p
Tg = Ri'g
The parameters in (3.23) are summarized in the following table

20 x (I2)] (3.23)

Symbol Explanation
u Gravitational coefficienty = 3.986 - 1014 Nm? /g
R, Distance to center of the Earth (m)
I Spacecraft inertia matrix
Zo Unit vector toward nadir

Remark 3.2.4. The expression in (3.23) is rather simplified due to the four assumptions

a) Only one celestial primary is considered. In most cases the primary will be the Earth.
b) The primary possesses a spherically symmetrical mass distribution.

c) The spacecraft is small compared to its distance from the mass center of the primary.
d) The spacecraft consists of a single body.

Note that in most spacecraft situations these are realistic assumptions.

Remark 3.2.5. There is no gravitational torque about the local vertical, that is

Ty 2o =10
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As can be seen from (3.23), the vector equation is given in the local orbiting tFamidow-

ever, in most cases it would be useful to represent the torque in the body fixed reference frame.
By letting the rotation matriR? = (Rg)_1 represent the rotation matrix from the body frame

to the orbit frame, we get the following expression for the gravitational torque, as referred to
the body frame

rb = % s x (Tcy)] (3.24)

(g

wherecs £ [c13, co3,c33]" is the third column in the rotation matrR’;. Independent of
the attitude parametrization we use to represent this rotation matrix, and assuming a diagonal
inertia matrixI = diag{i1, i22, 433}, the gravitational torque in (3.24) simplifies to

. 3 (33 — 122)ca3C33
Ty = 7g | (i1 —iss)essers (3.25)
¢ | (i22 — i11)c13C23

Solar pressure torque

Solar radiation pressure produces a force on a surface, which depends upon its distance to the
sun. Since light carries momentum, it represents an exchange of momentum with the surface
when it is reflected. For most applications, the forces may be modelled adequately by assum-
ing that the incident radiation is either absorbed, reflected specularly, reflected diffusely, or in
some combination of these.

If the spacecraft surface comprises a collection of small incremental @fgasach with out-
wards unit normah, ands is the unit vector from the spacecraft to the sun, then the force on a
surface element due to solar radiation is given by

dfspjar = —P cosf [(1 — fs)8 4+ 2(fscosf + %fd)ﬁ dA (3.26)

where P is the mean momentum flux (.67 - 10~ Nm? at the Earth), and, and f, are the
coefficients of specular and diffuse reflection, respectively. The angle of incidence radiation is
given asf = cos~!(8 - nn). Performing a summation over all such areas gives the expression
for the solar pressure torque, that is

Tsolar = /rstfsalar (327)

wherer; is the position vector from the center of mass of the body to the surface element
dA. This integration is in general difficult to solve for a surface associated with a complex
structure. However, as for the aerodynamic torque, a commonly used alternative is to represent
the spacecraft as a collection of simple geometrical elements. The total torque about the center
of mass of the spacecraft is then the vector sum of the individual torques for each of these
geometrical simplifications.

Tsolar = Z rp X Fsolar,k (328)

k

The vectorr,, is in this case the vector distance from the center of mass of the spacecraft to
the center of pressure of the the specific geometric shap® apg ;. is the force acting on the
component. Solar radiation forces for some simple geometric figures are listed in Table 3.3.
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Geometric figures Fsolark

Sphere of radius R —P(47R?) (% - ’;—d) 8

Plane with surface area A—PAcosf [(1 — fs)s+2 (fs cosf + ’;—d> n}
and normal unit vectof :
§ = cos~ (8- n)

Table 3.3: Solar radiation force for some simple geometric figures

Magnetic torque

The residual magnetic field generated by a spacecraft interacts with the local field from the
Earth and thereby exerts a couple on the body. The effect of the magnetic torque is altitude
dependent and strongest at low altitudes. The instantaneous magnetic disturbance,tgyque
due to the spacecraft effective magnetic momaris given by

Tmag = M X B (3.29)

whereB is the geocentric magnetic flux density amdis the sum of the individual magnetic
moments caused by permanent and induced magnetism and spacecraft generated current loops.

Internal torques

Internal torques are defined as torques exerted on the spacecraft body by such internal moving
parts as reaction and momentum wheels, fuels or liquids inside partially filled containers or
flexible constructions. The reaction and momentum wheels are usually not to be considered as
disturbances, but are included in this section for consistency. In a highly hypothetical scenario,
the internal torques would also exist if the spacecraft was to be removed entirely from all ex-
ternal influences in space.

As mentioned earlier the external torques will change the angular momentum of the space-
craft, while the internal torques only will affect the distribution of momentum between the
moving parts. However, even though the angular momentum remains constant in the absence
of external torques, the kinetic energy for the body could change and in most cases would the
redistribution of the angular momentum between the moving parts lead to a change in the dy-
namic characteristics.

In general the internal disturbance torques are undesired, hence must be encountered for using
external torques. Also, when designing a spacecraft the effects of internal disturbances could
be tried encountered for in the sense of placing the different devices in a clever manner.

3.2.3 Control torques and actuators

Deliberately applied torques can be generated using various approaches, and commonly as a
combination of several different actuators. The types of actuators that can be used to control

the orientation of a spacecraft can usually be divided into three categories. These are thrusters,
momentum exchange devices and magnetic actuators. The actuator can also be categorized to
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Type Advantages Disadvantages

External torque Control momentum build-up

Thrusters Insensitive to altitude Requires fuel
Suit any orbit On-Off operation only
Create torque about any axis ~ Minimum impulse
Exhaust plume contaminants
Gravity No fuel or energy needed No torque about the local vertical
gradient Low accuracy
Low torque, altitude sensitive
Libration mode needs damping

Magnetic No fuel required No torque about local field direction
Control torque magnitude Altitude and latitude sensitive
Can cause magnetic interference
Solar radiation No fuel required Needs controllable panels

Very low torque

Internal torque No fuel required Uncontrollable momentum build-up
Can store momentum
Control torque magnitude

Reaction wheels Continuous Nonlinearity at zero speed
Fine-pointing capability
Momentum wheels Provide momentum bias

Control moment Suitable for three-axis control Complicated
gyroscope Provide momentum bias Potential reliability problems

Table 3.4: Control torques

be either active or passive. Some control torques, and their properties, are given in Table 3.4.
A short explanation of some of the different designs is also given subsequently.

An important part of the design of a spacecraft is to decide the size and properties of the actu-
ators since it is crucial to have enough control to overcome the disturbances discussed above,
as well as getting the spacecraft into its desired configuration. However, as the topic is not
discussed any further in this thesis, the reader should consult to Wertz (1999) for details.

In later chapters the control actuation for the system is achieved using thrusters and a reac-
tion wheel. More details about this matter will be given shortly.

Gravity gradient

As mentioned earlier any nhonsymmetrical object in orbit is subject to a gravitational torque.
Although this effect often is considered as a disturbance, it can also be utilized as a passive
control torque. This is commonly done using a gravitational boom. However, in the sense of
stabilizing a spacecraft, the body will only be in a stable equilibrium if its axis of minimum
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inertia is aligned with the local vertical. Due to low accuracy and the need for damping makes
the use of other control torques necessary as well. In the Danish satebited (Weniewski

and Blanke, 1999) the gravity gradient was utilized together with magnetic actuators to archive
complete three-axis stabilization.

Solar radiation

In the previous section on disturbance torques, it was explained how the solar radiation causes
a passive torque on an exposed spacecraft. This can be utilized with controllable panels or solar
sails. The torques achieved are nevertheless low.

Thrusters

Thrusters or reaction jets produce torque by expelling mass, and are potentially the largest
source of force and torque on a spacecraft. They are highly active sources, and being external
they will affect the total momentum. They can be used both for attitude and position control. In
fact, they are the only actuators that can increase the altitude of a spacecratft in orbit. When used
for attitude control a pair of thrusters on opposite sides of the spacecraft is activated to create
a couple. The main advantage of using thrusters is that they can produce an accurate and well
defined torque on demand, as well as being independent of altitude. The main disadvantage is
that a spacecraft can only carry a limited amount of propellant.

Reaction wheels

Torquers associated with momentum storage such as reaction wheels are essentially active
internal torquers, suitable for attitude control but not for controlling the angular momentum.
By definition, a reaction wheel isflying wheelwith a body fixed axis designed to operate at

zero bias. A flying wheel is any rotation wheel or disk used to store or transfer momentum.
When the spacecraft is exposed to a perturbation or it is accelerated, so are the wheels mounted
inside, and the result is generated torques from the wheels in the opposite direction, that is

L@ = — 109, (3.30)

As seen from (3.30) the wheels have to be accelerated in order to create a torque. Neglecting
friction effects, the torque applied to a set of reaction wheels can be written as (Kaplan, 1976)
dh

Tow = = + WY x h (3.31)

whereh = I, w5, 2= [hl,hz,hg]T is the total angular momentum of the wheels, apg

denote the torque applied to the wheels by the spacecraft body. By Newton’s 3rd law, the
torque employed to the spacecraft body from the wheels is therefore given by —74.,. By
defining dh/dt £ [7,, Twys Tw-]T We get the following equation

Twz — h3wa + haows
Twb = | Twy — P1ws + hawi (3.32)
Twz — Naw1 + hiws

This is consistent with the results derived earlier, as (3.12) can be obtained by substituting the
torque in (3.32), in addition to some external torque, for the torque in (3.7).
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Remark 3.2.6. When the wheels reach their maximum speed, the storage of momentum will
be at its maximum as well. Therefore, it will be necessary to restore the nominal values, using
external torques. This process is knowmasmentum dumping

Momentum wheels

Momentum wheels are very similar to reaction wheels, but in contrast to the reaction wheels
they are designed to operateb@dsed or nonzero, momentum. As for the reaction wheels they
need to be used in conjunction with other external actuators.

Magnetic actuators

An active magnetic actuator takes advantage of the natural torque caused by the magnetic field
surrounding the Earth. The magnetic disturbance that was described earlier is exploited by

installing magnetic coils or torquers inside the spacecraft. The principle can best be explained

with the well known compass needle that attempts to align itself with the local field.

Magnetic actuators offer a cheap, reliable and robust way to control a spacecraft’'s attitude.
Unfortunately they are only effective for low Earth orbit (LEO) spacecrafts and requires a
complex model of the geomagnetic field surrounding the Earth.

Electromagnets may be used to provide an external torque, which can be modelled as
Tmag = M X B =niA (¢ x B) (3.33)

wherem is the magnetic dipole moment generated by the coils in the magnet. The other
parameters are listed in the following table.

Symbol Explanation
B Local geomagnetic field vector
¢ Unit vector in the direction of the coil’s axis
i Control current in the coil
n Number of coil windings
A Cross-sectional area of the coil

3.3 Celestial mechanics

As mentioned at the very beginning of this chapter, the study of astrodynamics can be divided
into celestial mechanics and attitude dynamics. Sofar we have only considered the latter, in
the sense of giving an overview of different topics considering the motion about the center of
mass. Only a brief discussion on celestial mechanics will be given at this point. Even though
the effects of the celestial mechanics are almost assumed negligible throughout this thesis, the
motion of the center of mass of objects in space is highly relevant, and for a real-life system to
be revealing, these effects should be taken into account when designing the control systems.

In general, the theory of celestial mechanics underlies all the dynamical aspects of the orbital
motion of a spacecraft. Different approaches exist to provide the necessary equations needed
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to calculate orbital elements from position and velocity, or vica verca, and to predict the future
position and velocity of the spacecraft. In the case of circular orbits and spherical Earth it
is relatively easy to determine these relations by the use of gradients, combined with rotation
matrices. In a more general case the use of classical orbit elerkepierian orbit elements
(COE), is adequate. Some information about COE can be found in Appendix E. Combined
with perturbation theory this provides an excellent reference. Since the equations concerning
perturbations are rather extensive, they are not considered here. For further details on this topic,
the reader should refer to any textbook about spacecraft geodesy, e.g. Vallado (1997).

3.3.1 A simple orbit propagator

An orbit propagator is a mathematical algorithm for predicting the future position and veloc-
ity (or orbital elements) of an orbit, given some assumptions and initial conditions. There are
many techniques and methods available, with widely different accuracy and applications.

In the following we describe a simple propagator, which is valid under the assumptions that
there are no acting perturbations. Furthermore, the orbit is either circular or elliptic.

One way to describe the motion of a satellite is to use (E.2). An alternative approach is to
describe the motion by means of Kepler’s equation, that is

M=F—esinE=n(t—-1T), Wheren:,/% (3.34)
a

Themean anomaly Morresponds to the uniform angular motion on a cirélds theeccen-
tric anomaly n is the mean motiory, is the eccentricity of the orbiff’ is the time of periapsis
passage (closest approach to the central body} &ntihe time of flight.

There are several methods for finding the solutiorFah (3.34), such as Newton-Raphson,
which approximates the solution by using a root-finding iterative process until a desired con-
vergence tolerance is reached. Based on this technique, it is shown in Vallado (1997) that the
iteration can be written as

M — Ej, + esin Ep,
1 — ecos E}

Ejs1 = Ep + (3.35)

The iterative approximation can then be utilized to determindrtreeanomaly and the dis-
tance to the satellite. These relations are given as

cosE —e
COSV = m (336)
r = a(l —ecosE) (3.37)

Based on the above mentioned equations, we can write an algorithm to solve for future COEs,
given some initial conditions. From the calculated COEs we can then find the cartesian coor-
dinates inF; by utilizing (E.7) and (E.9). The MATLAB code and Simulink blocks are given

in Appendix C.



Chapter 4
Model and control properties

Sofar the main focus has been on different approaches to model the kinematic and dynamic
differential equations for describing the configuration of a rigid body. The purpose of this
chapter is to choose an adequate model based on these equations, and describe some of its
most important properties. In our special case, the rigid body model is used to describe the
ESEO satellite, as introduced in Chapter 1. The actuation will be by means of one reaction
wheel about the satellite’s principal y-axis, as well as thruster torque couples about all its axes.
All physical parameters are taken from the SSETI/ESEO Phase B report.

4.1 Satellite model

To simplify the analysis it is important to choose a reasonable model that is not too compli-
cated. Therefore, because of its useful properties, the Euler parameters presented in Chapter
2 are chosen to characterize the kinematics, while the dynamic equations are based on the
Newton-Euler representation in Chapter 3. In the following the model to be used is derived.

A preliminary and rather complex model can be writteh as

Oy = 37 [-S(wh) MWl + ALw,) +7.| - I'AT, (4.1a)
w, = —ATJ! [—S(wfb)(wab—i—AISws)—i—Te}—i—[ATJ_lA—i—IS_l] T, (4.1b)
n = _%eTw’;b (4.1¢)
¢ = ol (4.1d)

wherer. = > Teontroi + Y, Tdisturbance- 1N€ model arises immediately from (3.19) and (2.14),

and both control and disturbance torques were discussed in Chapter 3. As mentioned earlier, it
is important to emphasize that torques related to the wheels should not be includegirioe

these are already accounted for. We also note that (4.1) represents a gémdrakl gyrostat.

!Let Q be anm x n matrix of rankk. If k = m = n, thenQ is nonsingularand has a uniquieverse Q —*.
The inverse is both left and right inverse, that is

QQ '=Q'Q=I
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As indicated, the model is later to be used to control and simulate the ESEO satellite, equipped
with a reaction wheel and several thrusters, and also including the gravity gradient as a distur-
bance. The idea is to use thrusters to implement the torques for large and fast (slew) maneuvers
during attitude initialization and target acquisition phases, while providing momentum man-
agement when necessary. The wheel could be used to supply reference torque in the sense of
overcoming the disturbances. It would also be desirable to use the wheel as much as possible,
since this would save propelant for the thrusters, hence increasing the lifetime of the satellite.

However, even though the model in (4.1) is somewhat simplified compared to a real-life sce-
nario, it is still considered too rigorous for our purpose. For that reason, different assumptions
will be regarded subsequently to obtain even further simplifications.

a) All the states in the model are given .
b) The origin of 7, coincides with the center of gravity of the satellite.
¢) The inertia matrix for the satellite is diagonkl= diag{i11, 122,33}

d) The satellite has one reaction wheel, which creates an internal control torque
about the satellite’s principal y-axis. The axial inertia of the whe#} i& i,
and the axis of rotation ifF, is given asA = [0,1,0]".

e) The external control torques, Toniral = T = [71, T2, 73]" are provided by
pairs of thrusters, and they can implement angular velocities about the
satellite’s principal axes directly.

f) The only disturbance torque to be considered is the gravity gradient, as
described in (3.25).

g) Neither the wheel nor the thrusters are assumed to have any dominant
dynamics, by means of having much quicker dynamics than the satellite body.

Table 4.1: Model assumptions

As can be seen from (4.1), the angular velocities are givef,iand relative taF;, while the
kinematics are relative t@,. However, we would like our model to represent the attitude of
Fy relative toF,. As will be shown, this can easily be done by exploiting the relation

and b = b + Row? = Wl — S(wl) R (4.2)

(0 2adi o) o*i0

b 0

b _ b
Wiy = Wep + Rowio

wherew?, = [0, —wy, 0]" is assumed constant, and equal to the mean angular velocy, of
given inF;. This implies a circular orbit. By utilizing (4.2), we rewrite our nonlinear model as

wgb = fmert + fr + fg + fadd (4.3a)
ws = finert + f’?’ + fg (43b)
n o= —%Gngb (4.3c)

1
é = Z[nI+S(e) b (4.3d)

2
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The different terms in (4.3) are given as

finert = J_l[ S( WOCZ) (I[ wOCQ]—FAIst)} (44a)
Fonert = ATI™ 1[ W) (I — WGy —&—AISwS)} (4.4b)
fr= J e -3 1A7a (4.4¢)
fro= —ATT I+ [ATT A+ LY 7 (4.4d)
fg = J! [3wSS(03)103] (4.4e)
fo = —ATI7'[3w8S(cs)Ics] (4.41)
fadd = wots (4.49)

wherec; = [c15, c2j,c35]" is the j'th column of the rotation matriR. In the following we
also denote each elementR{, by ¢;;, i, j = 1,2,3. From the assumptions in Table 4.1, and
by definingwgb £ (w1, wa,ws]T, we can write the terms in (4.4) in their final form, that is

(s ws + (i22 — ig3) (w2 — woc22)) (w3 + wocsa) T
111
finert = (11 = d3) (w1 — wocrz) (Zws + wocs) (4.53)
122 — 1s
_ (isws — (111 — 122) (w2 — woc22)) (w1 — woci12)
L 133 i
Fert = (411 — i33) (w1 - WOC}Q)(w3 — wpc32) (4.5b)
122 — s
- l -
111
P (l9g —is) T2 — Tq
. = . . 4.5¢c
f (im2 — ia)? (4.5¢)
T3
L 133 |
7 = L227a — tsT2 (4.5d)

(i22 - is) is

(33 — i22)C23C33
fy = 3wi |(i11 —is3)ci3cas (4.5e)
(i22 —i11)C13C23

z 3wj(i11 — 933)c13€33
j = datniy (4.5

. W3C22 — WaC32
fadd = wo |wic32 — w3cl2 (4.50)
w212 — W1C22
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4.1.1 Linearized model

To derive a linearized model of the satellite attitude, the nonlinear model in (4.3) has to be
differentiated with respect to the total state vector, which for the the time being is chasen as
[w1, wa, w3, ws, M, €1, €2, €3] 7. Similar, the control vector is denoted oy = [r1, 7, 73, 7o)

The linearized system can then be written as

Ax = Aax + Bau (4.6)

where the matriceA andB are found from

a$1 81‘2 o 8938 8u1 8u2 o 8U4
A= |01 Oxa 7 Oxg B= |Oui Oup =~ Ouy (4.7)
ofs fs 0k ofs Ofs  0fs
_axl 8:1:2 o aﬂfg_ » _8U1 8u2 o 8’&4_ »
By letting the nonlinear model be denoted fix, u) = [w?,,ws, 7, €]T £ [f1,..., fs]T, and
choosing the equilibrium pointequal tox? = [0%,1,0%]T, u? = 0%, the matrices in (4.7) are
0 0 (—k)wo 0 0 —Skywt 0 0
0 0 0 00 o CSkimed
(k:—1wo 0 0 0 0 0 0 —2kw?
A = 0 0 0 00 o ChEdoog (4.8)
0 0 0 0 0 0 0 0
: 0 0 00 0 0 0
0 i 0 00 0 0 0
0 0 3 00 0 0 0
(L 0 o0 0]
111
o L o -1
0o o0 - o0
133
_1 22
B - |V =% 0 & (4.8b)
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0]

i __ 122—133 __ 111133 _ 122—1011 i
where we used the notatién = . Ky = - Kk, = o andx = 199 — is.
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4.2 Controllability

Investigating controllability is rather trivial when it comes to a linearized system, while for a
nonlinear one it might be a rigorous task. The latter will therefore be omitted at this point,
and we end the discussion by saying that we could have utilieebdracketsandLie algebraic

rank conditions (LARCo show accessibility of the nonlinear system. If accessibility was to be

found, we could have investigated the system further to obtain a conclusion on controllability.

In case of a linear system we can easily conclude the same by using the following definition

Definition 4.1 (Controllability). The state and input matrigA, B) must satisfy the control-
lability condition to ensure that there exists a conuét) which can drive an arbitrary state
x(tp) to another arbitrary state(t;) for t; > to. The controllability condition requires that
then x n matrix

C=[B|AB]|...|A"'B] (4.9)

must be of rank.. A sufficient and necessary condition is tidahas an inverse.

From the system matrix in (4.8a), we can immediately conclude that the linearized system is
uncontrollable. This is a direct consequence in that all the terms correspondjragécequal

to zero. In facty turns out to be the only uncontrollable state, and the linearized system, omit-

ting 7, is controllable. As will be discussed subsequently, in order for the whole system to be
stabilizable the mode corresponding to the uncontrollable state needs to be stable.

Note that, even thoughis uncontrollable, we can utilize the theory related to the Euler param-
eters, that were used earlier for describing the kinematics. From Chapter 2 we recall that they
satisfyn®> 4+ €'e = 1. This is an interesting observation, which makes us able to updatan
open-loop manner. In Simulink this is later done by utilizing a normalization block.

4.3 Stabilizability

As briefly mentioned above, for an uncontrollable system to be stabilizable, all the eigenval-
ues corresponding to the uncontrollable modes must be stable. A reasonable approach is to
use aKalman canonical decompositipwhere the original linear system is decomposed into
controllable and uncontrollable subspaces. A theorem on the topic is given in Chen (1999).

Theorem 4.1. Consider an-dimensional linear state equation

x=Ax+Bu, y=Cx+Du (4.10)

with rank(C) = n; < n, whereC is given as in(4.9). We form then x n matrix P~ £

[P1,- - Pnys- - - » Pn), Where the firsk; columns are any:; linearly independent columns of
C, while the remaining columns can be arbitrarily chosen as lon@ds nonsingular. Then
the similarity transformatiorx = P~'x transforms(4.10)into

)L(c _ Ac Am Xc Bc e _ %,

whereA . andA . aren; x ny and(n —n1) x (n —ny), and controllable and uncontrollable,
respectively. The transfer function of the controllable subsystem is equal to t(atLoj)
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Based on Theorem 4.1 we then investigate the complete linearized system, followed by the
eigenvalue of the uncontrollable subsystem corresponding Tthne physical parameters used
in this analysis, and for the remainder of this thesis are given in Table 5.1.

The outline described above is implemented in the funatiolof  in MATLAB, except that
the order of the columns iP~! is reversed. After plugging in the model equations, we find

thateig(A,.) = 0, hence being stable in sense of Lyapunov, or equally, marginally stable.

Based on this analysis we conclude that the complete linearized system is uncontiaitable
stabilizable. This is for instance a necessary condition to guarantee a bounded performance
index, or cost function, when implementing LQR.

4.4 Summary

In this chapter a reasonable nonlinear model for describing the SSETI/ESEO satellite was de-
veloped, based on theory discussed in earlier chapters. A linearized model was also derived,
which is later to be used when designing and implementing various attitude control schemes.

General properties for the nonlinear model were not discussed at this point due to complex-
ity. On the other hand, the linearized model was found to be uncontrollable, but stabilizable by
means of the available control torques. Also, even though we do not have any direct control of
7, the state can be updated by utilizing the properties of the Euler parameters. Observability
was not discussed in this chapter, but it is assumed that this is fulfilled.

Finally we note that since all values corresponding tarned out to be zero in the linearized
model, we will for the remainder discard this state, hence reducing the order of the model to 7
states, as apposed to 8. The reduced size model is both controllable and observable.



Chapter 5
Attitude control and simulations

As mentioned in the introduction, the purpose of this thesis is to establish and investigate a
reasonable model of a micro-satellite, and then finally propose a strategy with hopes of solving
the problem of attitude control and stabilization. The system to be studied has three degrees
of freedom and four available controls, which makes it an overactuated system. As discussed
earlier, the model and its operation modes are based on the SSETI/ESEO satellite.

In the following we start off by giving a summary of some physical parameters for the satellite,

as well as performing some open-loop simulations. Afterwards, we continue by discussing
some well known control strategies, followed by the main topic of this thesis, attitude control

by means of explicit MPC, via multi-parametric quadratic programming (mpQP). Since the ac-
tuating thrusters are on-off by nature, input modulation is an important implementation aspect.
Some attempts are done in solving this problem, utilizing a simple bang-bang scheme.

The signal modulation scheme, and all the control strategies, are simulated together with the
satellite plant in closed-loop. A thorough discussion of the results is given at the end.

5.1 SSETI/ESEOQO parameters

Some major physical parameters are summarized in Table 5.1. The values were used in earlier
analysis, and are to be used throughout the remainder of this thesis. As earlier, all values are
based on different documents in the Phase B report.

Short Explanation Value
I = diag(i11,1422,133) Satellite inertia matrix diag(4.250, 4.337,3.664) [kg m?]
is Axial wheel inertia 4-107° [kg m?]
T = [T1n, T2n, T3n]'  Nominal thruster torque [0.0484,0.0484, 0.0398]" [Nm]
Wsmaz Maximum wheel velocity 527 [rad/s] ~ 5032 rpm
Wo Mean angular velocity of-, Arbitrary, yet fixed

Table 5.1: SSETI/ESEO parameters
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5.2 Open-loop simulations

Some simple open-loop simulations are given in the following with the purpose of showing the
functionality of the orbit propagator, as well as discussing a simplification by means of using
circular orbits, apposed to elliptical ones.

The distance from the origin af; to F, is given in (E.8), in which we can easily find the
average distance from the center of the Earth to the satellite by evaluating the integral

1 2w 1 2
F:/ al+e’) +€)du = TFT=ay1—e2 (5.1)
o l+ecosv

When we later do control design we will assume circular orbits, according to (5.1), while inter-
preting a varying distance as a disturbance when doing closed-loop simulations. In fact, when
we derived our nonlinear model, we assumed that 0, which implies circular orbits.

For the rest of this thesis, initial COE for SSETI/ESEO will be givenias; 7 [deg], a =
24603.14 [km], e = 0.718, Q¢ = —10 [deg], o = 178 [deg] andvy = 0 [deg].

Using these initial conditions, the orbit propagator gives the results in Figure 5.1 and 5.2.

Figure 5.1: Results from orbit propagator, showiRgand F;

General open-loop simulations of the model are not included at this point. We also note that all
the Simulink blocks that make up the system, as well as various MATLAB functions, are given
in Appendix C.

5.3 Control design

The open-loop simulations of both the system and the orbit propagator gave reasonable results,
and will therefore not be analyzed any further. The remainder of this section is on closed-loop
control, where we begin with a discussion on the well known PD control scheme, as well as
the Linear Quadratic Regulator (LQR). A more detailed discussion is given on explicit Model
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Circular orbit |
| == Eliplical ortit |

Figure 5.2: Difference between original and mean orbit

Predictive Control, since this is a less known approach.

Simulations for all cases are given at the end of this chapter. For clarity, we note that when
utilized, the term linearized model means the reduced size model, omijtting

5.3.1 PD-control

As mentioned earlier, Euler parameters are widely used for describing attitude orientations,
and they are also well suited for onboard real-time computations. A simple, yet reliable control
scheme can be implemented using a lirgaaternion feedback contralvhich is a realization
of the more familiar PD control approach. The control torques can easily be found from

r=-[K, K [‘(ﬂ (5.2)

whereq_, is the attitude error quaternion vector, ands short forw®,. We recall that in the

case of rotation matrices it does not make sense to subtract one matrix from another as the result
would not be a valid rotation matrix. Therefore, as in (2.7) we ddiiig) £ R (qq)R(q) =
R(qq)R(q), whereq £ [1,€"]" = [,e1,€2,€3]T according to Section 2.3. Similarly, the
desired Euler parameters are definedias® [14, €}]" = [na, €14 €24, €34] T, While g4 denotes

the complex conjugate @f,;. Further more, since we are dealing with successive rotations, we
know thatR(q.)R(q) = R(q4 ® q), where® is the quaternion product operator. The error

in Euler parameters can then be written as (Egeland and Gravdahl, 2002)

T

~ A = | Md €q
L2q,0q= 5.3
A= ®a=| o1 S| @ (5.3)
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or equally, if we defingy = [7, €T = [7, &1, &, &]T, in component form

n N4 €1d €24  €3d n
€l _ | ~€@a Ma €34 —€d| | (5.4)
€2 —€d —€3d Td €1d €2
€3 —€34 €4 —€1d Nd €3

The attitude error quaternion vector in (5.2) consists of the last three errorg, ke[é, &, &]T.

Remark 5.3.1. The error in the Euler parameters in (5.3) is a valid unit quaternion, that is,
satisfies) + ¢"¢ = 1. The latter would not have been the case if we were to défireq — qq.

As is evident from (5.2), the PD control law does not utilize any information about the wheel.
Also, the calculated control torques can be interpreted as generalized torques about the satel-
lite’s principal axes. Due to the fact that we have redundancy about the principal y-axis, the
above mentioned issues lead us to a new problem in sense of doing torque allocation. A pre-
liminary and simple way of solving this problem can be implemented using a simple dead-zone
approach. In short, this means that the calculated torque about the y-axis is applied only to the
wheel, whenever the torque is within a specific range, specified by the dead-zone. A more com-
prehensive discussion on control allocation for ships and marine vessels, though applicable for
satellites, is given in Fossen (2002). It is shown that in its most simple form, a solution to the
unconstrainetlallocation problem can be found by solving a least-squares (LS) optimization
problem, that is

J =min {fTWf}
f (5.5)
subjectto: 7 —Tf =0

whereW is a positive definite matrix, weighting the control actuators, and the actuator config-
uration matrixT is defined in terms of a set of column vectors, one for each actuator. Further-
more, it is shown that an explicit solution to (5.5) can be found as

f=WITH (TW'T) ' =T} 7

whereT], is recognized as thgeneralized inverseThe final controlu is then applied to the
different actuators according to the following expression

u=K'T/r (5.6)
whereK is the torque coefficient matrix, andis the generalized torque.

In industrial systems it may be necessary to minimize power consumptions or take actuator
limitations into account. Other limitations may also exist, and in general this leads to a con-
strained allocation problem. This will not be pursued any further at this point, and the reader
should refer to Fossen (2002) for details. Note that an explicit solution to latter has been
developed by Johansen, Fossen and Tagndel (2003), based on multi-parametric quadratic pro-
gramming. This is a similar approach, yet less complex, as will be used later in this thesis when
doing explicit MPC. More information on this topic will be given subsequently.

lUnconstrained, as apposed to constrained, means that there are no bounds on the elements to be investigated.
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53.2 LQR

Using state feedback allows one to assign any closed-loop system eigenvalues if the system is
controllable. This is indeed the case when solving the Linear Quadratic (LQ) optimal control
problem. The LQ problem is one of the most frequently appearing optimal control problems,
and is the basis of many modern robust control system design methods. A fundamental design
issue is the regulator problem, where it is necessary to regulate the outputs or the states of
the system to zero while ensuring that they exhibit desirable time-response characteristics. A
Linear Quadratic Regulator (LQR) can be designed for this purpose.

The continuous-timénear system to be controlled is described by the state-space model
x(t) = A(t)x(t) + B(t)u(t) and y(t) = Cx(t) (5.7)

and the LQR is sought to minimize the quadratic performance index, or cost function, given as

J= %X (t7) S x(t5) + {x (&) FuT(OROut)} dt (5.8)

whereS = P(ty) > 0,Q > 0, R > 0, andt, andt indicate initial and final time, respectively.

Remark 5.3.2. The problem statement is given for the general case whel, Q andR are
time-varying. In most cases however, they are time-invariant, as is the case for our system.

It can easily be found that fof to be minimized the control must be given as
u(t) = —K(t)x(t) = —R71 ()BT (t)P(t)x(t) (5.9)
whereP(t) is the solution of the Riccati differential equation, that is

dP(t)
dt

A practical and useful case is obtained by letting— oc. If the system in (5.7) is control-
lable or stabilizable the performance index in (5.8) remains bounded?&naonverges to a
stationary solution of the Riccati differential equation when integrated backward in time. If we
now assume a time-invariant system, the stationary solukgg, is obtained by solving the
continuous-time algebraic Riccati equation (ARE), that is

= AT(t)P(t) + P(HA() - P()B(OR™ ()BT()P(1) + Q(t), P(ty) =S

AP +P,A-P BR 'B'P_+Q=0 (5.10)
The optimal control in (5.9) now simplifies to
u(t) = —Kx(t) = —R'BTPx(t) (5.11)
and the closed-loop system is given as
x(t) = (A — BK)x(t) = A.x(t) (5.12)

If the system is observable or detectable, the optimal state feedback is asymptotically stable,
or equally, A, is Hurwitz. The steady-state LQR feedback control law can be computed in
MATLAB by applying the commands
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Q diag([g11,922,...,qnn]);
R diag([r11,r22,...,rny));
[K,P,E] = Igr(A,B,Q,R);

whereK is the optimal gainP is the stationary solution to the ARE akdcontains the eigen-
values for the closed-loop system.

Given some weight matrices, the optimality of the state feedback control gain is measured
in sense of the performance index. Whether it defines a good system in any engineering sense
depends on the choice € andR.. Even though finding these matrices is usually an iterative
procedure, there are some rules of thumb. Without discussing these any further in this thesis,
the reader should refer to Bryson and Ho (1975) for details.

To be shown later when doing simulations, the LQR approach achieves reasonable results.
As mentioned above however, the performance is closely related to our choice of weight ma-
trices. Also, even though the LQR is a robust control scheme, in sense of gain and phase
margins, we can not directly include any constraints on the states nor the inputs for the system.
As discussed earlier, a constrained allocation problem would be applicable, and together with
the LQR, this would most likely provide a good solution. In fact, as will be shown later, the
LQR is highly relevant when doing explicit MPC. Finally we note that, unlike the PD control,
the LQR utilizes the information about the wheel, as well as rendering the angular velocity of
the wheel to zero.

5.3.3 Explicit MPC

As already announced, the main topic of this thesis is on attitude control by meaxglicft

Model Predictive Contrglfrom now on called eMPC. In the following we start by giving a

brief review on the traditional MPC scheme, while continuing with an explanation on how
this approach can be extended to eMPC, via multi-parametric quadratic programming (mpQP).
Some pros and cons of eMPC, as well as implementation aspects, are also briefly discussed.
To illustrate the whole procedure, a simple second order system is used, while when doing
simulations at the end, the similar approach is applied for the linearized satellite model. The
following discussion is based on Tgndel (2003) and Bemporad et al. (2002).

Model Predictive Control

Roughly speaking, MPC refers to a class of algorithms that compute a sequence of manipulated
variable adjustments in order to optimize the future behavior of the plant. More specifically
this means that the control action is obtained by computing an open-loop optimal sequence of
control moves on a predefined horizon, once for each time sample. The first control input in
the sequence is then applied to the plant, and the optimization is repeated with the new initial
conditions and on the new horizon, shifted one step ahead. Due to the shifted horizon, the term
receding horizon contrds commonly used interchangeably with MPC. We also note that due

to the repeated optimization, MPC is considered a closed-loop approach.

The ability to include process input and output constraints directly in the problem formula-
tion, so that future constraint violations are anticipated and prevented, is probably the most
important reason for the success of MPC in the industry. An excellent survey of successful use
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of traditional on-line MPC can be found in Qin and Badgwell (1997).

For the remainder of the discussion on MPC and eMPC, the process to be controlled can be
described by discrete-timedeterministic linear state-space model, that is

x(k+1) = Ax(k) + Bu(k)

y(k) = Cx(k) 6-13)

wherex (k) € R" is the state variablea(k) € R™ is the input variableA € R"*", B ¢
R™*™ and(A, B) is a stabilizable pair. If we now consider the regulator problem, that is, the
problem of rendering the state vector to the origin, the MPC solves the following optimization
problem for the current(k)

m&n{J(U,x(k))}

subjectto: ymin <y(k+ilk) < ymax,i=1,...,N
Upin <u(k+1) <upax,i=1,...,M —1
x(k|k) = x(k)
x(k+i+1|k) = Ax(k +ilk) + Bu(k +1i),k >0
y(k+1i)=Cx(k+ilk), k>0
uk+i) =Kx(k+ik) M<k<N-1

(5.14)

whereU £ [u"(k),...,u"(k+M —1)]T, ymin < 0 < Ymax: Umin < 0 < Umax, R = RT > 0,
Q=Q™>0,P=P" >0, x(k + i|k) is the prediction ofk(k + i) at timek, M andN are
input and constraint horizons, and the cost function that we try to minimize is given as

N-1
J =x"(k+ NE)Px(k+ Nk) + > {x"(k+ilk)Qx(k + i[k) + u' (k + i)Ru(k + i) }
=0

As is evident from the cost function above, we see that it resembles the continuous-time cost
function of the LQR in (5.8). In fact, when the final cost maffhand gain matrixK in (5.14)

are calculated from thdiscrete-timeversion of the ARE in (5.10), under the assumptions that
the constraints are not active for> M, (5.14) exactly solves the constrained infinite horizon
LQR problem for (5.13).

To ensure stability the final state vector should enter an invariant set in which no constraints
are active. That way, once(k) is a member of the invariant set, the LQR is optimal for all
time. This will not be investigated any further in thesis however, and we end the discussion
by nothing that several modifications to MPC have been suggested to guarantee stability of the
resulting controller. Also, as will be shown later, in sense of finding explicit solutions to the
MPC problem, the solution turns out to be a piecewise affine (PWA) function. Consequently, a
potential approach to guarantee stability in case of eMPC is to search for piecewise quadratic
Lyapunov functions by solving a convex optimization problem. In Ferrari-Trecate et al. (2001)
this was done by utilizing linear matrix inequalities (LMIs).
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From linear MPC to mpQP

By substitutingx (k +i|k) = Aix(k)+ Z;;BAjBu(k:—H’ —1—3), it can be shown (Bemporad
et al., 2002) that the linear MPC problem in (5.14) can be rewritten as

b'e = min 1 T X!
V(x(k)) 1 {2U HU + (k:)FU} (5.15)

subjectto: GU < W + Ex(k)

The optimization problem in (5.15) is a quadratic program (QP). However, since we usually say
that a mathematical program containing a vector of parameters, as apposed to a scalar value, is
a multi-parametric program, we can reefer to (5.15) as a multi-parametric quadratic program
(mpQP) inU.

From the relatio = U+H~'FTx(k), and by completing squares, (5.15) can be transformed
further, into an equivalent mpQP # that is

V.(x(k)) = min {;ZTHZ}
subjectto: Gz < W + Sx(k)

(5.16)

wherex(k) is the current state vector, which can be treated as a vector of parameters. Note that
H > 0 sinceR > 0. The latter is a strong result, in which the problem formulated in (5.16)

is strictly convex, and the Karush-Kuhn-Tucker (KKT) conditions are necessary and sufficient
conditions for optimality, giving an unique solution (Nocedal and Wright, 1999). As shown in
Bemporad et al. (2002), the mpQP in (5.16) can be solved by applying the KKT conditions

Hz+G'A=0, AeR!
M (G'z—W"—=S"x(k)) =0, r=1,...,q,
A >0,
Gz — W — Sx(k) <0.

(5.17)

where the subscripton some matrix denotes th row, while g is the number of inequalities
in the optimization problem, and the number of free variables is- m-N. Matrix dimensions
are then given as € R":, H € R"%*":, G € R?*":, W € R?*!, andS € R*",

Implementation aspects and properties of eMPC

Since the problem in (5.15) depends on the current stét¢, the implementation of a tra-
ditional MPC requires an on-line solution of a QP at each time step. Although efficient QP
solvers are available, computing the inpuif:) requires significant on-line computation effort.

For this reason, the application of traditional MPC has only been suitable to processes with
relatively slow dynamics.

Though limited to reasonable small problems, the idea behind eMPC is to divide the state-
space or parameter space into a manageably small number of (convex) polyhedra or regions, in
which one can pre-compute (off-line) different optimal control laws, to be applied according to

a specific region. The key observation is that in the case of eMPC, thex$tgtes interpreted

as a parameter and the problem in (5.15) is solved off-linallak. It is shown in Bemporad
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et al. (2002) that the solutios(x(k)) of (5.16), hencdJ*(x(k)), is a continuoupiecewise
affine (PWA) function defined over a polyhedra partition. Consequently, the on-line effort is
limited to evaluating this PWA function. In particular, the MPC algorithm to be implemented in
real-time will then simply consist of reading the appropriate control law from a table look-up,
depending on the current state estimate. This is particularly useful in high-bandwidth applica-
tions, when high control update rates are required.

In addition to the advantages mention above, eMPC can easily be implemented on inexpensive
hardware, as fixed point arithmetics can be used. Also, the overhead in the table look-up ap-
proach is minimal, in that a few lines in software is sufficient. As mentioned earlier however, a
disadvantage is that the method is limited to fairly small problems, since memory requirements
and off-line computation times seems to increase more or less exponentially with problem di-
mension. Itis reasonable to say that the number of polyhedra regions gives an indication of the
complexity of the eMPC. The number of regiois is closely related to the number of con-
straintsg, which in turn depends on the number of state¢he constraint horizo®V, and the
number of inputs and outputs, andp, respectively. The higher value gtthe higher value of

N,.. Some complexity reduction techniques exist however, using for instance traditional input
parametrization (input blocking). This approach is well known from traditional MPC. Another
approach is to represent the calculated PWA optimal control law as a binary search tree for ef-
ficient on-line evaluation. For further information the reader is referred to Tandel and Johansen
(2002) and references therein.

We also note that even though the incorporation of input and output constraints in the prob-
lem formulation is the major advantage in MPC, is can also lead to infeasibility problems. This
can happen because of unexpected disturbances, or due to model uncertainties. There are many
ways in which the predictive control problem can become infeasible, and usually they are diffi-
cult to predict. Obviously, the consequence could be an unacceptable behavior and a situation
where the controller is unable to find an input that keeps the plant within its constraints. Be-
cause of this, it is important to have a strategy for dealing with the possibility of infeasibility. A
common approach is toftenthe constraints, allowing one or more constraints to be violated

if necessary for finding a solution to the optimization problem. A straightforward way to do
this is to add new variables in the problem, so cafilatk variableswhich are defined in such

a way that they are non-zero only if the constraints are violated. On the other hand, if non-zero,
they are heavily penalized in the cost function, so that the optimizer has a strong incentive to
keep them zero if possible. When softening constraints we note that this is in most cases only
possible with output or state variables, as input from actuators commonly sufferhfiain
constraints, e.g. saturation in hardware, and there is no way in which they can be softened.
More information on slack variables will be given subsequently.

An mpQP toolbox in MATLAB

As explained above, explicit solutions to constrained linear MPC problems can be obtained
solving multi-parametric quadratic programs, where the parameters are the components of the
state vector. In the case of single parameter problems, as well as multi-parametric linear pro-
grams (mpLP), numerous work exist. When dealing with mpQP problems however, the con-
tribution is limited. The work done by Bemporad et al. (2002) is one of the few dealing with
general linear MPC problems. Another major contribution on the topic is given in Tandel et al.
(2003a), in which computation speed is greatly improved. For the remainder of this thesis, the
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optimization solver to be used for solving the mpQP problem is based on Tgndel et al. (2003a),
and the necessary algorithms are implemented in a non-commercial software package. The
toolbox, which is implemented in MATLAB, was developed by Dr. Petter Tondel and Profes-
sor Tor Arne Johansen, at the Department of Engineering Cybernetics, Norwegian University
of Science and Technology. Without going into details, the toolbox contains functionality for
completing the following tasks:

e Formulation of mpQP. By giving the linear discrete-time model, constraints, slack vari-
able costs, cost matrices etc. of a linear MPC problem, the toolbox has functionality to
reformulate this into an mpQP.

e MpQP solver. The mpQP problem is solved, giving a PWA control law.

e Generating binary search tree The PWA control law can be represented as a binary
search tree for efficient on-line evaluation.

e Generating C code A stand alone application in ANCI C code is generated for the
controller, based on the binary search tree.

Applying eMPC - an example

By means of visualizing the theory and procedure discussed above, a simply double integrator
is considered. The exactly same approach is applicable for systems of higher order though, but
visualization becomes harder in these cases. The eMPC controller will as mentioned earlier be
generated using the mpQP toolbox by T@ndel and Johansen.

Consider the continuous-time double integrator (Johansen et al., RGO .x + B.u, where

101 10 RS
a0 me=[] =[] 519
The continuous-time system in (5.18) can easily be converted into an equivalent discrete form
by utilizing the MATLAB functionc2d(sysc, T,method) . For the remainder, the method

used for discretizing the continuous-time system is a triangle approximation (modified first-
order hold), and control inputs are assumed piecewise linear over the samplingTeriod

If x, is interpreted as position;; as speed and u as force, the objective is to control the
position under constraints on the speed and force, that is

—0.5
-1

0.5
1

T2

; (5.19)

ININA
ININA

If we chose the sampling timEequal to 0.05 and do not include any slack variables, the MPC
problem in (5.14), over the horiza¥i = M = 2, with cost matrices

en ol g
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is associated with the mpQP problem in (5.16) with

H— 1.0786 0.0759 1.1092 1.0360
~10.0759 1.0733|”’ 1.5728 1.5174

gT_ [t 0 -1 0 L1 -1 -1
01 0 -101 0 -1

Wi=[1111 10 10 10 10]

ST_OOOOO 0O 0 0
1000 0 —20 —20 20 20

Some internal scaling is done within the mpQP toolbox, but this is not relevant in sense of un-
derstanding the procedure. Note that the matrices above are different from the scaled matrices
used when doing the numerics. However, after finding the solutions, they are re-scaled such
that they are representative for the original problem, as stated above.

The solution to the mpQP is shown in Figure 5.3, for different horizons. As can be seen,
the complexity of the solution space increases with the optimization horizon. As discussed
earlier though, the horizon is just one single factor that needs to be taken into consideration.

-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3

(&) N =2: 13 regions (b) N =6: 67 regions

-3 -2 -1 0 1 2 3

X

(c) N=10: 177 regions (d) N =14: 351 regions

Figure 5.3: Regions in parameter space for the double integrator, using hard constraints
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For the remainder of the discussion on the double integrator wi use.

The explicit MPC controller that was computed above can be connected to the plant, estab-
lishing the closed-loop system. As we remember, the parameters used for determining which
optimal control gain to use are equal to the state variables. By letting the initial conditions for
the double integrator bey = [—2,0]", we get the response shown in Figure 5.4.

0 5 10

Time [sec]
1
0.5
0,
0 5 10
Time [sec]
(a) Simulation in state space (b) Simulation in parameter space

Figure 5.4: Set point control of the double integratér= 2

We can investigate the solution space further, by looking at the data for each region, e.g.

>> region{1}

poly: [6x3 double]
feas: 1
actset: [0 0 00 00 0 (]
solution: [2x3 double]
lagrange: [0x3 double]
chebyx: [2x1 double]
chebyr: 3.0473

As can be seen fromegion{1}.actset there are no active constraints for this region. By
looking at Figure 5.4(b) this makes sense, as the solution is closely related to the stationary
discrete-time LQR. In fact, by investigatimggion{1}.solution further we find that the
optimal control law in this region is identical to the stationary discrete-time LQR gdi,

O

As mentioned in the beginning, only the first input is applied to the plant. In the general
case, the input corresponding to the first time step is given*&s) = K,x(k) + k., where

the indexr indicates the active region. Clearly, the latter represents an affine function. As
region{r}.solution holdsK, andk, for every time step on the horizon, the input above
corresponds to the first time step. Omitting details, the complete input sequence, and solution
to (5.15) is given a¥J* = [(u*(k))", (u*(k+1))",..., (u*(k+ N — 1))T]T.
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We end this section by discussing the use of slack variables. As before the results in the fol-
lowing, using the double integrator as an example, are applicable for systems of higher order,
and the double integrator is only used by means of visualizing the procedure.

Based on the theory discussed sofar, the MPC formulation in (5.14) can be rewritten to a new
MPC problem, also including slack variables, that is

win {J(U,x(k)) + plis|3}

subjectto: ymin —s <y(k+ilk) <ymax+s,i=1,...,N
Upin <u(k+1) <upax,i=1,...,M —1
x(k|k) = x(k)
x(k+i+1|k) = Ax(k +ilk) + Bu(k +1i),k >0
y(k+1i)=Cx(k+ilk) , k>0
uk+i) =Kx(k+ik) M<k<N-1

(5.20)

where||s||2 is the £Lo-norm of s and p is the penalty weight of the slack variables. We note
that using theC2-norm is only one way of including slack variables. As mentioned eapier,

is chosen such thdlis||2 is kept as small as possible. The solution to (5.15) is now given as
U* = [(w* ()T, (w*(k+1)7,...,(w*(k+ N - 1), s* = [s"(k),...,s"(k+ N - 1)]".

Applying eMPC - an example, continued

When we defined the eMPC problem for the double integrator the aim was to find optimal
solutions for the parameter spaag| < 3 and|z2| < 3. As can be seen from Figure 5.5(a)
however, we did not obtain this goal in the case of using hard constraints. More precisely, the
mpQP solver did succeed in solving the problem, but without including any slack variables, it
turned out the be infeasible for part of the parameter space. The way to interpret this is that
there exists no actuation, within its limit, such thatis rendered within the chosen constraint

for every time step, during the defined horizon. As discussed earlier this can in some cases
lead to infeasibility. This can for instance be the case if the initial conditions are outside the
feasible parameter space, if noise causes the output to go outside the solution space in the next
time step, or if there are serious model uncertainties. Obviously this needs to be dealt with in
real applications, and as mention above one way of doing this is to include slack variables. The
direct consequence of this can be seen in 5.5(b), where when including softening techniques,
the mpQP solver found feasible solutions for the whole parameter space.

Another interesting way to illustrate the effect of introducing slack variables can be seen in
Figure 5.6. From the case when hard constraints are applied, we see that no input exists for
|z2| = 0.55, while inputs exist for the desired parameter space in case of soft constraints. Also,
we see that the input saturates, or is kept within the constraitis,&ts defined in the problem.

Plotting an input as function of two states can of course be a reasonable way to represent
the optimal control, wether we use slack variables or not.
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Figure 5.5: Regions in parameter space for the double integrator, using hard and soft constraints
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(a) Input in case of hard constraints (b) Input in case of soft constrain{s,= 1000

Figure 5.6: Input as function of states for the double integrator, using hard and soft constraints

5.4 Signal modulation

As mentioned in the introduction, it is important to keep in mind that the thrusters are on-off
by nature. A fixed integer controller could have been useful in this case. However, since this
approach is not considered in this thesis, and the fact that input sequences calculated from a
wide range of controllers are continuous, this leads to problems in terms of implementation.
An the other hand, sometimes a system utilizes both on-off actuators as well as continuous
ones. Therefore, an attempt to solve this problem is done by keeping the continuous input
to the wheel unchanged, while using a preliminary bang-bang approach for the thrusters. We
note that it would also be interesting to investigate the use of Pulse-Width Pulse-Frequency
(PWPF) modulation, since this is a more sophisticated technique than the simple bang-bang
scheme. It has also in some cases been shown to be a more efficient approach in sense of fuel
consumption. When we now do not pursue this any further this is due to time constraints, and
we end the discussion by referring to the work on PWPF mentioned in the introduction.
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In its most simple form, the bang-bang control consists of a signum module, as shown in Figure
5.7(a). If we denote the continuous inpytwe get a modified signal according to

-1 ifu<O,
Uy @ signum(u) =< 0 ifu=0, (5.21)
1 ifu>0.

In sense of having a less aggressive actuation we can include a dead-zone together with the the
signum function. The result of doing this is seen in Figure 5.7(b). The consequence is usually

less accuracy, but more importantly, fuel usage is heavily reduced. Obviously, the accuracy can
be adjusted by choosing an appropriate dead-zone.

Either we include a dead-zone or not, the modified signal is an integer, according to (5.21).
As can be seen in Figure 5.7, we have also included afggi,, which is simply the nominal
thruster torques for SSETI/ESEO satellite, as described in Table 1.8.

u 1, Uy 1 —dz ‘ 1, K Um
nom [

Kpom dz

(a) Bang-bang (b) Bang-bang with dead-zone

Figure 5.7: Sighal modulation

5.5 Simulations of the SSETI/ESEO satellite

We again turn our attention to the SSETI/ESEO satellite. The previous sections were included
with purpose of explaining and visualizing some control techniques which are all applicable
for our system. Since the focus in this thesis is on eMPC, the other schemes are only included
by means of comparing the different methods and their performances.

A thorough discussion on the different results is given in the end of this chapter.

Hardware and software

The simulations to follow were all carried out on a Windows XP platform, using MATLAB ver-
sion 6.5. As mentioned earlier, the toolbox by Tgndel and Johansen was used throughout. Note
that instead of using the optimization toolbox in MATLAB, the Tomlab Optimization toolbox
was utilized to solve LP/QP subproblems within the mpQP software. As far as hardware goes,
the computer was equipped with a 2GHz Pentium 4 CPU and 512Mb RAM.

SSETI/ESEO - arecap

For clarity, a short recap on the satellite model that will be used when deriving the eMPC con-
troller will be given. All the control schemes we will use in the following are linear control
techniques, in contrast to our nonlinear model. As will be shown later though, the results ob-
tained when simulating the closed-loop system are by all means satisfactory.
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The nonlinear model was derived in Chapter 4, together with its linearized version in (4.6).
The linear model was then reduced from 8 to 7 states, forming the new state and input vectors
X = [w1,ws, w3, Ws, €1, €2, €3]T, u = [11, T2, 73, 74]T, Where the terms are summarized as

States Input

w1 Angular velocity about the x-axis 7 Thruster torque about the x-axis
in F; relative toF,, [rad/s] in Fp, [Nm]

wo Angular velocity about the y-axis 7 Thruster torque about the y-axis
in F, relative toF,, [rad/s] in 7, [Nm]

w3 Angular velocity about the z-axis 73 Thruster torque about the z-axis
in F, relative toF,, [rad/s] in 7, [Nm]

Ws Angular velocity of the whee| 7, Torque applied on wheel from
about its axial axis [rad/s] DC motor, [Nm]

€1, €2, €3 Euler parameters (3 out of 4)

As before it is assumed that the output mafttixs equal to the identity matrix. Without any
further explanation we claim that the states in the linear system vary in magnitude with a factor
10000, e.g. the wheel’s angular velocity can $@0 [rad/s], while the angular velocity about

the y-axis can b@.04 [rad/s]. Due to numerical sensitivity in the mpQP solver, we therefore
choose to scale the states, using a similarity transformation. We prefer to normalize the system
using a diagonal scaling matriX,, where the nonzero elements are chosen based on their
maximum deviation, that is

N, = diag {max|w; |, max|ws|, max|ws|, max|ws|, max|e;|, max|ea|, max|es|}  (5.22)
For the remainder we assume thaix|w;| = max|ws| = max|ws| = 0.04 [rad/s], max|ws| =
527 [rad/s], andmax|e; | = max|es| = max|eg| = 1.
By definingx,, £ N, 'x, the normalized system is given as
X, = A,x, +B,u (5.23)
whereA,, = N;'AN, andB,, = N, 'B. The eigenvalues faA,, are equal to those of.
As with the double integrator example, the continuous-time linear (normalized) model is con-

verted into an equivalent discrete-time form by utilizing a modified first-order hold routine in
MATLAB. The sampling time for the discretization is choserifas- 0.1 [sec].

We finally note that the discretized model is only applied when designing the eMPC con-
troller. When applying LQR, the stationary gain is found by utilizing the continuous-time
model, though with the same weight matrices as in the discrete-time case.

5.5.1 Controller settings

Unless otherwise stated the controllers are designed according to Table 5.2. As will be shown
later, the only parameter to be adjusted is the slack variable wgidtitte that the controllers

were all based on either thmrmalizeddiscrete-time linear model or its continuous-time ver-
sion. They are all valid for the original linear model though, since the similarity transformation
only changes the scaling of the states, and not the behavior of the model.
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Controller
| Parameter eMPC \ LQR \ PD
Q diag{50, 50, 50, 1, 100, 100, 100} -
R diag{200, 300, 200, 0.1} -
K, - diag{10, 10,10}
K, - diag{7,7,7}
N (horizon) 2 00 -
p (slack) 00 - -

Table 5.2: Summary of tuning parameters

When designing the eMPC controller, the parameter space, in which we search for feasible so-
lutions of the mpQP, is chosen hs3, -3, -3, -3, -3, -3, -3]" < x, < [3,3,3,3,3,3,3]".
Furthermore, when applicable, the constraints that will be used for the remainder of this the-
sis are[—0.0484, —0.0484, —0.0398, —0.002]T < u < [0.0484,0.0484,0.0398,0.002], and

—527 < ws < 527. A summary of states and units for the linear model was given above.
Note that by means of visualizing the results, the Euler parameters will be transformed into
Euler angles [deg], while the angular velocity of the body will be converted into [deg/s]. As
mentioned earlier, torque allocation for the PD-control is done using the dead-zone approach,
i.e. torque is applied to the wheel whenever the commanded torque about the y-axis is within
some limits. The chosen limits are similar to the constraints,omwhen using eMPC.

5.5.2 eMPC compared to LQR and PD-control

The first simulations are done with purpose of comparing the performance of the different
control schemes. All simulations are carried out on the nonlinear model, on an average orbit
according to (5.1), and with the SSETI/ESEO parameters and initial orbit conditions described
in Section 5.1 and 5.2, respectively. Initial conditions, and set-points for the simulations in-

cluded in this section are summarized in Table 5.3.

Case 1l Initial condition  Set-point  Unit
wb {0,0,0} {0,0,0} deg/s
Ws 0 0 rad/s
Euler angles (XYZ) {60, —45,30} {0,0,0}  deg
Case 2 Initial condition Set-point  Unit
wb {0,0,0} {0,0,0} degl/s
Ws 0 0 rad/s
Euler angles (XYZ) {60,—45,30}  {0,0,90} deg
Case 3 Initial condition  Set-point  Unit
wb {1,-1,1} {0,0,0} degls
Wg —500 0 rad/s

Euler angles (XYZ) {60, —45,30} {0,0,0}  deg

Table 5.3: Summary of simulations
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Simulations of the three cases summarized in Table 5.3 are given subsequently, and in the
same order as they appear above. Through Case 1 and 2 we investigate the performance of the
respective controllers for two different set-points. In both cases we assume no spin on neither
the wheel nor the satellite body. In Case 3 we want to render all states to the origin, but in this
case we have an initial spin for both wheel and body. This allows us to illustrate the efficiency
and effect of including a hard constraint on a state in the eMPC formulation. Finally, in the
modified case at the end, we have the same aim as in Case 3, but now we apply saturation on
saturation values are similar to the

the actuation for both the PD-control and the LQR. The
input constraints for the eMPC.

Case 1: set-points at the origin, no spin
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Case 2: set-points different from the origin, no spin
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Case 3: set-points at the origin, spin, and hard constraints
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Case 3 (modified): including actuator saturation on PD and LQR
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5.5.3 eMPC when exposed to extreme initial conditions

As mentioned earlier the mpQP solver may result in infeasible solutions, hence making the
eMPC controller unable to find an applicable input. This can for instance be the case if the
initial conditions are outside the feasible parameter space.

In the following, simulations are done to show the effects of including slack variables in the
eMPC formulation. Only simulations of the eMPC approach will be included at this point. As
before, simulations are carried out on the nonlinear model and with the SSETI/ESEO parame-
ters and initial orbit conditions described in Section 5.1 and 5.2, respectively. Initial conditions,
and set-points for the simulations included in this section are summarized in Table 5.4.

Case 4 Initial condition  Set-point  Unit
wb {-2,2,2} {0,0,0} degls
Ws 1250 0 rad/s
Euler angles (XYZ) {60,—45,30} {0,0,0} deg
Case 5 Initial condition  Set-point  Unit
w?y {1,-1,1} {0,0,0} degls
wWs —500 0 rad/s

Euler angles (XYZ) {60,—45,30} {0,0,0} deg

Table 5.4: Summary of simulations

Through Case 4 we show how slack variables allow one to have extreme initial conditions,
while Case 5 highlights the effects of penalizing the slack variables differently.

The eMPC tuning parameters for both cases are taken from Table 5.2, except for using either
p = 3000 or p = 500 when including slack variables. We note that we have only included slack
variables associated to the statg since this is the only state suffering from constraints. Since

we have an optimization horizoN of two time-steps, we get two additiontibe variables

one for each step. Furthermore, we assume that the actuator constraints are hard constraints,
while the velocity constraints of the wheel can be violated for a short period. This is a realistic
assumption as the maximum allowed velocity is chosen based on energy consumption, and not
on a physical limitation.

As was shown in the example using the double integrator we can visualize the polyhedra re-
gions in the parameter space. Obviously, it is impossible to do this for more than three dimen-
sions, and in fact it is hard to visualize the solution for more than two. If we do not regard
the order, we know from basic mathematics that from our linear SSETI/ESEO state vector we
can plot(;) = 21 different phase-planes, e.g. thew-plane. As we do not have room for all

of these, only a selection will be included here. When plotting one input as a function of two
states this can be done (§) (}) = 84 different ways. Different offsets can also be included in
both, increasing the number of combinations arbitrarily.

Similar to the cases simulated earlier, the eMPC controller without slack variables is designed
based on Section 5.5.1. A selection of the polyhedra regions can be seen in Figure 5.12. In the
case of not including slack variables in the SSETI/ESEO eMPC controller, the mpQP solver
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returned infeasible solutions for part of the desired solution space. Furthermore, as can be seen
from Figure 5.12(c) and 5.12(d), only the phase-planes includirghow infeasible solutions
in the parameter space. This is intuitive, singesuffers from hard constraints.
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Figure 5.12: Polyhedra regions for the SSETI/ESEO satellite, N=paado

The total number of regions in the parameter space when not including slack variables was
1205. However, we immediately see from Figure 5.12(c) and 5.12(d) that the eMPC controller
without slack variables is not robust in terms of extreme initial conditions. If wp ket3000

we obtain the robustness we are seeking, and since we use a relatively high penalty, potential
violation of the constraints will remain low. As can be seen from Figure 5.13, the new con-
troller is rather robust, in terms of disturbances and large start conditions. The total number of
regions when using = 3000 was 1725. Itis emphasized that since we normalized the system,
the values in the parameter space are different from the values of the original state vector. As
mentioned earlier however, the results are valid for the original system as well. For instance,
in Figure 5.13(a)[w2, ws|normatized = 1, 2] © [w2, ws|originat = [0.04, 1054]. Recall that the
constraints o in the original system wa$527 [rad/s].

Similar to the double integrator, the effect of the slack variables can also easily be visual-
ized by plotting an input as a function of two states. As can be seen from Figure 5.14(a), there
do not exist inputs for the whole parameter space in the case of using hard constraints. The
opposite is true, in the case of including softening techniques.
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Figure 5.14: Input as function of states for the SSETI/ESEOQ, using hard and soft constraints

Case 4: extreme initial conditions,p = 3000

60 — Roll(X) | 2 ‘ ‘ ‘ ‘ o
— Pitch (Y) o
— Yaw (2) 15 — %
@ — O ||
30 g !
= i)
g s
Q
2 E
é or >
< % —-0.5(

|
=
&)

|
e
()]
|
N

50 100 150 200 250 300

0 50 100 150 200 250 300 0
Time [sec] Time [sec]
(a) Euler angles (b) Angular velocity

Figure 5.15: Case 4



64 Attitude control and simulations

0.05
1250 —_— Oy v T
— ‘[2
@ 900t — T
=]
© — I T.51
- £
£ 527} z
k<] o Of
s s
g 2
2 o
<
_5277 L L L L L ] _O 05 L i L il I
0 50 100 150 200 250 300 o 50 100 150 200 250
Time [sec] Time [sec]

(c) Wheel velocity

(d) Input torque

Figure 5.15: Case 4, continued

Case 5: penalizing slack variables differentlyp = 3000/500

Angular velocity of wheel [rad/s]

-520
il s ;ooo 9
p= T ool
— p=3000 | &75%
3
200t
S 524
S
or 2
3 -526/
[5]
-200( >
K]
3 -528"
c
<
-527
‘ ‘ ‘ ‘ ‘ 530 ‘ ‘ ‘ ‘
50 100 150 200 250 300 0 0.5 1 15 2
Time [sec] Time [sec]
(a) Wheel velocity (b) Wheel velocity (magnified)
-3
6x 10 ‘ ‘
=== Step 1: p =500
5F -=-= Step 2:p =500
HOA — Step 1: p = 3000
4 RN Step 2: p = 3000 {
3 RN
3 3 e
I Lt
> ! N
S 2r Lt N
8 ! RS
n vy 0.
1r ] N .
Q:'_/ K3
_1 1 1 L
0 0.5 1 1.5 2
Time [sec]

(c) Slack variables

Figure 5.16: Case 5




5.5 Simulations of the SSETI/ESEOQO satellite 65

5.5.4 eMPC in combination with bang-bang modulation

As mentioned in the introduction, it is important to keep in mind that the thrusters are restricted
to on-off mode only. As will be shown shortly, one way of dealing with this problem is to use a
bang-bang approach. This is only meant to be a preliminary design, and further analysis should
be done. However, it is considered appropriate to include these simulations to illustrate how
to apply a modulation scheme. The following simulations are done with a varying distance
to the Earth, i.e. elliptical orbit. Initial conditions are equalCase 1 as described earlier,

and with controller parameters as in Table 5.2, except for hawirg3000. The first case to

be studied is the bang-bang scheme in Figure 5.7(a). Afterwards is it shown that in sense of
having a less aggressive actuation, we can include a dead-zone together with the the signum
function. The latter is simulated for a duration of more than two full orbits to show efficiency
of the controller, at least in sense of overcoming time-varying gravity gradient torques. Also to
be illustrated, the weighting matri® has a huge impact on the accuracy when the controller

is implemented together with the modulation block.
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Figure 5.17: Bang-bang without dead-zone

Obviously, as can be seen from the actuation in Figure 5.17(d), the inputs are not under any
circumstances satisfactory. In Figure 5.18, a similar case is simulated, but now including the
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dead-zone, as in Figure 5.7(b). The output from the bang-bang is in this case defined as

0 if |71] < 0.0035 0 if|1| < 0.001 0 if |71] < 0.0035
Tie =< 1 if 71 >0.0035 , =<1 if 71 >0.001 , 3. =<1 if 71 > 0.0035
-1 if /; <€0.0035 -1 if /4 <0.001 -1 if 74 <0.0035

The resulting actuation from this change is clearly seen in Figure 5.18(e).
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Figure 5.18: Bang-bang with dead-zone, simulated over two orbits

The final plots in Figure 5.19 show the response if we chose to weight the states differently. The
controller is based on Table 5.2, except for hadihg- diag(50, 50, 50,0.001, 100, 100, 100).

In the latter we even changed to dead-zone slightly, to allow more actuation. Nevertheless, as
can be seen from comparing Figure 5.19(c) and 5.18(d), the performance is different in sense
of keeping the wheel velocity close to zero. In case of decreasing the weight of the state

we care less about its transient. We can interpret this as if the controller is more interested in
driving the other states to the origin, and when this aim is achieved it is too costly to drive the
wheel to zero as well, i.e. the other states are weighted much higher than the angular velocity
of the wheel. This will discussed further in the next section, together with other design issues.
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5.5.5 Discussion

Throughout this thesis focus has been on attitude control and the motion about the center of
mass of a satellite. Part of the contents has been on different ways of modelling the spacecraft
as a rigid body, as well as giving an overview of potential disturbances and various actuators.
The equations describing the dynamics were derived based on the Newton-Euler formulation,
making up the equations in (3.19). The reader may notice that these differ from the classical
equations in (3.11). The reason for choosing the first alternative is that they were considered
more intuitive and easier to use as a basis for the SSETI/ESEO structure. In (3.11) all the
torques and the wheel angular momentum is generalized, which makes it necessary to calcu-
late the net angular momentum due to the rotation of the wheels relative to the body, as well
as the net torque applied to the wheels from the spacecraft. In case of only having one wheel
this may not be a huge concern, but in general systems including thrusters and momentum ex-
change devices it may turn out to be a cumbersome task. Also, in this thesis it has been an aim
to investigate an alternative approach as the standard formulation is already well understood.
As far as describing the kinematics, it was chosen to use Euler parameters due to their nonsin-
gular characteristics. The complete nonlinear model has been implemented in MATLAB and
Simulink with purpose of doing various simulations.

The controllers that were utilized are all linear, hence making it necessary to linearize the
nonlinear model about an equilibrium point. As described in the introduction the are many
attitude mission modes. However, as the nominal mode is the most common, it was the only
one considered in this thesis. Recall that it includes the task of maintaining a stable attitude,
i.e. keeping the satellite nadir pointing. More specifically this means that the best obtainable
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result is whenevef;, coincides with7,, which resembles the equilibrium point at the origin.

In some cases it may be reasonable to linearize about several equilibrium points, and then use
a kind of scheduling between different modes. This was not considered here however, and the
model was linearized at the origin only. Obviously, the linearized model was only used when
deriving the controllers, and during final simulations the nonlinear plant was utilized.

As described, a similarity transformation was used for normalizing the linear model. Intu-
itively this may seem unreasonable, but due to numerics in the mpQP solver it turned out to be
necessary. The obvious drawback from dealing with a scaled system is that there is no simple
way of including noise in the model. A small contribution in the original system may become
huge when scaled, or visa versa. This can easily be seen from Figure 5.20, were the noise was
realized as uniform white noise, sampled at 10 Hz. It was also assumed that RMS estimation
errors obtained from for instance an Ext. Kalman filter were given as in Table 5.5. Clearly, the
undesired effect of noise will be higher in the the scaled case than for the unscaled.

1

Scaled angular velocity with noise

Unscaled angular velocity with noise [deg/s]

100 200 300 400 0 100 200 300 400

Time [sec] Time [sec]
(a) Unscaled angular velocity (b) Scaled angular velocity

Figure 5.20: Unscaled and scaled feedback for a random simulation

As mentioned earlier though, the transient response of both systems remains similar, and inves-
tigating one of them gives an indication of what to expect from the other. The results achieved
in this thesis are therefore likely to be applicable for the original system as well. In fact, simu-
lations were done based on the original (unscaled) system, and in the example given at the end,
the results obtained indicate a desired behavior in closed-loop.

Estimates Errors Unit
wb {0.2,0.3,0.2} degls
W 0.5 rad/s

Euler angles (XYZ) {0.1,0.1,0.1} deg

Table 5.5: RMS errors in state estimates

The results obtained through simulations show that there exists a range of regulator schemes
suitable for controlling a satellite. Similar for the ones discussed here is that they are all lin-
ear techniques, and as both the LQR and PD-controller are well known, they were natural
choices to use as references for the eMPC. As was shown th@asg 1-3 the response of

the schemes varied slightly. In terms of orienting the satellite in a specified direction, according
to the quaternions, the performance did not differ. As is evident though, the major difference
between the LQR, eMPC and the PD-controller is that in the latter no information about the
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wheel is utilized, hence making itimpossible to control. In Figure 5.9(g) for instance, the angu-
lar velocity of the wheel is way pass the physical saturation. Obviously, the stationary value of
the wheel velocity is arbitrary in this case. For the LQR and eMPC the situation is different, as
they both render the angular velocity of the wheel to zero. Not surprisingly, the eMPC was the
only one keeping it within the desired limits, as evident in Figure 5.10(j). Another difference
between the schemes is how the actuation occurs. Both the PD-controller and the LQR apply
high torques initially, as apposed to the eMPC where the constraints on the actuation in most
cases are active at the beginning. Physically this is desirable, as the high torques of the other
schemes cannot be realized on a micro-satellite. Physical saturation on the actuation on both
the PD-controller and the LQR was simulated in the modified version of Case 3. The actuation
for the PD-controller became smoother in this case, but it was oscillating heavily. The reason
for the oscillation, which in fact was even more severe without the saturation, is most likely
due to the wheel, as it for the PD-controller only contributes as a passive damper. The LQR
with saturation on the other hand gave an almost similar response to the eMPC. However, the
torque applied to the wheel was actuating heavily, due to the low weighting iR thtrix,

i.e. the wheel is almost applied without any cost.

As mentioned earlier, the ability to include input and state constraints directly in the problem
formulation, so that future constraint violations are anticipated and prevented, is probably the
most important reason for the success of MPC. Being able to solve the MPC problem explicit
makes it even more applicable. In sense of comparing PD-control, LQR and eMPC, applied
for attitude control, it is difficult to say which is the better as design issues have to be taken
into consideration as well. This will be discussed shortly. However, from the results obtained
in this thesis, the eMPC approach has shown to be an alternative that should be considered if
constraints need to be taken into account. Also, as shown, the actuation was smooth, as ap-
posed to the oscillating ones of the PD-controller and the LQR.

Further analysis was also done on the eMPC controller to highlight the effect of including slack
variables in the problem formulation. In systems to be implemented in real life, this should be
done, as it would be unacceptable to have a situation where no input exists. Depending on
how the slack variables are penalized, i.e. how expensive it is to violate any of the constraints,
the performance may differ. This can easily be seen in Figure 5.16(b). Also as shown, when
including slack variables, the controller can allow extreme initial conditions. In the general the
introduction of slack variables also increase the robustness in terms of measurement noise. As
mentioned above, the latter is not applicable for a scaled system.

When it comes to general design issues, the first thing to sort out is wether it is desired or
necessary to have the wheel converge to zero angular velocity. As it was discussed above,
both the LQR and eMPC includes this functionality directly. The cost in fuel consumption

for doing this was not investigated in this thesis though, but in the end, the amount of fuel
used for doing this operation should be lower than fuel usage during detumbling. The latter
is necessary whenever the wheel reaches saturation, and no more angular momentum can be
provided. The second major design problem is to chose the weighting matrices in the LQR and
eMPC controllers, since the optimality of the state feedback control is measured in sense of
the performance index. Whether it defines a good system in any engineering sense depends on
the choice 0olQ andR. Obviously, no universal solution exists for this problem, and usually it

is an iterative procedure, as it was here. The weight matrices were equal for the LQR and the
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eMPC. Additional choices need to be taken for the eMPC controller as well. If the constraints
are too strict there may not be a solution to the problem, or if the prediction horizon is too long
then the solution may become too complex. As for the weight matrices, the procedure of find-
ing appropriate eMPC parameters is highly iterative. In the end the gains for the PD-controller
were chosen sought to match the performance of the other two schemes.

The final issue to be discussed is the input modulation. As repeated earlier, the thrusters are on-
off only. As was shown in Figure 5.18, using a bang-bang modulation scheme with dead-zone
gave good results. Furthermore, the accuracy, and consequently the fuel usage can be adjusted
by varying the limits of the dead-zone. However, in many cases it would be useful to have a
Pulse-Width Pulse-Frequency (PWPF) modulation instead. This would especially be desirable
when the input signals are heavily oscillating or if contaminated with noise. Without going
into details, the PWPF consists ofSzhmitt-trigger which is similar to the bang-bang with
dead-zone, but also implementing hysteresis. A feedback and a lead-lag filter is also utilized,
allowing both frequency and width of the modulated pulses to change. Due to time constraints
this topic was unfortunately not considered in this thesis.

Utilizing unscaled model for deriving eMPC

As mentioned above, most of the work done in thesis was based on a scaled model. In the
following, it is shown that the results are applicable for the unscaled system as well. The
horizon and constraints were similar to the ones used for the scaled system, while choosing
Q = diag(200, 200, 200,5-1077,1,1,1), R = diag(100, 200, 100, 1), andp = 8 - 10~°. For

the remainder measurement noise is included according to Table 5.5, and the orbit is assumed
elliptical, hence causing additional disturbance. Initial conditions are eqdde 3in Table

5.3. Note that further work has been carried out on the mpQP toolbox. However, due to time
constraints, a thorough analysis of the outcome was not possible, and additional simulations to
the ones in Figure 5.22 and 5.23 were therefore omitted in this thesis.

The parameter spacg; 1, —1, -1, —-1500, -1, -1, -1]T < x < [1,1,1,1500,1,1,1]T, was
chosen to cover any physical values. As in the scaled case, a selection of the polyhedra regions
can be seen in Figure 5.21.
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eMPC based on unscaled model, bang-bang with dead-zone
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Chapter 6
Conclusions

A detailed and general model for a satellite has been derived, including topics related to distur-
bances and different actuators. In sense of representing the kinematics, the Euler parameters
were chosen due their nonsingular characteristics. As for the dynamics, these were described
by an alternative version of the Newton-Euler formulation.

After taking numerous simplifications into account, several properties of the satellite model
have been presented. Among others, the most important being the fact that the model was
uncontrollable, yet stabilizable. Also, due to the properties of the Euler parameters it is pos-
sible to keep track of and update the varyingvhich otherwise would have remained constant.

In systems suffering from limited power supply, data storage, and computational resources,
a reasonable approach is to evaluate a controller off-line, and consequently reducing the need
for CPU speed drastically as real-time effort can be restricted to a table-lookup. Also, in many
circumstances it may be desirable to prevent the different components from operating near their
thresholds, either the design focus is to keep power consumption within some limits or to keep
the rate of wear as low as possible. It has been illustrated that all these concerns can be dealt
with by formulating a Model Predictive Control problem (MPC).

It has been shown that explicit solutions to constrained linear MPC problems can be com-

puted by solving multi-parametric quadratic programs (mpQP), where the parameters are the
components of the state vector. The solution to the mpQP, which is a piecewise affine (PWA)

function, can be evaluated at each sample to obtain the optimal control law.

Using special made software, an explicit MPC (eMPC) controller has been derived for the

SSETI/ESEO micro-satellite project, initiated by the European Space Agency (esa). Due to
numerical sensitivity, most of the work was done on a normalized system. It was shown how-
ever, that the results were applicable for the original (unscaled) system as well, making it a
very interesting control scheme for attitude control. The eMPC approach has shown to be an
highly potential alternative to PD-control and LQR, and it should be considered if constraints

need to be taken into account.

An important thing to keep in mind is that the thrusters on the satellite are on-off by nature. A
preliminary solution to this problem was established using a bang-bang modulation scheme.
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6.1

Further work

Even if the results in this thesis show that an explicit MPC controller can be applicable for
attitude control of a satellite, there is definitely more to do on the subject. The first natural
steps would be as follows;

Continue the studies on an unscaled system with purpose of verifying the results ob-
tained in this thesis. If necessary, work should be done on the mpQP solver to improve
numerical robustness.

A stability proof was not included in this thesis. Several modifications to the MPC
problem have been suggested in the literature. However, as the solution to the mpQP
problem is a piecewise affine function, a potential approach is to search for piecewise
guadratic Lyapunov functions by solving a convex optimization problem using linear
matrix inequalities (LMIs). The idea is to find a valid Lyapunov function for each region

in the parameter space, separately yielding asymptotic stability.

The weight matriceR andQ were picked using an iterative procedure. Based on a well
defined mission mode, seek to find suitable costs matrices.

As with the weight matrices, the tuning parameters for the MPC problem were picked for
performance. Further studies should be done on the effects of increasing the prediction
horizon, and of using a different sampling frequency when discretizing the nonlinear
continuous-time model.

Do a detailed study on fuel consumption for the thrusters with aim of defining suitable
mission priorities. This could for instance be wether it is desired to render the angular
velocity of the wheel to zero during the transient, or if subsequent detumbling should be
applied instead.

The problem of input modulation is still considered unsolved. As an alternative to bang-
bang modulation, utilize Pulse-Width Pulse Frequency (PWPF) modulation instead.
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Attitude Control by means of Explicit Model Predictive Control,
via Multi-parametric Quadratic Programming
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Abstract— Explicit solutions to constrained linear MPC
problems can be computed by solving multi-parametric
quadratic programs (mpQP), where the parameters are the
components of the state vector. The solution to the mpQP is
a piecewise affine (PWA) function, which can be evaluated
at each sample to obtain the optimal control law. The on-
line effort is restricted to a table-lookup, and the controller
can be implemented on inexpensive hardware as fixed-point
arithmetics can be used. This is highly desirable on systems
suffering from limited power supply and CPU resources,
being for instance micro-satellites. In this paper the explicit
MPC (eMPC) approach is applied to the SSETI/ESEO micro-
satellite, initiated by the European Space Agency (ESA). The
controller is connected in closed-loop with the nonlinear plant,
and the effectiveness is demonstrated through simulations.

I. INTRODUCTION

The purpose of this paper is to establish a nonlinear
model of a micro-satellite, utilizing thrusters and one re-
action wheel, and then finally propose a strategy to solve
the problem of attitude control. However, unlike preceding
work, typicaly carried out using PD- or LQ-control [12],
Lyapunov design procedures [2]-[3], sliding mode [4]-[5],
adaptive- or quaternion feedback techniques [6]-[8], Ho, OF
‘Ha/Hoo [9]-[11], the topic of this paper will be on explicit
Model Predictive Control. It is shown in this paper to be
a highly potential scheme, and it should be considered if
constraints need to be taken into account, while real-time
optimization isimpossible due to computational limitations.
As familiar to the authors, this approach has not yet been
exploited for attitude control of spacecrafts.

Stability proofs are omitted at this point, but a potential
approach is to search for piecewise quadratic Lyapunov
functions by solving a convex optimization problem. In [13]
this was done using linear matrix inequalities (LMls).

When doing implementation, an important thing to keep
in mind is that the actuating thrusters are on-off by nature. A
preliminary bang-bang modulation scheme with dead-zone
will be utilized to deal with this problem.

The structural data and satellite model is based on the
SSETI micro-satellite project, initiated by the European
Space Agency. Further information will be given shortly.

The results in this paper are based on the work in [1].

¥Graduate student, e-mail: hegrenas@stud.ntnu.no
T Associate Professor, email: tommy . gravdahleitk.ntnu.no
*Postdoctoral Fellow, email: petter.tondel@itk.ntnu.no

A. Explicit Model Predictive Control

When solving a MPC problem the control action, or
equally, the solution, is obtained by computing an open-loop
optimal sequence of control moves on a predefined horizon,
once for each time sample. The first control input in the
sequence is then applied to the plant, and the optimization
is repeated with the new initial conditions and on the
new horizon, shifted one step ahead. Due to the shifted
horizon, the term receding horizon control is commonly
used interchangeably with MPC. For the remainder of this
section, the process to be controlled can be described by a
discrete-time, deterministic linear state-space model, that is

x(k+1) = Ax(k) + Bu(k)

y(k) = Cx(k)
where x(k) € R” is the state variable, u(k) € R™ is
the input variable, A € R™*", B € R™*™, and (A,B)
is a stabilizable pair. If we now consider the regulator
problem, that is, the problem of rendering the state vector

to the origin, the traditional MPC solves the following
optimization problem for the current x(k)

n&in {J(U,s,x(k))} subject to:

@

Ymin =S < Yitifk < Ymax T8, 0 =1,...
Unmin < Wi S Upax, i =1,...,M —1

Wi = KX M <k <N -1 @
Xpi = x(k)

Xppit1lk = AXppifk + Blggi, k>0
Yiti = CXppijpy k>0

where the cost function we seek to minimize is given as
T = plIsl3 + XLo wPxes e

N1 [ T T
+3is0 {Xk+i\kak+x\k- + ﬂkHRqu}

©)

and U & [u, ..., u} Mq]Tv s & [SL .. 7S;c+1\"71]T'
R=R">0,Q=Q"™>0,P =P >0, x4 is the
prediction of x(k + ) at time k, M and N are input and
constraint horizons. When the fina cost matrix P and
gain matrix K are calculated from the algebraic Riccati
equation, under the assumptions that the constraints are not
active for k > M, (2) exactly solves the constrained infinite
horizon LQR problem for (1), with weight matrices R and
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Q. The additional variable s € R"+ is a vector containing
slack variables, while the term ||s||> is the £5-norm of s,
and p is the penalty weight of the slack variables. Note
that using the £5-norm is only one way of including slack
variables. The slack variables are defined in such a way
that they are nonzero only if the output constraints are
violated, yet heavily penalized in the cost function, so that
the optimizer has a strong incentive to keep them zero if
possible. If we have p = oo, or equaly s = 0, the MPC
problem in (2) obtains its most simple form, only involving
hard constraints. In some situations this may be necessary,
but the optimization problem becomes more difficult so
solve, and infeasibility may occur. This can for instance be
the case if initial conditions are infeasible to start with, if
noise causes the output to go outside the feasible solution
space in the next time step, or if there are serious model
uncertainties. Obviously this needs to be dealt with in rea
applications, and as mention above one way of doing this
is to include slack variables.

1) From linear MPC to mpQP: It is shown in [14], in
case of having p = oo, that the MPC problem in (2) can
by some algebraic manipulation be reformulated as

V.(x(k)) = mzin {%ZTHZ}
Gz <W + Sx(k)

where z £ U 4+ H 'F'x(k), U is given as in (2), and
x(k) is the current state, which can be treated as a vector
of parameters. Dimensions are given as z € R":, H €
R?=X": G € R?*":, W € R9*!, and S € R9*". Note
that H > 0 since R > 0. The latter is a strong result, as the
problem formulated in (4) is strictly convex, and the Karush-
Kuhn-Tucker (KKT) conditions are necessary and sufficient
conditions for optimality, giving an unique solution.

As shown in [14], the mpQP in (4) can be solved by
applying the KKT conditions

4
subject to:

Hz+G'A=0, AeR?
M (G'z—W"=S"x(k)) =0, r=1,...,q, 5
A>0,

Gz — W — Sx(k) <0.

where the subscript ~ on some matrix denotes the ™ row,
while ¢ is the number of inequalities in the optimization
problem, and the number of free variablesisn, =m - N.

The key observation is that (4) is solved explicitly for
al x. It is shown in [14] that the solution z*(x(k)), hence
U*(x(k)), is a continuous piecewise affine (PWA) function
defined over a polyhedra partition. Consequently, the on-
line effort is limited to evaluating this PWA function.

Even though not derived for the case of including slack
variables, both (4) and (5) can easily be extended to cover
this situation, by defining the augmenting matrices H <
R#:%%: G € R+, and z 2 [U,s|" € R%. The number
of free variables now becomes 7., = n, + ns.

B. SSETI/ESEO

We then turn our attention to the Student Space Ex-
ploration & Technology Initiative (SSETI). The specific
satellite to be studied in this paper is the European Student
Earth Orbiter (ESEO). Through the project, students from
different European universities participate in designing,
building and operating a micro-satellite. In addition to the
satellite, the whole system consists of the payload carried
by the spacecraft and the associated ground systems. The
main author has been fortunate to participate on the work
related to the attitude control system (ACS).

In terms of attitude and control requirements, these are
specified according to the diversified situations the satellite
is expected to face during its lifetime. Only the nominal
mode will be considered in this paper when doing attitude
control, which includes the task of maintaining a stable at-
titude. More specifically this means that the best obtainable
result is whenever the body frame coincides with a defined
orbit frame. This will be explained subsequently.

A short summary of structural data is given in Table I.

TABLE |
SSETI/ESEO PARAMETERS

Value
diag(4.250, 4.337,3.664) [kg m?|
4-107° [kg m?]
[0,1,0]T
[0.0484,0.0484,0.0398]" [Nm]
527 [rad/s] ~ 5032 rpm

Parameter
Satellite inertia matrix, I
Axial whedl inertia, I
Axia wheel placement, A
Nominal thruster torque, 7,
Maximum wheel velocity

II. MODELLING

Equations describing a satellite with thrusters and an N-
wheel cluster are derived. The notation is based on [17].

A. Kinematics

The Euler parameters are chosen to represent the kine-
matics due to their nonsingular parametrization and linear
differential equations if the angular velocities are known.
The Euler parameters are defined in terms of the angle-axis
parameters 6 and k, and the mapping is defined as

0 0
1= cos gz, ezksini (6)

which gives the corresponding rotation matrix
R(n,€) =1+ 2ne* +2€e*€* 7
From the properties of the rotation matrix, it can be

shown that its differential equation can be written as

R} = (w},) "Ry = —(wh) RS ®)
where w?, is defined as the angular velocity of the body
frame F, relative the orbit frame F,, measured in F;,, and
R? isthe rotation matrix from F, to F,. The orbit frame has
itsorigin located at the center of mass of the satellite, and its
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z-axis is always nadir pointing (center of the Earth), while
the the x-axisis pointing in the direction of the velocity. The
y-axis completes the right-hand coordinate system. From (7)
and (8) the kinematic differential equations for the Euler
parameters can be found to be given as

. 1

i= el (98)
1

€ = §[n1+ex}w2b (9b)

B. Dynamics

The rotational equations of motion for a N-wheel gyro-
stat can be written as

h, = 7.—[J7'(hy - Ah,)] x h,

h, = 7,

(109)
(10b)

where h, isthe N x 1 vector of the axial angular momenta
of the wheels, 7. isthe 3 x 1 vector of the externa torque
acting on the body, not including wheel torques, 7, is the
N x 1 vector of the internal axial torques applied by the
platform to the wheels, and A is the 3 x N matrix whose
columns contain the axial unit vectors of the N momentum
exchange wheels. If we let wf, denote the angular velocity
of the body frame F, relative an inertial frame F;, measured
in Fy, then the vector h,, is the total angular momentum for
the spacecraft in the body frame, given as

hy, = JwY, + Ah, 1)
where J is the inertialike matrix defined as
JAI - ALAT (12)

I is the moment of inertia matrix for the spacecraft, in-
cluding wheels, and the matrix I, = diag{Is1, Ls2, ..., sy }
contains the axial moments of inertia of the wheels on the
diagonal. The axial angular momenta of the wheels can
be written in terms of the body angular velocity and the
wheels' axial angular velocities relative to the body, w,, as

h, = T,ATw} + Tw, (13)

Note that w, = [ws1, ws2, ..., wsn] | iSan N x 1 vector, and
that these relative angular velocities are those that would for
instance be measured by tachometers fixed to the platform.

Equation (10) can aso be written in terms of angular
velocities. By defining g1 = [hy, h,]T and v £ [wh, w,]T
we can write (11) and (13) in the compact form

I AIS}

Is AT Is (14)

p=Av, whee A= {
Clearly, we can find w! and w, from v = A~ly, or
equally, we can write v = A=, By utilizing the matrix
inversion lemma, together with (14), we get that
wh] [ 37! -J'A h,
ws|  |-ATI!

ATJ'A+I] [k } (1)

which can be written in full as

w?b = J71 [_(wfb) X (wab + AIsws) + Te]
—AT, (16a)
w, = ATJ! [(wfb) *(Iwhy, + Alw,) — Tﬂ]

+[ATITTA+ I 7, (16b)
As can be seen from (16), the angular velocities are given
in F, and relative to F;, while the kinematics in (9) are
relative to F,. However, it would be preferable if we in the
model could represent the attitude of F, relativeto F,. This
can be done by exploiting the relation

b

_ b
Wip =

o+ Rw), and @ = @b+ Riw?,  (17)
where wg, = [0, —wp, 0]T, and wy is assumed constant and
equal to the mean angular velocity of F,, given in F;. This
implies circular orbits. For the remainder we let ¢; denote
the i’th column of the rotation matrix R2. If we aso include
the gravity gradient as a disturbance, that is 7. = 7 + 7,
where T is the torque provided from thrusters, while the
gravity gradient is given as

T, = 3wi [c3 x (Ic3)] (18)

and by utilizing (8) and (17), we can rewrite (16) as
wgb = fine'rt + f‘r + fq + fadd (193)
ws = finert + f‘r + fg (lgb)

where the terms are given as

Jinert I [ (why — woea)™
(I [wfib — weCa] + AISwS)]
finere = ATIT! [(wa — WoC2)™
(I[wh, — woea] + ATw,)]
fT = J'r—J AT,
fr = AT+ [ATTA+ I 7
fg = J! [3w8c,3 X (Ic3)]
f, = —ATJ! [3w(2)C3 x (Ics)]
fadd = woés

I1l. ATTITUDE CONTROL BY MEANS OF
EXPLICIT MPC

In the following the explicit MPC controller is computed,
and some aspects considering implementation are discussed.
The complete nonlinear model throughout is given as

x = f(x,u) = [Why, s, 7, €] (21

where wb £ [wi,ws,ws]T, € [€1,€2,€3]T, and u £
[71, 72,73, 7a]T = [77,7}]T will be used for short.

L
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A. Explicit MPC controller for the SSETI/ESEO satellite

As we are only considering the linear discrete-time MPC
in this paper, it is necessary to linearize the model in (9)
and (19) with respect to the total state vector. By choosing
the equilibrium point p equal to x? = [0%,1,0°%]T, u? = 0%,
which eguals the scenario where F;, coincides with 7, and
the angular velocity of the wheel is zero, it can be found
that the linearized model can be given as

ax = A.ax+ B.au (21)
where the matrices A. and B, are given as
[ 0 0 (—ky)wo O
0 0 0 0
(kz—1wo 0 0 0
A, — 0 0 0 0
0 0 0 0
i 0 0 0
0 % 0 0
L 0 0 1 0
0 —8k,w? 0 0
0 0 M 0
0 0 0 —2k.w?
6 kyizn w)
00 FEEm 0| (229)
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0 ]
[ 0 o 0]
211 1 1
o 5 0 -
0 o 2+
L 33 1o
B, = |9 % 0 & (22b)
0 0 0 0
0 0 0 0
0 0 0 0
L0 0 0 0]
where we used that T = diag(iu,igg,igg), k,, = l22=is3

ey = i g, — ot and k= gy — 1, B
From the system matrix in (22a), we can immediately
conclude that the linearized system is uncontrollable, as all
the terms corresponding to n are equal to zero. However, the
linearized system is found to be stabilizable, and omitting
7, aso controllable. Also note that we can utilize the fact
that the Euler parameters satisfy 7% + €'e = 1, making us
able to keep track of, and update 7 in an open-loop manner.
Before we can use the mpQP Algorithm, (21) is converted
into an equivalent discrete-time form by utilizing a modified
first-order hold approach. The sampling time is chosen as
Ts = 0.1 [sec], and when deriving the controller, 7 is
omitted, making up the new state vector x of 7th order.

TABLE Il
SUMMARY OF TUNING PARAMETERS
\ Parameter [ Value |
Q diag{200, 200,200,5-10~7,1,1,1}
R diag{100, 200, 100, 1}
N (horizon) 2
p (Sack) 8.107°

The tuning parameters for the explicit MPC controller are
summarized in Table |I. The parameter space, in which we
search for feasible solutions of the mpQP, the is chosen as

~[1,1,1,1500,1,1,1)7 < X < [1,1,1,1500,1,1,1]7 (23)
while the constraints are given as

0.0484
0.0484
0.0398 |’
0.0020

The solution of the mpQP, obtained from the discrete-time
version of (21), Table | and I, and (24), gave a polyhedral
partition over the parameter space in (23), consisting of
2867 regions. If we denote each of these polyhedrons as
X;, where i is the specific region, then X; C R”. Examples
of planer intersections are shown in Fig. 1. Each polyhedron
contains an optimal control law such that if x(k) € &; then
u(k) = K;x(k)+k;. Thelatter is clearly an affine function.

Umaz = —UWmin = ‘ws‘ <527 (24)

1500

1000

500

s 0
-500
-1000)
1800 -05 0 05 1
mZ
(8) waws-plane
1
o] ——l
06 —
04
0.2
o 0|
-0.2
-0.4
os] —|
-0.8] \
-1hoo

-1000  -500 0 500 1000 1500
[
s

(b) wsea-plane

Fig. 1. Polyhedra partition, N =2 and p = 8-10~°
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B. Bang-bang modulation

When doing implementation, an important thing to keep
in mind is that the actuating thrusters are on-off by nature.
A preliminary bang-bang modulation scheme can be ap-
plied for dealing with this problem. The technique is best
explained through Fig. 2, where K,,,,,,, are nominal thruster
torques, and u., is given according to

1 ifu< —dz,

25
1 if u>dz. (29)

u, : signum(u) = {

u —dz u,

J dz

- Uy,
Koom d

Fig. 2. Bang-bang modulation with dead-zone

IV. SIMULATIONS

To demonstrate the aforementioned theory for the linear
MPC controller, the following closed-loop simulations have
been performed with the complete nonlinear model. Initial
conditions for the dynamics and kinematics, as well as
Keplerian orbital elements, are given in Table I11.

The first case is simulated without noise and bang-bang
modulation, while in the second, bang-bang is utilized, to-
gether with measurement noise asin Table IV. By means of
visualizing the results, the Euler parameters are transformed
into Euler angles [deg].

TABLE 11
SUMMARY OF SIMULATIONS
Case 1 Initial condition Set-point  Unit
wby {-0.05,0.15, —0.08} {0,0,0} rad/s
ws 400 0 rad/s
Euler angles (XYZ) {—25,60,90} {0,0,0} deg
Case 2 Initial condition Set-point  Unit
W {0.018,—0.018,0.018}  {0,0,0}  rad/s
Ws —-500 0 rad/s
Euler angles (XYZ) {60, —45, 30} {0,0,0} deg
Keplerian elements Initial condition Unit
[i,w, Q, 1] {7,178, -10, 0} deg
a 24603.14 km
e 0.0 -
TABLE IV
RMS ERRORS IN STATE ESTIMATES
Estimates Errors Unit
wb, {0.0035,0.0052,0.0035}  rad/s
0.5 rad/s

Ws .
Euler angles (XYZ) {0.1,0.1,0.1} deg
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Fig.3. Casel, N=2and p=8-10~5
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V. CONCLUSIONSAND FUTURE WORKS
A. Conclusions

It has been shown that explicit solutions to constrained
linear MPC problems can be computed for the attitude
control problem by solving multi-parametric quadratic pro-
grams (mpQP). The approach has shown to be an highly
potential, and it should be considered if constraints need to
be taken into account.
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Appendix B
Communication and Workshops
associated to ESA

Various communication and exchange of material has taken place during work on this thesis. A
wide range of tools has been available for the SSETI project, and communication has been via
e-mail, IRC, Newsgroup, ftp-servers, Workshops, and conferences. A short summary is given
bellow.

Presentation on eMPC held at the 7th SSETI Workshop




86 Communication and Workshops associated to ESA

— at the next time step*qgompute a ‘new optimal control
sequence, but with the new. lnltlalMtlons and the
horizon shifted one step ahead B

N-1 ’
J = x"(k + Nk)Px(k + Nk) + > {xT(k+ilk)Qx(k + il k) + u (k + i)Ru(k + i)}
i=0

Ymin <Y(k+ k) < ymax.i=1,...,] N
Umin < u(lL =t L) < Umax, © = 1

subject to: REULARERG)
x(k + i+ 1|k) = Ax(k +ilk) + Bu(k + ). k > 0

y(k+i) = Cx(k+ilk). k>0
u(k+i) = Kx(k+ilk). M <k < N—1

constrained LQR

How to solve? = }‘%uﬁ
» Apply a QP solver (e g. quadp;ngn
— need to do this for each time {3'

—> requires significant on-line computatiol
— limited to processes with relatmely,sl

Can we use this for a satellite? &
YES - if we can compute the optimal controlas offline!

: ¥
— explicit MPC, via multi-parametfic quadratic.programming
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b

- u(k) = -Kx(k), exactly as with closed-loop LQR!

Example: Double infe

Time [sec]

Initial conditions:
Euler angles =
[60,-45,35] deg

Wheel velocity =
[-500] rad/s

Body velocity =

[0.01 -0.01 0.01]
rad/s

oal
Drive Euler angles
to the origin, in an
optimal way, under
some constraints.

Constraints are in
software
NOT in hardware

&
=]

Euler angles

N
L]

e

Activate Controller

50 100 150
Time [sec]

200

— Roll (X)
— Pitch (Y)
— Yaw (2)

Angular velocity of reaction wheel

59910 lo,| <= 527 [racls]

100 150
Time [sec]

Thruster torque
I

TS Ir,| <= 0.0484 [Nm]

Ir,| <= 0.0398 [Nm]
[ 1rd <= 00484 Nl

Time [sec]

|'(a| <=2e-3[Nm]

Torque applied on reaction wheel

Time [sec]




88 Communication and Workshops associated to ESA

Participation at the STEC 2004 conference, Lausanne, Switzerland

let’'s launch the dream

Space Technology Education Conference

EPFL | Lausanne | Switzerland

April 14 th - 16 th 2004

space.epfl.ch/stec

¢ stec

.. 2004

CGesa MM > £




Appendix C

MATLAB scripts and Simulink block
diagrams

The Simulink block diagrams shown in this appendix were all used throughout our simulations,
together with a few MATLAB scripts. Except for different plotting routines, all the block
diagrams and scripts are included below. The source code for the mpQP toolbox is not included
here, and the reader should refer to Petter Tgndel at the Norwegian University of Science and
Technology for details.

MATLAB functions and scripts

init.m: (.) — (defines various parameter$

@&*************************************************************

% *
Y init.m *
Y *
% Author: Oeyvind Hegrenaes and Morten Topland, NTNU 2004 *
Y *
% Initialization of different parameters used in Simulink *
% *

9&*************************************************************

% Earth Parameters by means of WGS84

mu = 398600.5; % [km"3/s"2]

re = 6378137e-3; % Equatorial Radius of the Earth [km]
f = 1/298.257223563; % Flattering of Earth ellipsoid

rp = re - f =*re; % Polar Radius of the Earth [km]

% Orbit parameters for approximated circular orbit
% Initial orbit parameters given for SSETI/ESEO
% inclination: 7 [deg]

% semi-major axis: 24603.14 [km]

% eccentricity: 0.718
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% argument of perigee: 178 [deq]
% 1st descending node: -10 [deq]

a = 24603.14; e = 0.718;
rc_mean = a *sqrt(1-e"2); % Mean radius of ellipse orbit [km]
omega0 = sqrt(mu/rc_mean”3);

% SSETI/ESEO Parameters

i1l = 4.35; i22 = 4.337; i33 = 3.664;,

Ib = [il1 0 0 ; 0i22 0 ; 0 0 i33]; % Inertia matrix

a vec = [0 1 0]'; % Normalized axis of relative rotation

A = a_vec;

Is = 4.0e-5; % Moment of inertia of the wheel about a vec
J=1b - A *Is *A’; % Inertialike matrix

Jinv=inv(J); AtJinv=A’ = Jinv; Als=A ~*Is;
AtJinvA=A"  =Jinv *A; JinvA=Jinv  *A; % Pre-calculated parameters

% Parameters for linearized model (the components
% corresponding to dot_eta have been omitted since
% they were only zeros)

kx=(i22-i33)/i11; ky=(i11-i33)/i22;

kz=(i22-i11)/i33; kappa=i22-Is;

A = [0,0,(1-kx) *omega0,0,-8 +kx*omega0°2,0,0;
0,0,0,0,0,-6 *Kky 22 * omega0 2/kappa O;
(kz-1) *omega0,0,0,0,0,0,-2 *kz * omega072;
0,0,0,0,0,6 *Ky 22 * omega0~2/kappa,0;
1/2,0,0,0,0,0,0;
0,1/2,0,0,0,0,0;
0,0,1/2,0,0,0,0 J;

B = [1/i11,0,0,0;
0,1/kappa,0,-1/kappa;
0,0,1/i33,0;
0,-1/kappa,0,i22/(kappa *|S);
0,0,0,0;
0,0,0,0;
0,0,0,0];

C = eye(7,7); D = zeros(7,4);

% Nominal values from PROP document 24.02.2004 [Nm]
Tau_thrust_nom = [0.0484, 0.0484, 0.0398];

% Reaction wheel
w_s_max = 5035=* 2+ pi/60;



% Similarity transformation x = Nx * X

Nx = [ 0.04 0 0 0 0 0 0;
0 0.04 0 0 0 0 0;
0 0 0.04 0 0 0 0;
0 0 0 527 O 0 0;
0 0 0 0 1 0 0;
0 0 0 0 0 1 0;
0 0 0 0 0 0 17
Nu = eye(4,4);

A_scaled = inv(Nx)  *AxNXx;

B_scaled = inv(Nx)  *B*Nu;
Q_scaled = [ 50 0 0 0 0 0 0;
0 50 0 0 0 0 0;
0 0 50 0 0 0 0;
0 0 0 1 0 0 0;
0 0 0 0 100 0 0;
0 0 0 0 0 100 0;
0 0 0 0 0 0 100 ] ;
R_scaled = |
200 0 0 0;
0 300 0 0;
0 0 200 0;
0 0 0 0.1 7];

[K_scl,S_scl,E_scl][=LQR(A_scaled,B_scaled,Q_scaled,R_scaled);
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solveKep.m : (i, n, e, Qq, wo, o, At) — (Q, @, v)

function Orbit = solveKep(input)

9&*************************************************************

%

%  solveKep.m

%

%  Author: Oeyvind Hegrenaes, NTNU 2004
%

%  Solves Keplers equation iteratively. The position

%  of the satellite in the geocentric inertal system

% is found be means of classical Kepler elements at time t.
%

% Input parameter. i [deg] (inclination)

% e (eccentricity)

% a [km] (semimajor axis)
% o0 [deg] (ascending node)
% w [deg] (perigee)

% v [deg] (true anomaly)
Y t [sec] (time [sec])

%

% Output parameter: Orbit (updated COE)

%

9&*************************************************************

i=(pi/180) *input(1); e=input(2); a=input(3); o=(pi/180) *input(4);
w=(pi/180) *input(5); v=(pi/180) *input(6); t=input(7);

mu = 398600.4418; % WGS84 [km™3/s"2]

% Orbit settings
n = sqgrt(mu/a”3); % mean motion

ife ™= 0)
EO = acos(((e + cos(v)) / (1 + e * cos(V))));
ifpi < v &v <2 =*pi
EO = 2+*pi-EQ;
end
else

MO = EO - ex*sin(EQ); M = MO + n =t;

if-cpi < M&M<O | pi <M
EO = M - €
else
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end

E old = EO; Enew = E old + (M - E_old + e *sin(E_old)) ...

I (1 - e =cos(E_old));

while(abs(E_new - E_old) > 10°-8)
E_old = E_new;
E new = Eold + (M - E old + e =*sin(E_old)) ...
/I (1 - e =cos(E_old));

end
ifle "= 0)
v_new = acos((cos(E_new)-e) / (1-e * COS(E_new)));
if(pi < E_new & E new < 2 *pi)
V_new = 2=*pi-v_hew;
end
else
v_new = E_new - w;
end

Orbit = [i,e,a,0,w,v_new];

kep2carm : (COE) — (F;)

function Orbit ECI = kepZ2car(input)
@&*************************************************************

%

% kep2car.m

Y%

% Author: Oeyvind Hegrenaes, NTNU 2004

Y

% For COE, the function finds the corresponding position
% and velocity of the orbit frame, given in the ECI frame.
%o

% Input parameter: COE (Keplarian orbit elemets)

%

% Output parameter: Orbit ECI (pos. and vel. in ECI)

% Abs. distance to center of the Earth
%

@&*************************************************************

i=input(1);e=input(2); a=input(3); Omega=input(4);
w=input(5);v=input(6);

% WGS84
mu = 398600.4418; % [km~3/s72]
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% Orbit settings
n = sgrt(mu/a“3); % mean motion

% Find the ECI position and velocity from COE

r=a x (1-e"2)/(1+e * COS(V));

x=r * (cos(v+w) *cos(Omega)-sin(v+w) *sin(Omega) * cos(i));
y=r = (cos(v+w) =*sin(Omega)+sin(v+w) * cos(Omega) * cos(i));
z=r *(sin(v+w) *sin(i));

b=ax* sqrt(1-e"2);

I1=cos(Omega) =*cos(w)-sin(Omega) *sin(w) *cos(i);
I2=-cos(Omega) =*sin(w)-sin(Omega) * cos(w) *cos(i);
ml=sin(Omega) *cos(w)+cos(Omega) =sin(w) *cos(i);
m2=-sin(Omega) *sin(w)+cos(Omega) =*cos(w) =*cos(i);
nl=sin(w) = sin(i);

n2=cos(w) =*sin(i); cosE=(e+cos(v))/(1+e * COS(V));
sinE=(sqrt(1-e"2) *sin(v))/(1+e * COS(V));

x_dot=(n =*alr) *(b=*I12 *xcosE-a *I1 *sinE);
y_dot=(n =*a/r) =*(b=*m2cosE-a » mlxsinE);
z_dot=(n =al/r) *(b+*n2*cosE-a *nl=*sinE);

Orbit_ECI = [r,x,y,z,x_dot,y_dot,z_dot];

rot_o2i.m: (COE) — (R%)

function R_io = rot_o2i(input)
0/@'*************************************************************
%

% rot_o2i.m

%

% Author: Oeyvind Hegrenaes, NTNU 2004

%

V3 Given some COE, the function returns the rotation matrix
% from o -> i, that is the rotation matrix R_io.

%

Y Input parameter: COE (Keplarian orbit elements)
%

Y Output parameter: R_io (rotation matrix from o -> i)
%

0/@'*************************************************************

i=input(1); Omega=input(4); w=input(5); v=input(6);

cos_i=cos(i); sin_i=sin(i); sin_u=sin(w+v); c0s_u=cos(w+v);
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sin_O=sin(Omega); cos_0O=cos(Omega);

X_oi=[-cos_i *sin_O *cos_u-cos_O =*sin_u , cos_i *cos_O=*cos_u-...
sin_O *sin_u , sin_i *COS_U |;

y_oi=[-sin_i *sin_ O , sini =*cos O, -cos_i |;

z oi=[-cos_O =*cos_u+cos_i =*sin_O *sin_u , -sin_O  *CO0S_U-...
cos_i *cos_O=*sin_u , -sin_i *sin_u J;

R _io = [x_oi,y _oi,z_oi]; % Equation (3.5)

rot2quart : (R € SO(3)) — (q = [, €1, €2, €3])

function g = rot2quart(R)
@&*************************************************************

%

% rot2quart.m

%

Y Author: Prof. Thor Inge Fossen

% Edited: Oeyvind Hegrenaes, NTNU 2004

%

O Given a rotation matrix, R in SO3, the function returns
% the corrosponding quaternions.

Y

Y Input parameter: R (rotation matrix in SO3)
Y%

% Output parameter. q (quaternions)

Y

@&*************************************************************

R(4,4)=trace(R); [Rmax,i]=max([R(1,1) R(2,2) R(3,3) R(4,4)];
p_i=sgrt(1+2  *R(i,))-R(4,4));

if i==1,
pl = p_j
p2 = (R(2,1)+R(1,2))/p_i;
p3 = (R(1,3)+R(3,1))/p_i;
p4 = (R(3,2)-R(2,3))/p_i;
elseif i==2,
pl = (R(2,1)+R(1,2))/p_i;
p2 = p_i
p3 = (R(3,2)+R(2,3))/p_i;
p4 = (R(1,3)-R(3,1))/p_i;
elseif i==3,
pl = (R(1,3)+R(3,1))/p_i;
p2 = (R(3,2)+R(2,3))/p_i;
p3 = p_i

p4 = (R(2,1)-R(1,2))/p_i;

* %k ok ok %k ok Kk ok Xk F ¥
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else
pl = (R(3,2)-R(2,3))/p_i;
p2 = (R(1,3)-R(3,1))/p_i;
p3 = (R(2,1)-R(1,2))/p_i;
p4 = p_i
end
g=0.5 *[p4 pl p2 p3]; g=[q/(q’ =q)]’;

ucalloc.m: (1) — (u)

function u = ucalloc(tau)

0/0—*************************************************************
%3
% u = ucalloc(K,T,W,tau) unconstrained control allocation.

%  The generalized force vector tau = T *Kxu (dim n) is
% distributed to the input vector u (dim r) where r>=n by

%  minimizing the force f=K *U.

%

%  An unconstrained solution u = inv(K) *inv(W) *T" * ...
% inv(T *inv(W) *T’) exists if T *T’ is non-singular.

%o

% - K is a diagonal rxr matrix of force coefficients

% - T is a nxr constant configuration matrix.

% - W is a rxr positive diagonal matrix weighting

% (prizing) the different control forces f = K

%

% Author: Thor I. Fossen

Y Date: 3rd November 2001

%

0/@'*************************************************************

T=[1,0,0,0 ; 0,1,0,-1 ; 0,0,1,0];
K=[1,0,0,0 ; 0,1,0,-1 ;0,0,1,0};
W=[1,0,0,0 ; 0,1,0,-1 ; 0,0,1,0];

if det(T =*T)==0,
error(T = T"is singular’);
elseif det(W)==0,
error(W must be positive’);
else
Winv = inv(W);
u = inv(K) *Winv+T =inv(T *Winv*T") =*tau;
end

*U.
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Simulink block diagrams
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Figure C.3: Nonlinear satellite subsystem
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Figure C.5: Nonlinear dynamics
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Appendix D
Newton-Euler equations of motion

Equations of motion for a rigid body can be derived by summing up the equations of motion
for individual mass elementsn with velocity v,,. A rigid body B with a mass elementm is

shown in Figure D.1. The pointis the center of mass, whileis the point where we want to
express the equations of motion about. Later it will be assumed that the two points coincide.
The material in this chapter is based on Egeland and Gravdahl (2002).

Inertial frame

Figure D.1: Rigid body with mass elemenht.

D.1 Translational motion

The translational equation of motion with reference to a poicdn be written as

fo = ma,. (D.1)
From Figure D.1 we have tha} = 7, + 5, hence
U = Up+ Wip X Ty, (D.2)
e = o+ Wiy X Ty + Dip X (G X Ty), (D.3)

where we have used thaj is a constant ir.
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Combining (D.1) and (D.3) gives the force equation with reference to the point

fo=m (ao F i X Ty + By X (@i X Fg)) . (D.4)

The translational motion of a spacecraft can be controlled using thrusters. For a spacecraft in
orbit the motion is governed by the laws of orbital mechanics. Such a law is the restricted
two-body equation of motion:

—

7

TR (D.5)

a=—

wherer is the spacecraft’'s position andis the gravitational parameter for Earth. For more
details see a textbook in orbital mechanics, for instéhce

D.2 Angular motion

The Newton-Euler equations are derived from Euler’s First and Second Axioms:

f. = ma. (D.6)
Te = }_ic (D7)
Ty o= Tad Ty X fo (D.8)

where the angular momentum abewndo are defined as

he = / (7 x Tp)dm, (D.9)
B
hy = / (g X Ty)dm. (D.10)
B
By using thati, = v, + &y, x 73 andry = 7+ 7, (D.10) can be written as
ho = miy X To+ | 74 X (wip X 7g)dm. (D.11)
B

To simplify (D.11) the inertia dyadic
I, = /B —S2(7y)dm (D.12)
is introduced. The angular momentum abogan then be written as
o = My X o+ oG- (D.13)

An alternative expression can be found by Writiﬁgas

ho = /(F+Fg)x6pdm
B

= Do+ 7y X M, (D.14)
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where we have used that= L [ &,dm.
Time differentiation ofz, with respect to the inertial frame yields
Iy = T X Ty + 7y X iy + Mo + By x (Moa). (D.15)
Equation (D.14) implies that
Iy = he + 7y X Ml — Gy x m,, (D.16)

which combined with (D.15) gives

he = 7o = Ty X MUy — U) + Moy + Bip X (Mo@ip).- (D.17)

X

Insertion of (D.17) in (D.8) and using (D.7) gives the angular equation of motion

Tp = Tg X MGy + Mo@b + i X (Moﬁib)' (D.18)

D.3 Model summary

The equations (D.4) and (D.18) can be simplified by lettirmpincide with the center of mass
¢, meaningry = 0 andM, = M,. The simplified equations are

= md, (D.19a)
= My + 3y x (M), (D.19b)

il Khl

where the subscripthas been dropped for convenience.

Writing the equations of motion in coordinate form in thiame yields

mv? = 2, (D.20)
Mo + S(wh)Mw?h, = 7. (D.21)

At a first glance the translational and angular motion seems decoupled. A closer inspection
reveals that this is not the case. The reason is that disturbance torguses] forcesﬁl acting

on a spacecraft are usually dependent of the spacecraft's position and attitude. However, for
our purposes the translational and angular motion can be assumed decoupled.

'For more details about the derivation refer to Egeland and Gravdahl (2002)



110 Newton-Euler equations of motion




Appendix E
Orbital mechanics

Johannes Keplef1571-1630) formulated the three famous laws of planetary motion from an
empirical study based on data collected by the astrondiywto Brahg1546-1601). Kepler's

laws describe the simplest form of motion of celestial bodies under the assumption that no
external perturbing forces are present, and that the respective masses can be considered point
masses.

The three laws gave a description of the motion but no explanation. Kepler himself was con-
vinced that his empirically found laws followed a more general law. In 188&c Newton
(1642-1727) published his three laws of motion and the law of universal gravitation in the
Mathematical Principles of Natural PhilosophyBy using these laws Kepler's laws can be
derived.

E.1 The Two-Body problem

In celestial mechanics we are concerned with motions of celestial bodies under the influence
of mutual mass attraction. This Keplerian motion is described by (E.1).

M+m

For an artificial Earth satellite the mass can be neglected. The expression above then be-

comes
uM

= ——F E.2
N (E.2)
with r being the geocentric position of the satellite.
Equation (E.2) is a second order differential equation with solution on the form
r(t) = r(t;ar - ag)
i(t) = i(t;ar - ag) (E.3)

with a; - - - ag being free selectable integration constants describing the orbit. Usually the six
Keplerian orbital parametetse, i, 2, w, v are used.
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E.2 Classical Orbital Elements COE

To describe a satellite orbit the six Keplerian elements i, (), w, v can be used. See table
E.1. For a good and pedagogic description of the classical orbital elements, see Sellers (2000).
The COEs are best understood by looking at figure E.1.

Table E.1: The six classical orbital elements

Name Symbol
Semimajor axis

Eccentricity

Inclination

Longitude of ascending node
Argument of perigee

True anomaly

R D=0 0

~V_ .- perigee

apogee
pog v,

Figure E.1: Orbital elements

Semimajor axisa The major axis of an elliptical orbit is the distance between the point of
closest approach (perigee) and furthest point (apogee). Semimajor axis is one-half this distance.

Eccentricity e A circular orbit has an eccentricity of zero. Elliptical orbits has an eccentricity
less than one, while hyperbolic orbits has an eccentricity greater than one.

Inclination ¢ Describes the tilt of the orbital plane with the respect to the equatorial plane.

Longitude of ascending node2 Also calledright ascension of the ascending nod&he
ascending node is the point where the satellite crosses the equator moving south to north.
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Argument of perigeew Location of the perigee with respect to the ascending node.
True anomaly v Location of satellite with respect to perigee

Mean anomaly M

Instead of the true anomalythe mean anomaly/ can be used)! is defined by

M=F —esink (E.4)
whereF is given by
cos B = ctcosy (E.5)
1+ecosv

E.2.1 The orbital period

The orbital period, P is the time it takes for the satellite to revolve once around its orbit. The
period can be derived from Kepler’'s Third Law (Sellers, 2000) as

3
P=2m!= 2my | % (E.6)

whereP is the period in seconds, is the semimajor axis, while = 398600.4418 [km?/s?]
is the gravitational parameter.

E.2.2 Conversion from COEs to the ECI frame
A satellite position given in COEs can be converted to the ECI frame by (Wertz, 1978)

x cos(v + w) cos ) — sin(v + w) sin Q cos ¢
y| =r- |cos(v+ w)sinQ + sin(v + w) cos 2 cos i (E.7)
z sin(v + w) cos
wherer is given by
_a(l+é?)
~ 1+4ecosv
Similarly, we can find the velocity of the satellite in the ECI frame, that is

(E.8)

T blocosE —alisin E
y| =— |bmacosE —amysinE (E.9)
z bnocos E —anysin B

wheren is the mean motion as in (E.6)s defined in (E.8), and
b = ay/(1—¢€?)
l

cos 2 cos o — sin () sin wo cos ¢

mp = sinQcosw + cos()sin w cos1
ny = sinwsin?

los = —cosQsinw — sin{)cosw cost
mo = —sin{)sinw + cos{)cosw cosi

ng = coswsint
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E.3 Perturbed Satellite Motion

Equation (E.2) describes the ideal motion of a satellite around a body when only the mutual
gravitational forces are considered. In reality a certain number of additional forces act on a
satellite. The extended equation of motion is given by:

q M, -
a= —,u|?7|731" + ks (E.10)

where

—

ks =dg + dm +de +dp, +dp +dsp + da (E.11)
Perturbing forces on a near-Earth satellite are in particular(Seeber, 1993)

1. accelerations due to the non-spherically and inhomogeneous mass distribution within the
Earth,r g

2. accelerations due to other celestial bodies(Sun, Moon and planets), maitily
3. accelerations due to Earth and oceanic tifle$,

4. accelerations due to the atmospheric digg

5. accelerations due to direct and Earth-reflected solar radiation prassur,

Expressions for the perturbing forces can be found in Seeber (1993). An easy to understand
description of the main perturbations and its implications can be found in Sellers (2000).



Appendix F
The (w, z) parametrization

As mentioned in Chapter 2 the three-dimensidgmalz) parametrization is a relatively new for-
mulation for describing the relative orientation of two reference frames using two perpendicu-
lar rotations. Although it uses three parameters to describe the motion, two of the parameters
can be combined to a single complex variable. The complex variable is used to designate the
second of the two rotations and it is derived using stereographic projection (Conway, 1978).
The remaining parameter represents the initial rotation. As will be shown, the two rotations
can be completely decoupled, which has important implications and advantages. Since this
parametrization is quite new and not very well known it is here derived in detail. The material
in this section is based on the work by Tsiotras and Longuski (1995, 1996).

Parametrization of the rotation matrix R € SO(3)

As mentioned above, we wish to derive a parametrization of the rotation nkatirixsection
2.1 using two successive rotations. The resulting rotation matrix can thus be decomposed as

R(w,z) £ Rf(w, z) = Rg(W)Rg’(z) (F.1)

This can be interpreted as follows. Consider a inertial frandefined by three orthogonal unit
vectorsiy, io andzs Another frame is fixed to the body and is defined by the three orthogonal
unit vectorsbl, bg andbg The rotation matriXR in (F.1) is then the rotation matrix from the
the body frame to the inertial frame. The intermediate frapuefined by the three orthogonal
unit vectorsoy, 0 andojs is the result of the first rotation.

The first rotation is shown in Figure F.1 a) and represents a simple rotation about the iner-
tial i3-axis. This resulting rotation matrix can be written as

cosz sinz 0
R{(z) = |—sinz cosz 0| 2 Ry(2) (F.2)
0 0 1

The next step is to find an expression for the second rotation nfafix’) = Ra(w). Recall
that a rotation matrix can be computed using an angle-axis description, which was shown in
section 2.1 by usinodrigues’ fomuld2.2). The formula is repeated here for clarity;

R(k,0) =T+ S(k)sin® + S?*(k)(1 — cosh) (F.3)
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(@) (b)

Figure F.1: Rotation sequence of the, z) parametrization. Left hand side shows the initial
rotation about the bodys-axis. Right hand side shows the resulting coordinate system after
the second rotation.

Assume thab; = ab; + bby + cbs, which is thedss-axis in the intermediate frame, transformed
to the body frame. In sense of the rotation maRi(k, ¢) this can be written as

=R’(k,0)5; (F.4)

o o e

The resulting vectofa, b, ¢ is clearly the third column in the rotation matik,. Also, it can
be shown that—a, —b, ¢) are the directed cosines of thg-axis in theo frame, that is

53 = —ad| — boy + co3 (F.5)
The angle betweeby anda; is simply found from the vector dot product as

5 .7
6 = cos ! % =cos e (F.6)
|53 |3]

The axis of rotation can be found from (note thatas the same coordinates in both frames)

Fo %xbs (F.7)
|03 < bs|

Usingas = [0, 0, 1]T, when refereed to the intermediate reference frame, and (F.5), the axis of
rotation can be calculated as

(F.8)

Now the angle-axis description of the rotation matrix can be used. Insertion of (F.8) and (F.6)
into (F.3) gives the rotation matrix from the intermediate frame to the body frame, that is

b2 b
ctie iy @
Ri(k,0)=| -2  c+ 2 —b (F.9)

a b c



117

Figure F.2: Stereographic projection of a pdiatb, c¢) on a unit sphere on to a complex plane.

By taking the transpose of (F.9) we get the following expression for the rotation rirai(ix)

b _ab_
b + 1+c 1+¢:2 a N
R)(k,0) = _lan)c c+ 1aTc b| = Ra(w) (F.10)
—a —b c

Expanding (F.1) with (F.2) and (F.10) gives the complicated matrix

ccos z+absin z+(b%+c?) cos z csin z—ab cos z+(b%+c?) sin z
1+c 14c
R(W, Z) — | _csin z+(c2+{1j—)csin z+ab cos ,  ccos z+(c2+¢f—3;os z—absin z b (F_ll)
—bsinz —acosz —bcosz —asinz c

The foregoing matrix is redundant, in the sense that the elements a,b,c are not independent, but
satisfy the constraint
a2+ +cE=1 (F.12)

We can therefore eliminate one of the elements in (F.11) to obtain a simplified form. One way
of doing this is to use a stereographic projection. From the constraint in (F.12) we introduce
the setS? = {(z1,22,23) € R® : 2} 423 + 23 =1} € R?, which is the unit sphere. For
(a,b,c) € S?, we get the mapping : S?\{(0,0,—1)} — C, (a, b, c) — w. The stereographic
projection is shown in Figure F.2 and is defined as

b—ia

F.13
1+c¢ ( )

A .
W = W1 + 1wy =

It can be verified that the inverse map! : C — S?\{(0,0,—1)},w ~ (a, b, c) is given by

i(w—w) w4+ W 1— |w|?
—_— = C =
1+ |w|?’ 1+ |w|?’ 1+ |wl?

a= (F.14)

wherew is the complex conjugate of and|w|?> = ww = w} +w3. The basis of the projection
is the point(0, 0, —1), which is the south pol&' of the unit sphere. Note that when= —1

the projection has a singularity and — oco. The singularity corresponds to an upside-down
orientation of the body. Using (F.14) we can exprBsgw) in terms of (F.13) as follows

1 14+ W% — W% 2wW1wo —2wo
Ry(W) = ——5—— 2W1Wo 1—w?+ w3 2w1 (F.15)
L+ wi 4wy 2wy —2wq 1—wi— w3
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When using complex notation, a more compact matrix can be given as

1+ Re(w?) Im(w?) —2Im(w)
Im(w?) 1 —Re(w?) 2Re(w) (F.16)
2Im(w) —2Re(w) 1—|w|?

1

Ra(w) = TH W

The total rotation matriR(w, z) is then given in terms of and z as follows

(14 w? —w2)cz — 2wiwasz (14 w? — w2)sz + 2wiwacz —2wo
B |2wiwacz — (1 — wi + w3)sz  2wiwasz + (1 — w2 + w3)cz 2wy (F.17)
2wocz + 2w1Sz 2wWosz — 2wicz 1-— W% — W%

where @ and s denotes:os(z) andsin(z), respectively, ang = 1/(1 + |w|?).

The foregoing matrix can be written more compactly as

Re(1 +w?)e”*  Im(l+w?)e”®* —2Im(w)
Im(1 — w?)e™” Re(l —w?)e ™ 2Re(w) (F.18)
2Im(we? —2Re(we'?) 1— |w|?

Kinematic differential equations

From (2.6) we can derive the kinematic differential equations for the attitude motion of the rigid
body. The differential equation for (F.1) beconi@éw, ) = S(@)R(w, 2), wherew = w?;

is the angular velocity of the inertial frame relative to the body frame, as seen from the body
frame. It can be shown however, tha}, = —w}, (Kane et al., 1983). This relation makes

it possible to derive the kinematics using the more intuitive angular veloxﬁtwhich is the
angular velocity of the body frame relative to the inertial frame, as seen from the body frame.
For the reminder we lab = wfb £ [wl,wg,w?,]T, and the redefined differential equation for
(F.1) become®R(w, z) = —S(w)R(w, z), whereS(w) was defined in (2.4).

It can easily be verified that the third columnR{w, z) must satisfy

a a
bl = —S(w) |b (F.19)
¢ c
Recall from (F.13) thatv is defined as
b—1a
= F.20
W 1+c ( )

Differentiation of (F.20) gives .
jo = Loiamwe (F.21)
1+c

Using the relations in (F.14) and (F.19) gives the differential equatiow farC
. . W @
W= —WwswW+ — + -W

S5 (F.22)

where
w=wi t+iwe, &=w)—twy, =+v—1 (F23)
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An alternative formulation, which will be used throughout, is given as

w
Wi = w3wy + wawiwy + ?1(1 + wi —w3) (F.24a)
. w

Wo = —w3wi +wiwiws + ?2(1 + w3 — w?) (F.24b)

To find the differential equation for we start with the scalar form of the differential equation
for a rotation matrix,

tr[R(w, z)] = tr[—S(w)R(w, z)] (F.25)

wheretr(-) denotes the trace of the matrix. Taking the trac®o#, =) gives

. d d 2cosz+ 2
R ) = g iR = 5 (2255 1)
_ 2isinz 41+ cosz) (Wi + waw) (F.26)
14w+ wl (1+ w3+ w3)? '
Combining (F.24a) and (F.24b) gives the relation
W1W1 + WaWa
S R I F.27
w2 pwlE vt (F27)
Substituted (F.27) into (F.26) gives the expression
. 2
tr[R(w, z)] = e — (2sinz + (1 + cos 2)(wi1w1 + waws)) (F.28)

Expanding the right hand side of (F.25) we obtain
-2

ol=S@IR(W2)] = 5

[(1+4 cos z)(wiwi + waws) + (w3 — wiwa + wawy ) sin 2]

(F.29)
Equating (F.29) with (F.28), we obtain the following differential equation for the angle z

Z = w3 — W1W2 + wWowy (F30)
or equivalently,

L= wy+ %((DW — ww) (F.31)

To summarize the discussion above, the differential kinematic equations fer theparametriza-
tion are

W1 = w3wg + wowiwy + %(1 + W% — W%) (F.32a)
Wo = —w3Wi+wiwiwy + %(1 + w3 —w?) (F.32b)
Z = W3 — WwWiwWg + wWowq (F.320)

Alternatively they can be written more compactly as
W = —lwsw+ % + %\7&/27 (F.33a)

P o= wyt %(ww — W) (F.33b)
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| w | Kinematics w
. - w @ )
alilcb W 7 (w;i,w 2 —i—_ 5 W ) w1 + iwo
2= w3+ 5 (WW + ww)
. L ; w W52
- W= —iwzw + ¥ + Lw ,
szg : 3i+—2+2— w1 + w2
Z=w3+ 5 (0w — ww)
. - w o2 )
lﬁ—rzac W ? (wiw 2 —|:2W ) Wy + w3
Z=wi + 5 (WW 4 wow)
f -2 w @ 4,2
—i W= —iww+ ¥+ Lw ,
(i+zf ) 1Z-+,2+2, wo + w3
Z=wi + 5 (0w — ww)
) o w @2 )
chig | W= —i(waw =S4 5W) g,
Z=wo + 5 (WW + ww)
o . w L:J
—i W= —iwow + ¥ + Lw ,
Z=wy + 5 (0w — ww)

Table F.1: Stereographic coordinateand corresponding kinematics

Remark F.0.1. It is straight forward to verify that the kinematic differential equations for the
(w, z) parametrization can be written as

d
dt

Z = w3+ Im(ww)

— Wl = (1+[w[*)Re(ww)

(F.34a)
(F.34b)

Remark F.0.2. Equation (F.13) is only one of the possible definitions of the paranveter
Other combinations will provide different kinematic equationsvioand z. This is shown in

Table F.1.
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