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Abstract

This thesis concentrates on the non-linear optimisation of the station keeping problem of a low-thrust
geostationary satellite and provides with the Approximate Sequence of Riccati Equation (ASRE)
optimisation method a tool to decrease the total fuel consumption to a global minimum.

Creating a perturbation model for geostationary satellites with only electrical propulsion systems and
describing an optimal control algorithm called Approximated Sequence of Riccati Equations with the
transition method approach which guarantees convergence to its global optimum are necessary to
design an accurate simulation of the station keeping problem. Therefore, these are combined with
the spacecraft dynamics and the optimisation method to calculate a global optimal fuel consumption
in a fixed time horizon. As far as the author knows the description of the ASRE algorithm with
transition matrix approach is the detailed, public available one. It is the first time that the umbra
and penumbra are considered for the perturbation model for the used optimisation method. For the
verification of the final fuel consumption, the results of common literature, like Losa [14], are used
to demonstrate the functionality of the used optimisation. The findings of this thesis illustrate the
complexity of the non-linear station keeping problem as well as the Approximated Sequence of Riccati
Equations optimisation method for geostationary satellites can compete with already available solu-
tions. Furthermore, the derivation of the State-Dependent Riccati Equations to the Approximated
Sequence of Riccati Equations is discussed and approaches to decrease the propellant consumption
are considered like changing the mathematical factorisations or constraining the problem in another
way. The expectations of the optimisation approach are absolutely fulfilled, but the final result has
to go through more optimisations of the adjustable variables to achieve better results than provided
by common literature.

To conclude, the used optimisation method has the power to provide a very low propellant consump-
tion profile for geostationary station keeping, but in the future some further improvements to the

free parameters of the optimisation have to be done.

Keywords

Approximate Sequence of Riccati Equations. ASRE. Optimal control. Optimal control with transition

matrix. Low-thrust station keeping. Flight dynamics. Perturbation.
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1 Introduction

Traditionally geostationary spacecrafts orbiting the Earth hold their position with chemical thrusters.
These thrusters are well-known and provide a high Av which allows them to fire once every two weeks
in order to stay close at the chosen nominal longitude in the geostationary orbit. A low specific
impulse and a low effective exhaust velocity are the main disadvantages of chemical thrusters. Due
to Tsiolkovsky’s rocket equation thrusters based on chemical propulsion systems need a lot of fuel.
In contrast, modern low-thrust spacecrafts provide a very high specific impulse with a large effective
exhaust velocity. The provided thrust is smaller than chemically produced thrust. However, electrical
thrusters can be fired for longer times and the main limiter is the available electrical power.
Therefore, different researchers are trying to optimise the propellant consumption of station keeping
of geostationary satellites with chemical thrusters to a minimum. However, the satellite providers are
changing their way of thinking towards electrical propulsion systems for geostationary spacecrafts
because of the high fuel consumption of satellites with chemical propulsion systems. The main
disadvantage of electrical ones is that they need up to six months in the geostationary transfer orbit
and get a high dose of radiation in the Van-Allen belt. In this time, the spacecraft is not available
for the customer and provider. On the other hand, spacecrafts with electrical propulsion systems
need less fuel compared to ones with chemical systems — the high exhaust velocity and high specific
impulse decrease the amount of fuel to an optimal minimum although their available thrust is very
low. This propellant saving can be directly transferred to lower costs of the start of the spacecraft
or can grant the possibility to bring more payload up in the geostationary orbit. Alternatively, the
spacecraft can stay in orbit with the same amount of fuel.

To reduce this long period in the geostationary transfer orbit, modern control algorithms can decrease
the transfer time to a good trade-off between used propulsion and time. Those algorithms are
optimising the station keeping procedure of electric thrusted satellites, too. According to international
contracts, the geostationary spacecraft has to stay inside of its control box. External forces are acting
on the satellite. Thus, the satellite provider has to guarantee that live-time station keeping is assured.
The most important forces are the attraction of Sun and Moon as well as the solar radiation pressure.
The Earth seen as a point mass is holding the spacecraft in its perfect orbit — under the assumption
that the velocity and the radius are ideal. However, the Earth influences the spacecraft with its
non-homogeneous shape. This Earth induced perturbation can be modelled with the help of Zonals
and Tesserals and is often called natural drift. All these forces are acting on the satellite and are
trying to bring it out of its perfect orbit. To guarantee that the spacecraft will stay inside its control
box, which is normally 0.1 deg for the longitude and latitude deviation, and to save propellant the
thrusters have to be controlled in an optimal way.

Therefore, this thesis improves and validates an already available method to optimise the fuel con-
sumption for low-thrust geostationary station keeping. This is achieved by increasing the accuracy

of the perturbation model by the effect of the eclipse and presenting different mathematical factori-



1.1 Related Work

sations of the station keeping problem. Furthermore, different simulations show the possibility to

optimise the non-linear station keeping problem in an optimal way.

1.1 Related Work

Due to the re-thinking of the propulsion system of geostationary satellites, control engineers started
to work on new approaches. In 1980, Eckstein [4] proved that it is possible to solve the optimal
station keeping problem with low-thrust propulsion systems. The innovation was that the spacecraft
model could be linearised and solved in a discrete way. The advantage of this new approach: it can
compete with classical methods even under the presence of constraints.

The next step was done by T. Cimen [11, 12]. His work based on J. R. Cloutier’s research in the
late 90’s and in the beginning of the 215 century. Cloutier wrote many famous papers about State-
Dependent Riccati Equations (SDRE) [1, 2, 3]. This approach of Riccati equations breaks down the
non-linear system to a factorised model which grants additional degrees of freedom depending on
the factorisation. The weighting matrices, which are not existing in the classical optimal problem
solvers, are providing the possibility to add constraints to the solver as well as having some more free
parameters. Furthermore, it was demonstrated that the SDRE method is robust and asymptotically
stable.

In 2004, Cimen [12] introduced a new proposal to solve non-linear finite-time optimal tracking prob-
lems — the Approximate Sequence of Riccati Equation (ASRE) method. He proved that under mild
conditions his approach converges to the global optimum of the non-linear problem. In contrast to
other SDRE methods the ASRE approach is a fixed time problem. This means that the non-linear
problem can either be solved (globally) optimally in a fixed amount of time as a two-point boundary
problem or it has no optimal solution for the chosen time slot. Another benefit is this application
can be performed offline to calculate the optimal control cycle. Therefore, storage capabilities and
pre-computing have to be available. Then, the final optimal controller can be used in the online
control.

F. Topputo and F. Bernelli-Zazzera started to improve the ASRE approach and in 2011 they presented
at the 3'4 CEAS Air&Space Conference their approach for optimal low-thrust station keeping for
geostationary satellites [25]. They used the general ASRE method by Cimen which consists of time-
varying linear quadratic regulators. The two-point boundary value problem was solved with the
help of a transition matrix approach which was further improved by M. Pasta [19]. Therefore, they
separated the constrained states of the non-constrained states and made a feed-forward integration
to get the solution of the state transition matrix. This intermediary result is used to calculate the
initial co-state vector which can be used to determine the optimal control profile of the non-linear
problem. This proposal is very robust and can handle strict constraints.

Many other researchers like Weiss [29], Sukhanov [24] and Losa [14] are trying to achieve better
optimisation algorithm with different approaches. For example, in 2015 Weiss showed that it is
possible to use autonomous model predictive control algorithms for closed-loop station keeping of
low-thrust geostationary satellites. This method provides a high robustness and reliability while it
can reduce the operational costs because the Av is reduced. In contrast to this, Sukhanov suggests
a mathematical method for station keeping of low-thrust satellites which is based on linearising the

satellite’s motion to a close reference orbit. This approach sees the non-linear model as a two-body
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problem and respects the constraints on the thrust direction.

Another promising method is described by D. Losa [14, 15, 16]. She used different schemes to
solve the low-thrust station keeping problem: In 2005, the differential inclusion approach which
is a direct method was presented and verified. This proposal discretises the control time history
or the state variable time history. If the problem consists of state functions and their derivatives,
the control variables can be eliminated from the control problem. To handle mixed constrained non-
linear problems, she suggested a decomposition method in 2006. This direct method consists of linear
and non-linear optimal control problems. It is able to handle on-off thruster constraints and other
constraints. In her dissertation in 2007, Losa combined the previous attempts and showed direct
solutions for the fixed horizon and the receding horizon optimisation for geostationary low-thrust
station keeping. A linearisation around the station keeping point which is seen as an equilibrium
point is used. In the end, she verified her solution without constraining the thrusters, but she showed
how to model the thrust constraints, too. In 2016, C. Gazzino and D. Losa provided a paper to
solve the station keeping problem while splitting the control problem to two separate problems [5].
First, an indirect method is used to solve a classical optimal control problem by taking the result of
a direct solution of the problem without any constraints. Second, two ways of using the constraints
are discussed. The authors conclude that further research on this approach has to be done because
the formulation of the Pontryagin’s Maximum Principle with mixed control-state constraints has not
been considered.

Due to the many different approaches, one method which is promising the most further improvements
has to be chosen. The solver proposed by Topputo and the other one by Losa are seen as the most
favourable ones by the author of this thesis. Topputo provides a relatively new proposal which
converges to its (global) optimum and Losa uses a direct as well as an indirect method which are
well-known. Both approaches can tackle constrained problems which are already described like the
thrusters or maximum deviation of the longitude. Topputo has a long list of possible further upgrades
of the method like better factorisations and optimising the weighting matrices. On the other side,
Losa’s newest paper [5] describes only one remaining issue: the Pontryagin’s Maximum Principle
with mixed control-state constraints should be analysed. Another difference between the promising
methods is Topputo uses a pseudo-linearised factorisation which has a non-unique solution for a
station keeping problem for geostationary satellites. Losa has to linearise the non-linear problem
around an equilibrium point which is the nominal station keeping point. The problem of Losa’s
linearisation is that the model has just an accuracy up to a Taylor expansion of order one. Therefore,
Losa has to calculate the whole system in Cartesian coordinates while Topputo can stay with spherical
ones.

After the previous consideration, the thesis will use and improve Topputo’s ASRE method with the
transition matrix approach. In summary, his scheme guarantees a global optimal control profile,
possibility of further improvements and many chances to fine tune the optimisation like changing the

weighting matrices or factorisations.

1.2 Outline

This work is structured in the following way to guarantee the reader a comprehensible picture of the

usage of the ASRE method for a geostationary station keeping problem:



1.2 Outline

In Chapter 1, an introduction to the low-thrust station keeping problem for geostationary satellites
is given. Furthermore, an explanation why the ASRE method is used.

In Chapter 2, basic understanding of the different coordinate reference frames and the orbital elements
is provided. Also, a short description of how to calculate the fuel consumption can be found.

In Chapter 3, the perturbation model including the Earth, the Sun and the Moon as well as the
solar radiation pressure with the eclipse constraints are derived. The Earth is modelled as a non-
homogeneous sphere with Zonals and Tesserals up to order and degree of three. The celestial bodies,
Sun and Moon, are regarded as point masses. The perturbation model has to be created as it has to
be used for the final evaluation of the optimisation.

In Chapter 4, the ASRE method is derived. First, the SDRE are shown including their conditions.
These are valid for the ASRE approach, too. From the normal ASRE approach, the improvement
towards the transition matrix approach is described. Therefore, different constrained problems and
an example to verify the method is given.

In Chapter 5, the dynamics of a geostationary spacecraft are given — first, in the unperturbed case
and finally in the perturbed case. A possible factorisation of the dynamics is discussed including
perturbations and the control of the input to the system.

In Chapter 6, first, it is shown that the perturbation model puts all the necessary disturbances to
the spacecraft. Afterwards, the control algorithm is tested for the case of no perturbations. Then,
it is presented that the control algorithm provides an optimal control profile for the perturbed case.
One of the free parameters of the system are the weighting matrices. These are optimised and used
to present an optimal control profile with better weighting matrices for the chosen factorisation. The
large influence of the factorisation is discussed later. Finally, the best factorisation of the system
including the best weighting matrices are compared to the result of Losa [14].

In Chapter 7, a summary of the work is presented as wells as ideas for further development and

research.



2 Background

This chapter provides an overview of the orbital elements and the later used coordinate reference
frames like the Earth-Centred Inertial. In the last-mentioned topic, the transformation from spherical
to Cartesian coordinates and vice versa are discussed, too. Additionally, the rotation around the z-
axis, which is important to rotate a rotating reference frame to an inertial one, is shown. For the
calculation of the minimum fuel consumption, this chapter presents a way to determine the used

propellant mass.

2.1 Orbit elements

In this thesis, the orbit elements are only described very briefly. More detailed information is provided
in common literature like Losa [14], Sidi [21] and Soop [22].

2.1.1 Classical Orbital Elements

The Classical Orbital Elements (COE) were first described by Kepler. He defined them in an unper-

turbed Keplerian orbit: The COE can be seen in Fig. 2.1. For more details on the single elements

semi-major axis

eccentricity

inclination

right ascension of the ascending node
argument of perigee

true anomaly

R &E D=0 2

the author refers to Losa [14].

2.1.2 Equinoctial Orbital Elements

The COE have singularities for spacecrafts in a geostationary orbit. The inclination ¢ is quasi zero.
The ascending node is not defined because the equatorial plane has no unique crossing line with the
orbital plane. In fact, they are identical. Therefore, neither the argument of perigee nor the true
anomaly are defined.

A new set of orbital parameters was chosen by Lagrange: the Equinoctial Orbital Elements (EOE).

These parameters have no singularities for the geostationary orbit. They can be described using the
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Figure 2.1: Classical orbital elements
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where [ is a retrograde factor. It is +1 if the satellite is in a prograde orbit and it is —1 for retrograde
orbits. 0(t) is the Greenwich Hour Angle (GHA) which depends on time and is changing with the
rotation of the Earth — in 24hours it rotates 360° (see Section 3.1).[14]

2.2 Coordinate Reference

Frames

In the following, the later used reference frames are discussed. They can be categorised in spacecraft
fixed, Earth-Centred Earth-Fixed (ECEF) and the Earth-Centered Inertial (ECI) frame. This section

is a summary of Losa [14] and Wertz [30]. The reference frames are commonly and well-described in

literature, such as Wertz [30].
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Equatorial plane

Ecliptic plane

Vernal equinox

Figure 2.2: ECI reference coordinate frame

2.2.1 Earth-Centred Inertial

The Earth-Centered Inertial (ECI) lies in the ecliptic plane of the Sun and has its origin in the centre
of the Earth. x, y and z are the unit vectors of the x, y and z axis. The z-axis is defined as the crossing
of the equatorial plane with the ecliptic plane (see Fig. 2.2) which is also called the vernal equinox.
The z-axis is the axis through the celestial North pole. The y-axis is standing perpendicularly on the
z-z-plane to fulfil a right-handed coordinate system.[16]

The ECI reference frame is depending on the time. The J-2000 reference frame, which was introduced
to give an exact reference on the 15 of January 2000 at 12:00 o’clock, is one possible inertial frame
and is used in this thesis as the initial reference frame. To use it for newer dates, it is important
to use the True-of-Date inertial system which does not neglect the nutation effect. The true of date
reference frame follows the same concept as the J-2000 reference frame, but the axes differ slightly:
the x-axis is at the current vernal equinox, the y-axis at the current equatorial plane and the z-axis
is perpendicular to the other two axes. For all of the following calculations, the true of date reference
frame is used whenever the ECI reference frame is mentioned.

In general, the ECI reference system is given in terms of Cartesian coordinates x, y and z which can

be described in spherical terms

T 7 COS 0 COS (¢
= [rcosdsina |, (2.2)
z 7sin d



2.2 Coordinate Reference Frames

where r is the distance from the centre of the Earth to the spacecraft, « is the angle between z-axis
and the projection of r in the equatorial plane. ¢ is the angle between the projection of r in the
equatorial plane and the real r.[14]

Expressing spherical coordinates from Cartesian coordinates:

r Var? 4+ y? + 22

A = arctan % (2.3)

o arctan

2
L7 | Va? +y?

2.2.2 Earth-Centred Earth-Fixed

In contrast to the ECI reference frame, the Earth-Centred Earth-Fixed (ECEF) is rotating with the
Earth and has its origin in the centre of the Earth. The z-axis is at the Greenwich meridian and the
y-axis is perpendicular to the -z plane to achieve a right-handed coordinate system, where the z-axis
goes through the North pole (see Fig. 2.3). The radius r is defined as the distance from the centre
of the Earth to the centre of gravity of the satellite. The latitude ¢ describes the angle between the
radius vector and the z-y-plane which is the equatorial plane. The longitude 6 is the angle between
the projection of the vector from the centre of Earth to the spacecraft in the equatorial plane and
the vernal equinox subtracted by the GHA (see Section 3.1).[14]

To convert the spherical coordinates with respect to the ECEF to the inertial frame with Carte-
sian coordinates, it is important to rotate the the ECEF and transform the spherical to Cartesian

coordinates.

7 COS ¢ COS A
=Rz(0)- | rcosgsin\ |, (2.4)

rsin ¢

IS IS

where Rz(0) is the rotation matrix around the z-axis. The rotation has just to be around the z-axis
of an angle 6 because the it is the same in ECI and ECEF.

cosf@ —sinf 0
Rz(0) = [sin@ cosf 0 (2.5)
0 0 1

From Cartesian to spherical coordinates in the ECI reference frame, the following equations are

useable:

r V2 +y? + 22

ysinf + x cos

A | = | arctan (2.6)

ycosh — xcosd

10) arctan

z
L | «/:c2+y2 ]
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Figure 2.3: ECEF reference coordinate frame

2.2.3 Radial Tangential Normal

The Radial-Tangential-Normal (RTN) reference frame is in contrast to the coordinate frames de-
scribed above a spacecraft based one. In general, it is used to express the perturbations acting on
a spacecraft. The origin of the RTN is chosen to be fixed at the nominal position of the spacecraft.
The radial-axis is facing at the negative direction of the spacecraft-Earth-vector. The tangential-axis
is given by the flight direction and the normal-axis is perpendicular on the R-T-plane to build a
right-handed coordinate system (see Fig. 2.4). The R, T and N are set as the unit vectors of the
RTN reference frame.[15]

For geostationary satellites, the N-axis is pointing in the same direction as the z-axis of the ECI
reference frame. Thus, to convert from ECI to RTN a rotation around the z-axis has to be performed.
For non-geostationary orbits, the argument of perigee w and the true anomaly v are used. In the
geostationary case, the inclination ¢ is zero and the true anomaly as well as the argument of perigee
are not defined. Hence, the COE cannot be used — the EOE have to be used.

The detailed way to get the true longitude L and the according sin L and cos L can be found in Losa
[14]. Using the rotation matrix in the EOE from Losa [14] leads to

R cosL sinL 0 X
T| = |sinL cosL 0| -|Y], (2.7)
N 0 0 1 Z
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Orbital plane

Figure 2.4: Radial-Tangential-Normal (RTN) reference coordinate frame

where
(VI=PF=P3+1-B3)sinK + PPycos K — Py (1+ /1= Pf — %)
sin L = (2.8)
(1= PsinK — Pycos K) - (1+ /T PF— P3)
(VI=PE=P3+1-P})cosK + PiPasink — Py (1+ /1= PZ — %)
cos L = . (2.9)
(1= PisinK — Pycos K) - (1+ /1= P~ %)
The parameter K can be shown by
K=Q+w+FE. (2.10)

2.3 Fuel consumption

The fuel consumption for a geostationary spacecraft around the Earth can be calculated via Av
which is the maximum change of the velocity of the satellite. The total amount of needed fuel for a

manoeuvre is according to Tsiolkovsky’s rocket equation:

Av
mpy=m-|1—e Lv9 | (2.11)

where m,, is the mass of the used propellant, m is the initial spacecraft mass, I, is the specific

impulse of the used propellant and g is the acceleration at the surface of the Earth.[19]

10



3 Perturbations

In general, many different forces act on satellites. In low Earth orbits, the main disturbances are the
atmospheric drag and the gravity attraction of the Earth. While increasing the semi-major axis to a
geostationary orbit, the acting forces will change. Now, the attraction of the Sun and the Moon have
large influences on the system as well as the solar radiation pressure. Due to the larger distance from
the Earth’s surface and accordingly being far away from the dense atmosphere, the atmospheric drag
can be neglected. In Fig. 3.1, the norm of all important perturbations for geostationary satellites can
be found. Over one year, the norm stays in an arithmetic average of approximately 0.75- 1078 km/s.
The maxima and minima peaks have a nearly constant time between them.

In the following, the different perturbations are presented. The description of the dynamic model is
well-known and a summary of common literature is shown in this chapter (compare with Losa [16],
Montenbruck [18] and Sidi [21]). The necessary forces which are needed to create an accurate dynamic
model for the station keeping of geostationary satellites are derived: (1) the gravity attraction of the
Earth, (2) the attraction of the Sun and the Moon, and (3) the solar radiation pressure including the
effect of the eclipse. It is important to mention that the attraction of other planets like Jupiter can

be neglected.

1078
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Figure 3.1: Norm of all perturbations including SRP, Sun and Moon attraction as well as Tesserals
and Zonals up to order and degree of three for one year at longitude of 60 deg

3.1 Earth Gravity Attraction

There are and have been many space missions to collect data about the gravitational field of the Earth.

Due to the non-homogeneous shape, which is often compared to a potato, the greatest gravitational

11



3.1 Earth Gravity Attraction

force of the Earth acting on a geostationary spacecraft orbiting the Earth is at 75.1°E and at 105.3°W
— those two points are called stable points. At 161.9°E and at 11.5°W there are unstable points which
means a spacecraft positioned there can, depending on the initial velocity, drift either to the east or
west. In contrast, a geostationary satellite set to a stable point will remain at that position forever
(see Fig. 3.2).[18]

3.1.1 Non-normalised Earth Gravity Attraction

In the case of the Earth being a homogeneous sphere or being seen as a point mass, the potential
field can be described as

7 = VU, (3.1)
where M
U(r) = —2 = £2 (3.2)

is the potential function.
For more realistic models this assumption needs to be more precise. Thus, a non-homogeneous mass

distribution and an oblate celestial body will be used

U(r,\,¢) = 2o 4 B(r, ¢, \), (3.3)

"where B(r, ¢, \) is the appropriate spherical harmonic expansion used to correct the gravitational
potential for the earth’s nonsymmetric mass distribution"[21]. The gravity field, which can be derived
from the geopotential, can be described as a function of zonal and tesseral components and of Legendre

polynomials:

’I'L

U(r, ¢ 7@3 Z Z n P (sin @) (Crm, cos(mA) + Sy sin(m)), (3.4)

where P, (sin ¢) are the Legendre polynomials. C,, and S,,, are the unitless geopotential coef-
ficients which describe the mass distribution of the Earth (see Table 3.1). For m # 0 they specify
the Tesserals which rely on the the longitude and latitude. In contrast, the Zonals are characterised
for m = 0. There is no dependency on the longitude, but only on the latitude and the Zonals are
often called "J"-terms according to the Joint Gravity Model (JGM) — the most significant one is the
"J2"-term.[20]

12
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90°E

Stable at 75.1°E

Drift/ Drift
Unstable at 161.9°E

180° 0°

Unstable at 11.5°W

Drift Drift
Stable at 105.3°W

90°W

Figure 3.2: Drift change due to Earth’s gravity field seen from North pole according to Soop [22]

Consequently Eq. (3.4) (compare with Losa [14]) can be written as

Ulr,¢,A) = 224

(
+,u@joa (15cos3gb) (C cos)\(1—4s' 2>\)+S i )\(4 2)\—1))
7‘4 33 11 33 S1n COS .

Now, Eq. (3.6) can be used to transform Eq. (3.5) in the ECI reference frame.

Z sin ycosf — xsinf

— nA="———
Va2 +y? + 2?2 Va4 2

A a2 + 2 xcosf + ysinf

cosp = COS\ = —————
22 + y? + 22 A 12 + 92

The geopotential function U(r, ¢, \) from Eq. (3.5), which is transformed to the ECI reference frame,

sin ¢ =
(3.6)

can be described by

U(z,y,z,0) = Uy + Uz + Uz + Usg + Usy1 + Usa + Uss. (3.7)

The components of Eq. (3.7) can be seen in table Table 3.2, where z, y, z are the inertial Cartesian
coordinates and 6 is the GHA. The GHA, which is the right ascension of the Greenwich meridian,

is the angle between the Greenwich meridian and the mean vernal equinox of the date in the J-2000

13



3.1 Earth Gravity Attraction

Table 3.1: Legendre polynomials and geopotential coefficients up to order and degree three (see

Losa [14])
n|m Chnm Snm Py (sin ¢)
0|0 1.00 0.00 1
110 0.00 0.00 sin ¢
111 0.00 0.00 cos @
2|0|-1.08-1073 0.00 3sin?¢ — 0.5
211 0.00 0.00 3 cos ¢ sin ¢
22| 1.57-1076% | —9.03 107" 3cos? ¢
3]0 253-107° 0.00 2sin® ¢ — 3sin¢
311 2.18 1076 2.68-1077 % cos ¢ sin? ¢ — % cos ¢
312 311-1077 | —2.12-1077 15 cos? ¢ sin ¢
303 ] 1.02-1077 | 1.98-107" 15 cos® ¢

In this thesis the Zonals and Tesserals are chosen to be up to order and degree of three (m = 3 and
n = 3).

reference frame (see Montenbruck [18]). It is given by
O = 280.4606° + 360.9856473° - d, (3.8)

where d is the time in days since first of January 2000 at 12:00 o’clock. The terms which are not
mentioned like Us; are zero.

The acceleration of the Earth attraction in the ECI frame can be derived from the potential function
in the ECI frame

T
|:an Gey an] :mezU(%%Z;e)- (39)

The gradient of the potential function Eq. (3.9) can be described as

Aex aex00 + REcex20 + REaexo + Ryoexso + Ryoexst + Ryaexss + Ryaexss
aey | = Ha | cevoo + Rgeyao + REaeyas + Riaeyso + Ryoeys: + Ryceys2 + Ryaeyss |
ez ez00 + Re0ez20 + Re0tez0 + Rycvez30 + Riyez31 + Riyaezsz + Riyoiez3s

(3.10)

with oy, being the derivative of U(z,y, z,0) to x, y and z. It can be found in Table 3.3.

Table 3.3: Induced acceleration by the Earth gravity attraction in inertial Cartesian coordinates

—X
aEXOO 3
P
-y
Qley 00 —5
P
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3.1 Earth Gravity Attraction

Table 3.3: Induced acceleration by the Earth gravity attraction in inertial Cartesian coordinates

(continued)
—z
Qe Z00 —
e p3
3Cy%x (xQ T 422)
Qe X20 2p7
3C5y (1'2 + y2 — 422)
Qey20 9,7
p
3C9%z (3302 + 3y? — 222)
QeZ20 9,7
p
6y (—4x2 + % + 22) ¢§2 + 395(—3:1:2 +Ty? + 222)7%2
anQQ 7
P
6z (2% — 4y? + 22) Y3, — 3y(T2? — 3y* + 22%)73,
Qey 22 7
p
—30xyz1p2y + 152(—22 + y2)v3,
Qez22 -
p
5C3022(32% + 3y? — 42?)
an30 2 9
p
5C30y2(322 + 3y? — 422)
0y 30 9,9
P
Cso(—3x* — 3y* — 82% — 622y? + 242222 + 24y°2?)
Q730 9,9
p
3 dxy (x2 + 9% — 622) i + (41‘4 — gt 4+ 42% + 32%y? — 272222 + 3y222) 3
Qe X31 9 9
p
3 (*afL + dy* + 42 + 32%y? + 32222 — 27y222) w%l + 5y (z? + y? — 622)7§1
p
15 yz(32% + 3y? — 422)d) + 22(322 + 3y? — 422)43,
P
15 2yz(—622 + y? + 223y + z2(—52% + 9y? + 222)3,
e X 32 o5 g
p
15 2xz(z? — 6y + 22)b3y — y2(922 — 5y? + 22%)73,
Qey32 o 9
p
15 2ay(2® +y° — 62293, — (22 — y?)(2® +y° — 62%)73,
p
15 ay(—152% + 13y2 + 622)93; — (da* + 3y* — 2122%y? — 32222 + 3y222)y3,




3.1 Earth Gravity Attraction

Table 3.3: Induced acceleration by the Earth gravity attraction in inertial Cartesian coordinates

(continued)
15 (3x* + 4ot — 21222 + 32222 — 3y%22)Yd; — 2y (1322 — 15y% + 622)73,
Qeyss | 5 9
P
105 yz(=32% + y*)yds — wz(a® — 3y°)rds
Qez33 7 : ,09

p = 22 +y2+ 22 Pl = Cppmsin(if) + Spm cos(if), v, = Chnm cos(if) — Spy, sin(if), where n

and m are the degree and order of the Zonals and Tesserals.

3.1.2 Normalised Earth’s Gravity Attraction

The geopotential coefficients Ci,,,, and Sy, are affected by the Earth radius to the power of the order
of n which can be seen in Eq. (3.4). For higher-order terms their magnitude varies very strong (see
Table 3.1). To hold the magnitude in a narrow band, it is common to normalise the geopotential
coefficients and the Legendre polynomial. Additionally, the non-normalised variant becomes unstable
at around n = 70 and m = 70. For higher accuracy, only the normalised function can handle higher
degree fields properly which is the standard of the NASA.

The geopotential function Eq. (3.4) can be rewritten, like in Montenbruck [18], as

W n R
9) = L@ ﬁ o A) + Spm A 11
Ulz,y, 2, . Z:: Z:: (i @) (Crm cos(mA) + Sy sin(m)), (3.11)

where
Dum = N - Crm (3.12)
Spm = N - Spm (3.13)
Pom=N1't.P,.. (3.14)

with

7 (n+m)! 1/2
Noam = ((2 —Som) 2n + 1) (n — m)!) ‘ (3.15)

The Kronecker symbol dg,, is 1 for n = m and 0 for n # m.

Now, the non-normalised geopotential coefficients from Table 3.1 can be normalised. Using Table 3.4,
Eq. (3.14) into Eq. (3.11) and inserting the result in Eq. (3.9). This gives the normalised acceleration
induced by the Earth gravity attraction.

n

laex awy an]Tz WT@Z Z —@ 1P (510 ) (Cram cO8(mA) + S sin(mA))  (3.16)

Writing the complete sum of the normalised geopotential function, a new term of order n = 2 and

16



3.1 Earth Gravity Attraction

Table 3.2: Gravitational potential for Earth in ECI frame

Uoo Ho 73
(22 4+ y2 + 22)Y
Caoo(—a% — y? + 222)
U R2..
20 Holto 2(x? + y? + 22)5/2
U 3 2 Ca [(2? — y?) cos(26) + 2zysin(20)] + Sao [(y* — 2?) sin(26) + 22y cos(26) ]
22 Halig 2(3:2 +y2 + 22)5/2
C30z (—33:2 —3y% + 2z2)
U RS .
50 Holte 2(x2 + 32 + 22)7/2
C31 (xcosf + ysinf) + S3;1 (ycos — xsinf)
3 (_a,2 9.2 2) .
Usi poRg (—32° — 3y + 1222) 222 1 2 + 2P
U | 150 R Cs2 [ (2? — y?) cos(26) + 2zysin(26) ] + Sso [ (y* — 2?) sin(26) + 2zy cos(26) ]
32 HelhgZz - (22 + 12 + 22)7/2
poRS (Cs3 (xcosf + ysinf) [(a;Z +y?) —4(ycost — xsin@)Q] —
Uss :
(22 +y? + 22)7/2 — S33 (ycosf — xsinh) [(932 +y?) —4(zcosd + ysin 0)21)

of degree m = 1 appears. This can be explained by Co; and Sp; which are non-zero unlike in the

not normalised form (compare with Table 3.1). Therefore, the acceleration term is extended by an

additional term aex921:

Gex =pe(exoo + Re Ny dex20 + RaNay cexar + RaNog'aexa + Ry Ny cvex 30+ (3.17)
RENs'aexs) + RNy cexso + RNz aexss)

aey =p@(ceyoo + ReNag cey20 + RaNot eyl + RE Ny ceyas + Ry N ey so+ (3.18)
R%Ng_llaeygl + R%N?,_Qlaeygz + R%Ng_glaeYSi’))

ez = (ezo00 + RéNQ_olanQO + Rz@Nz_llan21 + RQ@NQ_Qlan22 + Rg@Ng,_()lan30+ (3.19)

3 Ar—1 3 aAr—1 3 Ar—1
Ra N cez31 + Ry N3y aezze + RgNag aez33),

where «y,,, can be found in Table 3.3 and 3.5. Note: the used geopotential coefficients are the

normalised ones, but the used Legendre polynomials are the non-normalised. Thus, the N} term

appears.
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3.1 Earth Gravity Attraction

Table 3.4: Normalised geopotential coefficients up to order and degree three in units of 1076

n | m Crm Shm

0 1.00 0.00

110 0.00 0.00

111 0.00 0.00

210 —484.165371736 0.00

2| 1 | —0.000186987635955 | 0.00119528012031
212 2.43914352398 —1.40016683654
310 0.957254173792 0.00

311 2.02998882184 0.248513158716
3| 2 0.904627768605 —0.619025944205
313 0.721072657057 1.41435626958

Table 3.5: Induced acceleration by the Earth gravity attraction in inertial Cartesian coordinates

QeX21

3z [—5xy gy + v31 (—4a® +y* + 27)]
7
p

Qey21

3z [—5ry gy + 131 (a® — dy® + 2°)]
7
P

Qez21

3(z? + y* — 42%) (273, + y¥3)
7
p

p =22+ y%+22 i = Cppsin(if) + Sppm cos(if), 7i., = Cnm cos(i0) — Sy, sin(if), where n

and m are the degree and order of the Zonals and Tesserals.
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3.2 Gravity Attraction of Celestial Bodies

3.2 Gravity Attraction of Celestial Bodies

Besides the gravity attraction of Earth, a body in a geostationary orbit is affected by the gravitation
of other celestial bodies — mainly the Sun and the Moon. Therefore, the two-body problem has to be
increased to a n-body problem. If the model has to be very precise, other planets like Jupiter should
be considered, too.

In space from the satellite’s point of view other celestial bodies (according to Montenbruck [18]) can

be seen as a point mass M with which Newton’s law of gravity is generally given by

ap = GM, - _Yeb 7 e = ,Ucbu (3‘20)

‘rcb - rsc’3

where g, is the gravitational coefficient of the celestial body which affects the satellite. ry and rg.
are the inertial Cartesian coordinates of the celestial body and the spacecraft, respectively.

It can be assumed that the spacecraft has a constant mass for a small time interval. Consequently,

by Newton’s second law of motion it can be explained that the satellite is affected by an additional

acceleration because of the celestial body (see Sidi [21]).

Teh
Ach2 = fheb * L 2’3 (3.21)
Cl

Eq. (3.20) and Eq. (3.21) are subtracted for the disturbing acceleration of the celestial body to the

satellite.

Yep — I'ge ey
acp = b - 3.22
b = e (|er W |rd,|3> (3.22)

The total perturbing acceleration of the spacecraft by n celestial bodies is given by

Atotalsc = Z AchN (323)

where a.,y is the acceleration of the different celestial bodies.
For geostationary satellites, only the Sun and the Moon are regarded as perturbing celestial bodies

(see Fig. 3.3). The achieved accuracy of the model is sufficient for most cases

I'o —Tse ro > = Tsc >
_ . _ ) _ 3.24
A¢otalCB = HO (\r@ EFYE ]r®‘3> + u <|r)) —ry/? |I'D|3> ) ( )

with ry and rg being the inertial Cartesian position of the Moon and the Sun, respectively.
In Fig. 3.4, a spacecraft is positioned in ideal geostationary orbit exactly over the equator-Greenwich
meridian crossing on the 15¢ of July 2016 for 28 days and only the Moon induced perturbations are

considered. It can be seen that the moon cycle lasts about 28 days.
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Earth

Moon

Figure 3.3: Third body disturbance of spacecraft

Table 3.6: Perturbing acceleration of Moon and Sun in inertial Cartesian coordinates

o — Tse  TE Ty — Tse T

Ahxe | — 35— — — || Gabx> | — 35— — —
/o) [40) Ub) |9)

Yo — Ysc Yo Y> — Ysc D)

acye | — 35—~ || @YD | — 35— — —
/o) [40) b %)

20— Zse 20 2y — Zse 2D

ahzo | — 3 — —— || Gebzd | — 35— — —
/o) [40) by [)

7; = \/(:,EZ — msc)z + (yi — ysc)2 + (2 — zsc)z, pi = +/x? + y? + 2?2 with ¢ being the celestial body.
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Figure 3.4: Norm of moon perturbation for geostationary spacecraft for one year at longitude of
60 deg
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3.3 Solar Radiation Pressure

3.3 Solar Radiation Pressure

3.3.1 Neglection of Umbra and Penumbra

A geostationary satellite is exposed to electromagnetic waves which are radiated by the Sun. Those
waves, mainly consisting of photons, interact with the surface of the spacecraft. Depending on
the surface characteristics the waves get reflected (¢ = 1) or absorbed (e = 0), with the reflectivity
coefficient e. Thus, the formula for the solar radiation pressure, in opposite to the gravitational forces,
depends on the surface area A, the mass m and the reflectivity coefficient. As a result of the large
solar arrays of geostationary satellites this disturbance cannot be neglected and some assumptions
have to be made: the reflectivity coefficient stays constant, umbra and penumbra are ignored.[20][21]
The eccentricity of the Earth’s orbit varies during the year, hence the solar radiation pressure changes
by +3.3%. Finally, Montenbruck [18] gives the acceleration of the solar radiation pressure with the
dependency of the reflectivity coefficient €, mass m and the surface area A:

Agrp = —P@’I‘Qlflchi cosf[(1 —€)ep + 2eccosbn], (3.25)
where the normal vector of Sun-Spacecraft is described by eg and the normal vector of the surface
area by n. The angle between e and n is described by 6. The distance between Sun and spacecraft
is given by the norm of rp — rg.. 1 AU is one astronomical unit which is about 149, 597, 870.691 km

[18]. The solar radiation pressure Py can be calculated with

Po=—, (3.26)
&

with @ being the solar flux of about 1367 W/m2 and ¢ the speed of light.
Due to the assumption of n always pointing in the direction of eq), 0 is zero. Accordingly, the waves

are perpendicular to the surface area and the Eq. (3.25) simplifies to

A
Ay = —PQCR;—?E S1AU2, (3.27)

©

where the radiation coefficient is Cr = 1 + €.

The acceleration vector of the solar radiation pressure is given by
asrp = aSTpXX + aSTpYY + aSTpZZ (328)

in the inertial Cartesian coordinate system. The single components of Eq. (3.28) can be seen in
Table 3.7.

3.3.2 Umbra and Penumbra

In the previous part, the umbra and penumbra for geostationary satellite were ignored. In the

following, a spherical body will be used for eclipse calculations. The shadow factor v is according to
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3.3 Solar Radiation Pressure

Table 3.7: Solar radiation pressure in inertial Cartesian frame

A To — T
—PoCR- = - 1AU? . 20 __25¢
QsrpX OVUR m 773
A Yo — Ysc
—PCp-— - 1AU? =2 _2¢
QsrpY oOVR m 773
A 2o — 2
—PoCR-— - 1AU2. 20—
QsrpZ OVR 773
/'7 = \/(lf@ - mSC)Q + (yQ ySC)2 + (Z@ - Zsc)2~

Montenbruck [18]

vr=>0 if the spacecraft is in umbra,
v=1 if the spacecraft is in sunlight, (3.29)
O<rv<l if the spacecraft is in penumbra

which improves the Eq. (3.25) of the acceleration due to the solar radiation pressure at Earth distance

to

1AU% A
agp = —VFhy 2U —cosf[(1 —¢€)eqp + 2ecosbn]. (3.30)
ry m

As reported in Montenbruck [18], the shadow function depends on the area A of the occulted segment
of the apparent solar disk and of the apparent radius of the occulted body a (see Eq. (3.34) to (3.40)).
A

=1-— 3.31
v 3 (3.31)

First, the Sun vector rg in the J-2000 coordinate frame, the spacecraft vector ry. and the occulting
body vector rp have to be created (see Fig. 3.5) which results in a Sun — occulted body vector sg

and in a spacecraft-body vector s

Eq. (3.31) contains the surface area A which is described as:

A = a®arccos <§> + b% arccos (cbx> —cy (3.34)

a
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3.3 Solar Radiation Pressure

Fundamental plane
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Sun ©
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Umbra
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Figure 3.5: Shadow model according to Montenbruck [18]
with
a? — b + c?
= 3.35
x 20 (3.35)
(3.36)
a = arcsin ( Ho ) (3.37)
To — Tocl
Rp
b = arcsin ( 5] > (3.38)
S
T (re —
¢ = arccos < s (r rSC)) (3.39)
s| - [re — Tl
S0 = (340)

|S®|

where b and c are the apparent radius of the occulting body and the apparent separation of the centre
of the bodies, respectively. The position of the occulting body rp is in the inertial Cartesian frame
and Rp is the radius of it. R is the radius of the Sun. rg and r,. are corresponding to the position
vectors for the Sun and for the spacecraft.

This formula gives the v for all possible positions of the spacecraft around the occulting body.
Unfortunately, there are locations where the v is not a number. Therefore, it is important to constrain

the satellite position in the penumbra and the umbra. The distance of the spacecraft to the shadow

I =4/Is|]>—s3 (3.41)

The half cone angles at the vertices Vi and Vs are expressed by:

axis can be found via Pythagoras:

sin f; — o+ BB (3.42)
sol
Ro—R
sin fo = 7®\s@| B (3.43)
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3.3 Solar Radiation Pressure

The distance from the vertex V; and V5 to the fundamental plane is given by ¢; and co.

Rp
= 44
Cc1 So + s f1 (3 )
Rp
e 4
C2 S0 sin f2 (3 5)

Finally, if the spacecraft distance to the shadow axis [ is greater than the penumbra plus umbra

distance [, the satellite has left the eclipse and is located in the sunlight.

ll = C1 tan f1 (3.46)
lz = C2 tan f2, (3.47)

If I5 is negative, the geostationary satellite is in the total eclipse region.
If the condition

la—bl <c<(a+b) (3.48)

is not satisfied, (a + b) < ¢ results in no occultation. For a full occultation ¢ has to be smaller
than (b — a) for a < b. For a partial but maximum occultation, which is also called annular eclipse,
¢ < (a—"b) for a > b.[18]

From the geostationary point of view, the Earth appears in an angle of 8.70 ° and the Sun in an angle
of 0.5°. Consequently, the penumbra has an opening angle of 0.5°. The longest eclipse duration is
about 71.5min. The total time in penumbra for the maximum eclipse is 4 min. Each season, there is
a maximum penumbra duration of 4 min because of the change of the inclination of the Sun.[22]

In Fig. 3.6, a spacecraft is placed at an altitude of 1000km above the Earth surface on the 15¢ of
January 2014. The Sun and the Moon positions are fixed, the Earth is not rotating — just the
spacecraft is positioned at different longitudes around the equator. It is easy to see that the norm
of the solar radiation pressure is constant for most of the time but not between 45 deg and 157 deg.
The reason for this is that the spacecraft enters the penumbra and then into the umbra of the
Earth. If the solar radiation pressure acceleration is between the constant term of 2.28 - 10710 km /s?
and Okm/s? the spacecraft is located in the penumbra (see Fig. 3.5). The time for one orbit is
T= 27r\/% = 105.12 min. Hence, the spacecraft is situated in the umbra for 31.1 % of the orbit time
which is approximately 32.7 min. The satellite’s total time the penumbra is about 0.2336 min which

is for one orbit approximately 14.02s.
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10710 90
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Figure 3.6: Norm of solar radiation pressure acceleration including eclipse acting on a spacecraft
in height of 1000 km at the same moment with different longitude values
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4 Approximate Sequence of Riccati Equations

4.1 State-dependent Riccati Equations

The possible usage of non-linearities in the system and the great flexibility due to the weighting
matrices are the reason why the SDRE have become very popular [10]. For the SDRE, the non-linear
system has to be brought to State-Dependent Coefficient (SDC) matrices. Then, the non-linear
system has to be mathematically factorised which creates additional degrees of freedom. These can
be used to tune the final system. The new quasi-linear system depends on the state vector and is
used to minimise the performance index.[1, 2, 10]

In the first section of the theoretical part, the SDRE approach and its conditions are shown. After-
wards, the control structure and the influence of the factorisation are shortly described. For further

information, the author recommends common literature like Cloutier [1] and Cimen [10].

4.1.1 Theory

Considering the autonomous, non-linear, full-state observable, infinite-horizon problem which is given
by

x(t) = f(x) + B(x)u(t) (4.1)

with x(0) = x¢, the state vector x € R", the input vector u(t) = R™ and the time ¢ € [0, 0).
Furthermore, it is to mention that f: R” — R" B : R" — R™*™ and B(x) # 0. Another condition
for f(x) is it has to be a continuously differentiable function of x. An additional important assumption
is f(0) = 0 at the uncontrolled origin x = 0 which is assumed to be an equilibrium point. The
performance index which will be minimised is not quadratic in x but in u.[10]

Q0

J(x(t),u(t)) = 0.5f [XT(t)Q(x)x(t) + uT(t)R(x)u(t)] dt (4.2)

0

The weighting matrices Q(x) and R(x) are semi-positive definite and positive definite for all x,
respectively. Usually, Q(x) and R(x) are chosen in such way that J(x(¢),u(t)) converges globally.

The optimal problem to be solved is
u(x) = —K(x)x (4.3)

with u(0) = 0 so that the performance index Eq. (4.2) is minimised subject to the non-linear con-

straints of Eq. (4.1). The matrix K is later described in Section 4.1. The minimisation of the cost
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4.1 State-dependent Riccati Equations

function and the assumed infinite-horizon of the non-linear system hold, therefore:

lim x(t) =0 (4.4)

t—00

Hence, the SDRE solution is suboptimal and locally asymptotically stable.[1, 2, 10, 23]

4.1.2 State-Dependent Coefficient Matrix

Factorisation or extended linearisation is used to bring the non-linear system of Eq. (4.1) with the

assumptions mentioned in Section 4.1 to the SDC form:
x(t) = A(x)x(t) + B(x)u(t) (4.5)

where A : R” — R™™ and x(0) = xg. By using mathematical factorisation of f(x) it is guaranteed
that f(0) = 0 and f(x) € ¢! is valid. Now, the matrices A(x) and B(x) are depending on the state
and are having a linear structure. Furthermore, there are infinite ways of choosing the factorised
matrices for n > 1, but they have to be observable and controllable for all x.[1, 10, 23]

4.1.3 Controllability

According to Lunze [17] a system is fully controllable if it is possible to bring an arbitrary state vector
x(tp) with a suitable input vector u(t) to an arbitrary final state vector x(ts) in finite time [0,f].

As reported by Kalman, a system is fully controllable if
rank (¢) = n, (4.6)
where
(=|B AB A’B ... A"'B|. (4.7)

Consequently, the locally reachable space of controllable systems has to be equal to the state space

dimension. The original system is called, in consonance with Hammett [6] weakly controllable if
rank [A.(x)] =n (4.8)

holds for all x. A.(x) can be determined via:

o Ay = span(B) = span(b;), where b; are the different columns of B(x) with 1 < i < m and m

are the number of columns.

o Ay = Ag + [a,b;] + [bj,b;], where 1 < i <m, 1 < j < m, ais the invariant of the factorised

A(z)x(t), [a,b;] is the Lie bracket and the sum of the spans is described with the plus sign.
o Ay = A1+ [a,d;] + [bs,d;], where 1 <i <m, 1 <j<n with d; has a basis of A;_;.
° FiniSh, if Ak+1 = Ak

Hammett [7] showed some theorems about the controllability. Just the theorems are described here

— for the proofs the author refers to Hammett [6, 7].
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4.1 State-dependent Riccati Equations

Theorem 1 Considering a non-linear, non-factorised system (see Eq. (4.5)) with A being assumed
to be a €' function, so that the system can be factorised. Estimate the factorised [A(z), B(x)] is
controllable for all x(t) such that Eq. (4.6) holds. Then the non-linear non-factorised system does

not necessarily need to be weakly controllable.

Theorem 2 Considering a non-linear factorised system (see Eq. (4.5)) with n = 2 and B(x) as
being constant. Assume that A(x) is chosen that J(x)B = kA(x)B for all , where k # 0 € R and
J is the Jacobian of A(x). If the factorised system is controllable for all x, the original system is
weakly controllable on an open and dense subset of R?. Vice versa, if the original system is weakly

controllable on R?, then the factorised system is controllable for all x.

Theorem 3 Considering the non-linear factorised system (see Eq. (4.5)) and assuming that Eq. (4.6)

holds, then the original system is weakly controllable in an area around the origin.

Theorem 4 Considering the non-linear factorised system (see Eq. (4.5)) and let m = n, assuming
B(z) has rank n for all x, then the factorised system is controllable for all & and the original system

is weakly controllable on R™.

If rankB(x) = n the system matrix A(x(f)) can be completely arbitrary for the reason that all the
controllability conditions hold.[6]

4.1.4 Observability

If it is possible to get the state vector x¢ from the input vector u(¢) and from the controlled vector
y(t) in a finite time interval [0, %], the system is called to be fully observable. According to Kalman,

a system is fully observable (see Lunze [17]) if

C
CA
rank | CA? |=n. (4.9)
CA™!
with
CT(z)C(z) = Q(x). (4.10)

The sufficient test for controllability (see Eq. (4.6)) can be used to check for detectability (observ-
ability). Since Eq. (4.10) holds, Eq. (4.9) can be rewritten to

Co = [Q1/2 Ql/2A Ql/2A2 o Ql/QAn—l] (411)

and has rank(, = n Vx € R™. If Q is chosen in such a way that it is positive-definite for all x € R"

Eq. (4.11) is always guaranteed.[10]
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4.1.5 Linear Quadratic Control

This section will only briefly summarise the Linear Quadratic control (LQ control), as the range of
this topic exceeds the scope of this thesis. For the whole derivations the author recommends Lewis
[13].

The non-linear system can be described by
x = f(x,u,t) (4.12)

with ¢ > ty where tg is fixed and it is the condition to solve the minimisation problem

ty
minx(t)’u(t) j L(x,u,t)dt, (4.13)
to
where L(x,u,t) is the Lagrangian. After some calculation, this results in a solution for the Euler-

Lagrange equations:

. _H
T
R (4.14)
ox
oH
0= %

where the Hamiltonian H(x, A, u,t) = L(x,u,t) + AT [f(x,t) + g(x,t) u] and X is the co-state

vector. Finally, the three necessary conditions of optimality are created [28]:

Qx+ATA =)
Ru+BiA=0 (4.15)
x—Ax—Bu=0

The second row can be reformed to
u(t) = —R'BTA (4.16)

The co-state A is assumed to be the result of the multiplication of P(x)x where P(x) is the solution

of the algebraic Riccati equation (see Section 4.1).[13, 28]

4.1.6 Control Structure

Due to the factorisation it is possible to formulate the non-linear system similar to the well known
Linear Quadratic Regulator (LQR) method. Therefore, it is possible to use the solution of the

continuous time algebraic SDRE

P(x)A(x) + AT(x)P(x) - P(x)B(x) R (x)BT (x)P(x) + Q(x) = 0 (4.17)
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4.1 State-dependent Riccati Equations

in Eq. (4.16)
u(x) = —R7}(x)BT (x)P(x)x. (4.18)

It is important to mention that P is semi-positive definite and a function of x. Inserting Eq. (4.18)
into Eq. (4.5) leads to

x(t) = [A(x) - B(x)R ™ (x)BY (x)P(x)] x(2). (4.19)

The algebraic Riccati equation (4.17) can be solved via backwards integration. Hence, a final semi-
positive definite weighting matrix P, is chosen in the beginning. The P, has the index oo because
the LQR is valid in infinite-time horizons. According to Cimen [9], these can be approximated for
linear time-invariant systems with a very large final time and a constant desired output vector as

P(t) can be seen as a steady-state solution:
Pt)~P (4.20)
Eq. (4.18) can be written as
u(x) = —K(z)x (4.21)
where K(z) = R7!(x)BY (x)P(x) is called the Kalman gain which can be found in the definition in

Eq. (4.3).
While knowing that the final P(xy) = S, the performance index of Eq. (4.2) can be rewritten:

J(x(t),u(t)) = 0.5x (t;)Sx(ts) + 0.5 JOOO [x"(#)Qx(t) + u” (t)R)u(t)] dt (4.22)

To sum up, the solution of the SDRE is a general solution of the infinite-time LQR problem where

the matrices are depending on the state instead of being constant.[10, 23]

4.1.7 Degrees of Freedom
The mathematical factorisation leads to infinite possibilities for the SDC matrices
f(x) = A1(x) = Aa(x) (4.23)

where A and Ay are two different factorisations of the same non-linear system. Then, it is possible

to create a third factorisation
As(x,0) = aA(x) + (1 — a)As(x) (4.24)

where a € [0,1]. « provides additional degrees of freedom which "can be used to enhance per-
formance or effect tradeoffs between performance, optimality, stability, robustness, and disturbance
rejection"[10]. In addition, the new degrees of freedom are not available in classical optimal control
methods. « has to be chosen that the controllability of the system (A(x,a),B(x)) is always guar-

anteed. This assures local asymptotical stability. Due to the factorisation the solution is not unique
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for systems with n > 1.[10]

Cloutier [3] and Steinfeldt [23] proved that the global asymptotic stability of the closed-loop system
A, (x) = A(x) —B(x)K(x) is valid for any initial condition under the assumptions that (A (x), B(x))
and (A(x),+/Q(x)) are observable and controllable. Moreover, the closed-loop system is pointwise
Hurwitz stable. Additionally, all matrices which are needed to describe the SDC matrices have to be
¢! matrix-valued functions.[1, 10]

To conclude this chapter, the SDRE method is very simple to implement and has a great flexibility
due to the factorisation which is not unique. For the reason of the different factorisation results the
performance index can vary. The system is always at least local asymptotically stable (mostly if there

are many equilibrium points) and in some cases even global asymptotically stable.

4.2 Approximate Squence of Riccati Equations

The ASRE method was developed by Cimen [12] in 2002 and was published in 2004. It is a method
for global optimal feedback control for multi-input-multi-output non-linear systems in a finite-time
horizon. Like the SDRE, this approach is using a factorised non-linear system which is in the SDC
matrix form. The ASRE method calculates the Riccati equations offline until they converge. The

final values are used for the online control.[8]

4.2.1 Background

The general non-linear autonomous system
x = f(x,u) (4.25)

with x(¢9) = xo is factorised like mentioned in Section 4.1. Furthermore, it is assumed that the
origin is at an equilibrium point that £f(0,0) = 0. According to Cimen [11], many authors used this
"pseudo-linear" form to solve the SDRE.

However, the SDRE feedback provides a locally optimal control policy, which can only be
applied to autonomous regulator problems. This is because the approach requires solving
the infinite-time algebraic Riccati equation and, unfortunately, the theory which deals

with this for the optimal tracking problem is not available. [12]

A system in the form of
%(t) = A(x)x(t) (4.26)
converges in continuous time for a sequence of linear time variant approximations
%) = A <X[HJ (t)> [ (1), (4.27)

The proof of the global stability is given by Cimen in [11, 12].
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4.2.2 Linear Quadratic Optimal Control

So far the performance index had no final time, meaning the upper boundary of the integral was
always infinite. This changed for the ASRE method to a finite-time horizon with a final time ;.
Thus, the performance index of Eq. (4.22) changes to
ty
J(x(t),u(t)) = 0.5x7 (t;)Sx(ts) + 0.5f [x"(#)Q(t)x(t) + u” (t)R(t)u(t)] dt (4.28)
to
where to is the initial time and the described state x(t) is the same as in the observable state-
dependent matrix of Eq. (4.5). The necessary conditions of optimality (see Eq. (4.15)) still hold. By
using Eq. (4.16) to the first and third condition of optimality:

W
—~
~
~—
I

A()x(t) — BRI )BT (H)A(t)

. 4.29
A(t) = —Q(t)x(t) — AT(t)A(2) 2

This is a coupled two point boundary value problem with x(tg) = x¢ and X(ty) = Sx(ty).
Choosing P(tf) = S under the assumption of A(t) = P(t)x(t) for a positive definite matrix P(t).

The result is an optimal solution for u(t).
u(t) = —R71)BT ()P (t)x(t) (4.30)
where P(t) is calculated via the differential algebraic Riccati equation
P(t) = —Q(t) — P(H)A(t) — AT(t)P(t) + P(1)S(t)P(¢), (4.31)
where S(t) = B(t)R™1(t)BT(¢). This can be used for the ASRE method.[11]

4.2.3 Theory

The ASRE approach can be used to approximate the non-linear system including the input vector of
Eq. (4.5)

xl(t) = A (x[i—ll (t)) xl(t) + B (x[i—l] (t), uli=1] (t)) ulil(#). (4.32)
The performance index of the SDRE can be rewritten as

T () =0.5x17 (1) Q (U1t ) x(t) +
tro - i i . i (4.33)
0.5 L [x[]T(t)Q (x[ 1](t)) x[](t)-l—u[]T(t)R(x[ 1](t)>u[](t)] dt

for i = 0. The weighting matrices Q(x) and R(x) are semi-positive definite and positive definite for
all x, respectively.
For i = 0 Eq. (4.32) has to be written as

x0(2) = A (x0) x[(¢) + B (xq, 0) ul”(2) (4.34)
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with x[% = x and ul”) = 0. As a reason for the time-varying and linear-quadratics the control vector
of Eq. (4.18) is given by

all() = R (xUBT (xl1(0), ul =) ) PE(0)xl 1), (4.35)

It is to mention that only the first approximation is not time-varying. The used pl (t) can be
calculated via the algebraic Riccati equation from Eq. (4.17).[11]

The executing condition for the convergence is achieved if
|xl(2) — <100 < e (4.36)
where € is the tolerance and | ... |4 is the infinity norm.[26]

4.2.4 Solving the Approximate Squence of Riccati Equations

In this section, a path of how to use the ASRE method will be described.

For solving the ASRE method, it is necessary to provide an initial state vector xg, the initial time
t; and the final time ¢;. The weighting matrices Q and R as well as the final time solution of the
Riccati equation P (7). The non-linear system has to be factorised to the system matrix A(x(t)) and
the input matrix B(x(¢),u(t)). The error tolerance e has to be defined, too.

To determine the 0" iteration of ul’l(¢) of Eq. (4.35), it is crucial to solve the discrete algebraic
Riccati equation Eq. (4.31) backwards in time. This means the final time solution of P(t) as well as
the matrices A and B with the initial state xg are used to detect all solutions of the Riccati equation
from Zo until £;. The system and input matrices as well as the weighting matrices are constant for
the zeroth iteration. Now, the control and the state profiles can be calculated: via Eq. (4.35) the
first u(t) can be determined by using P(t9) and x¢. Afterwards, this u(tp) is inserted to Eq. (4.34)
to calculate x;. This cycle starts again but always with the actual x(¢). This can be seen in the
following pseudo code. Note: P; changes with the time according to the solution of the backwards in

time integration.

for i:=t 0 to t f do
begin

{
u=—R{-1} * BT = P_i % x
x =A x x+B xu

}

end ;

The next iterations i > 1: A (x[i=1(¢)) and B (xli=1(¢), uli=1(¢)) are calculated for each x(t) of
the previous iteration. If Q and R are depending on the state, they have to be determined for each
x"=1(t), too. The final solution of the Riccati equation P(t ), which is one of the assumptions, does
not change. Hence, the differential algebraic Riccati equation can be calculated backwards in time,
but the state dependent matrices, especially Al (x[=1(¢)) and B (x[i=1(¢), uli=11(¢)), have to use
their states according to the time. This means that for calculating the P(t7_;) (the state one time

step before final time) Al (x(t #)) and so on have to be considered. Now, it is possible to determine
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the control and state profile forward in time. Eq. (4.35) provides the formula to figure out the control
in the first step and with Eq. (4.32) the next state vector can be determined. Then, the control
and state vectors are calculated for each time step until the final time is reached. It is important to
mention that the used states are always available from the previous iteration and not from the actual
iteration! Furthermore, the observability and the controllability of the system has to be checked for
each time step as the system and input matrices change for each x(t).

This procedure will go on until the stop criterion is reached: the infinity norm of the actual and
the previous iteration has to be below the error tolerance € (see Eq. (4.36)). As soon as the error
tolerance condition is satisfied the solution of the non-linear problem is available. The control profile
of the i*" iteration presents the (global) optimal result for the chosen factorisation and the assumed
weighting matrices.

The not-neglectable disadvantage of this solution: calculating P(x(¢)) very often consumes very
much computational time especially for large matrices A(x(t)) and B(x(¢),u(t)). To compensate

this disadvantage Topputo [25] presented the ASRE method using the transition matrix.

4.3 Approximate Squence of Riccati Equations with Transition

Matrix Approach

The approximate sequence of Riccati equations with transition matrix starts in the same way as the
normal approximate sequence of Riccati equations (see Section 4.2). The dynamics of the non-linear
system have to be factorised to the form of Eq. (4.5) and the performance index can be calculated
via Eq. (4.28).

For the different iterations Eq. (4.32) and its corresponding performance index Eq. (4.33) are used.
The iterations are executed until the convergence condition of Eq. (4.36) is valid. The two point

boundary value problem of Eq. (4.29) has to be solved in each step. Therefore, it changes to
%l B A1 B ORI (xE-HBT (x[1) 1) xlil B 1] xlil
oo | = : : ] =HEH .
AL —Q(xl=1 —AT(xl=1 1) AL AL

This can be used to write the general solution of the transition matrix for any iteration ¢ > 0:
& — HE (4.38)

with ®(0) = I. The complete non-linear model is factorised to a "pseudo-linear" form. So the system
can be seen as linear differential equations. In the following, the initial time ¢; is shown as the index ;
and the final time ¢f as ¢, i.e. the state vector at initial time x(¢;) is described as x;. Thus, Eq. (4.37)

can be written as

X(t) = Gua(ts, t)xi + Par(ts, )N

(4.39)
A(t) = Pz (tis t)xs + dan(tis t) A

with the initial state x; and the initial co-state A;. ¢zz, dz), Oz and ¢y can be found via integration
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of Eq. (4.38)
.i) _ <¢m: d)x/\) _ ( A(Xa t) _B(Xv t)R;l (X)BT(Xa t)) (d)m: ¢a:)\> (4‘40)
Prz Pax —Q(x,1) —A’ (x,1) Prz Pax

the dependency of the initial time and actual time is omitted here for the ®. The initial conditions
for @ are ¢y (ti, t;) = Pan(tisti) = Inxn and @ (ti, t;) = drz(tis ti) = Opxn.

It is possible to calculate ® for all time steps since the content of H(x,t) is given via the previous
state vector x(t). With this and a given initial co-state A; it is possible to compute all states x(t)

and the complete optimal control function u(t) (see Eq. (4.16)).[27]

4.3.1 Non-linear constrained problems

In general the initial co-state A; is not given. Thus, it has to be calculated. According to Topputo

[28], it is possible to divide the problem into three different problems:

e The final state vector is fixed (hard-constrained problem) — meaning the optimal control function

brings the system to the given final values.

e The final state vector is free (soft-constrained problem) — meaning the optimal control function

brings the system to zero or close to zero depending on the choice of the S matrix.

e The final state vector is fixed and free (mixed-constrained problem) — meaning a part of the
final state vector is fixed and the other part is free, i.e. the state consists of the position and

the velocity. The goal could be to find a certain position while the velocity is free.

4.3.1.1 Hard-constrained Problem

In hard-constrained problems, the initial state x; as well as the final state x; are given. While setting
the time to the final value t; the first line of Eq. (4.39) changes from

X(tf) = Poz(li, tr)Xi + Gar(tisty) A (4.41)
to
Ai(xi X tisty) = @y (tis ) (x(tf) = Paa(tistr)xi) .- (4.42)

So, if the hard constraints are given, first all ® will be first calculated and can be used to describe
Eq. (4.39) which is used to get the optimal control function u(t) with Eq. (4.16).[28]

4.3.1.2 Soft-constrained Problem

In soft-constrained problems, the final state x; is not given but the matrix S which describes the
weighting of the free states. The A of Eq. (4.16) at the final time and P(xy) = S leads to

)\(tf) = SX(tf) (4.43)
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This can now be inserted to Eq. (4.39) at final time.

X(tf) = Pua(ti, tr)xi + Gan(tisty) N

(4.44)

SX(tf> = ¢)\x(tiatf)xi + ¢)\)\(ti,tf))\i.

The first line can be substituted to the second line and formulated as
it tr) = (dax(tistr) = Sean(tioty) " (SPas(tisty) — Praltisty)) x; (4.45)

Finally, with a given initial state, matrix S and all the calculated ® the state vector x(t) can be

calculated for each time in the time interval [to, ;] and thus the optimal control function u(t).[28]

4.3.1.3 Mixed-constrained Problem

For non-linear systems with hard and soft constraints the entries of the state vector x are divided in
the hard constraints (fixed at final time) named as y and in the soft constraints (free at final time)
z. Additionally, a n x n matrix S where n is the number of rows of z has to be given. The co-state
vector A is splitted to € and 1 which are the co-states of the hard and soft constraints, respectively.

Eq. (4.39) can be rewritten in matrix form with mixed constraints as

y(t) y(t:)
z(t) [ _ o | 2(t)
0 Rl (4.46)
n(t) n(ti)
At the final t§ Eq. (4.46) changes to
Y<tf) d)yy ¢yz ¢ye ¢yn Y(ti)
Z(tf) _ ¢Zy ¢zz ¢ze ¢z17 Z(ti) (447)
€ (tf) d)ey ¢ez ¢ee ¢en € (tz)
) )

¢ny ¢77z ¢ne ¢m7 n(ti

From here until Eq. (4.56) the dependency of ¢ to t;,¢; is omitted due to visibility reasons. Rewriting

the first row and solve for €; leads to

€ = Q-";el (Yf — Qyyy; — Py-zi — ¢y7777i) ) (4.48)

where the only unknown element on the right hand-side is 1; which is the initial co-state of the soft
constraints. Using Eq. (4.43) with the actual nomenclature for the soft constraints and inserting to
the forth row of Eq. (4.47):

SZf = ¢T)in + ¢77ZZZ' + ¢776€'L' + ¢177777i (449)

Substitute the second row of Eq. (4.47) into Eq. (4.49):

S (¢szi + ¢zzzi) + S¢.c€; + S¢zn"7i = d’ny}’i + ¢77zzi + ¢ne€i + ¢777777i (4-50)
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Inserting Eq. (4.48) on the left hand-side:
SE + S¢.cdyc (v7 — Pyyyi — Pye2i) — Szl dynmi + Szl = F + Pe€i + by
Finally, inserting Eq. (4.48) on the right hand-side:
SE + S¢..¢,.'G — F — ¢,/ G = Hp;

where

E = ¢.y; + ¢:22i

F = ¢nyy; + ¢n.2i

G =y — dyyy; — Py27i

H = S..h,. dyy — Sthon + by — Dedy Dyn-

Solving Eq. (4.52) for n;:
H 'K =,
where
K = SE + S$¢..¢,'G — F — ¢,,c¢,/ G
K results with clever restructuring in

K = (S¢zy - S¢ze¢y_el ¢yy + ¢T]e¢;el¢yy - (bny) Yi+
(S¢zz - S¢ze¢y_el ¢yz + ¢776¢y_el¢yz - ¢nz) z;+
(S¢ze ;EI - ¢ne¢y_el> Yg-

(4.51)

(4.52)

(4.53)

(4.54)

(4.55)

(4.56)

Calculating ® at the final time via integration of Eq. (4.57) (which is the same as Eq. (4.40), but

for mixed constraints) and the given vectors y;, z; and y; can be used to determine the free co-

state vector m;. Now, the co-state vector €; of the fixed constrained problem can be calculated via

Eq. (4.48).

d:)yy (éyz (éye (éyﬂ ¢yy ¢yz d)ye d)y’r]
by bz P | _ <A(x,t) —B(x,t>R—1<x>BT<x,t>> by Bo: B Do

d.)ey <i>ez éee (ﬁen _Q<X7t) —AT(X,t>

. . . . ¢€y d)ez d)ee ¢517
¢77y ¢77z ¢’I76 ¢7777 ¢17y ¢nz ¢776 ¢rm

(4.57)

Note: The ¢ of Eq. (4.57) are depending on t;,t and at initial time ¢(¢;,t;) the diagonal elements are

identity matrices and the non-diagonal elements are zero matrices.

To summarise the mixed-constrained problem: an initial state vector x with fixed and soft constraints

is given. Thus, the co-state vector can be detected with determining ® at the final time t;. It is
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important to mention that the single free and fixed co-state vectors have to be merged to

Ai = [ei m]T . (4.58)

This can be used in Eq. (4.39) to solve for each x and X at each time in the interval [¢;,¢;]. Finally,
the optimal control function u(t) can be found with Eq. (4.16).[28]

4.3.2 Implementation of the Approximate Sequence of Riccati Equations with
Transition Matrix Approach

Per definition the ASRE method converges to the optimal solution of the non-linear system within a
certain amount of iterations. Can this be used for the ASRE method with transition matrix?

First, the non-linear system and the performance index have to be factorised like mentioned in
Section 4.1 such that Eq. (4.1), (4.5) and the performance index of Eq. (4.33) can be used.

For the first iteration i = 0 the matrices Al%(x;, 1), BlO(x;, ), Q% (x;,t) and RI%(x;,t) are defined
via the initial state vector x;. Note: Q and R do not have to be depending on the state vector, thus
they can be constant for each iteration.

Afterwards, these constant matrices are used to calculate the state transition matrix ® for each time
step in the time interval [¢;,t;] with Eq. (4.40). The integration term has to be solved with time
forward integration.

Depending on the constraints, the initial co-state A; is determined via Eq. (4.42) for hard constraints,
for soft-constrained problems Eq. (4.45) and for mixed constraints Eq. (4.58). The ¢(t;,ts)-terms are
always the ® at final time.

Then, the state vector x(t) and the co-state vector A(t) are calculated with Eq. (4.39). This time,
the ¢(t,ts)-terms are all the previous calculated ¢ starting at t; until ¢;. For each time step the
state and co-state vector are determined. Thus, the only changing terms on the right hand side of
those two equations are the ¢-terms. The solutions of x(¢) and A(t) are used to calculate the optimal
control function u(t) with Eq. (4.16).

The next iterations i > 1 start with updating the matrices Al’l (xl=11 1), Bl (x[=11¢), QLY (xl=11 1)
and Rl (X[ifl],t). These are created for each time step with all the, in the previous iteration
calculated, x(t). Now, ®(t;,t) is generated via Eq. (4.40) from initial time until final time by forward
integration. Important is the matrix H is not constant anymore, it changes with each time step
because of xli=1(¢). Tt is essential to notice that the state vector x(t) exists for each time step. Thus,

it is possible to imagine it is a row vector

|x(to) x(t1) ... x(tp)], (4.59)

where each column represents the state vector at the given time. Now, for example the matrix
Al (x[i_l] ,t) can be calculated for each time step with different states. Hence, the state vectors from
the previous iteration (see Eq. (4.59)) are used to describe the actual system matrix A for each time
step.

Afterwards, A;, x(t), A(t) and u(t) of the i-th iteration are built in the same way as in the zeroth
iteration.

If the infinity norm is smaller than the error tolerance e there will be no further iterations (see
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Eq. (4.36)). The final state vector x(t) = x[(¢), the co-state vector A(t) = Al)(¢) and the control

vector u(t) = ul’l(t) describe the optimal solution of the non-linear problem.

4.3.3 Example of Approximate Sequence of Riccati Equations

An example is demonstrating the ASRE approach and the dependency of the factorisation to the
result of the used method to minimise the performance index. The example is presented by Hammett
(7).

Considering a system:

T1 = T1T9 + X2

‘ (4.60)

To =1
After bringing the system to SDC matrix form it is obvious that the rank of the input matrix
B = [O 1]T is equal to 1. Thus, Theorem 1 and Theorem 2 have to hold. If the rank of B would
be equal to the number of rows, then the system matrix A (x(¢)) could be arbitrary. However, as the
rank of the input matrix is not equal to 2, the system matrix is not allowed to be arbitrary — the
factorised matrix has to hold the controllability conditions (see Theorem 1 until Theorem 4).
A mathematical factorisation of the non-linear system is chosen — remember there are infinite possi-
bilities:

A - [0'50352 0.51:6 T 1] (461)

The rank of the controllability matrix is:

. 1
0 0.5z1 + ]:27 (162)

rank{; = rank
G L O

If x1 # —2, the system is controllable. Nevertheless, it is not fully controllable in the closed loop

form. Using Theorem 2 shows that the first factorisation of A is not weakly controllable, too:

1 0.5 1
[xl; ] "y [ mSJF ] (4.63)
for any k # 0 € R2.

As long as A; is neither fully controllable nor weakly controllable, another factorisation has to be

chosen:
0 x1+1
A, = 4.64
2 [ 0 0 ] (4.64)
If 21 = —1, the rank of the controllability matrix is unequal to the number of rows. Therefore,

full controllability according to Theorem 1 is not given. However, it is possible to verify that this
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factorisation is weakly controllable via Theorem 2:

r1+1 1+ 1
1] n ] o

which is valid for k = 1. Hence, the factorisation As is not fully controllable but weakly. Theorem 2
says if an original system is weak controllable, the factorised system is fully controllable for all states.
Thus, A, is a valid factorisation of the non-linear system.

A system with full controllability and weakly controllability should have a better behaviour and a

better performance index:

A = [22 é] (4.66)

A3 is fully controllable for all x(¢) without any restrictions according to Theorem 1. However Theo-

[“J 1] s H , (4.67)

for any k. So, the factorisation of Aj is fully controllable but not weakly controllable. Now, Theorem 3

rem 2 does not hold:

can be used to verify the controllability in a small area around the origin. Choosing
T1 = T1T9 + axs (4.68)

guarantees weakly controllability next to the origin for a small a. Thus, Aj is fully and weakly
controllable for, for example, @ = 10. In the following evaluation As and Aj are used to show that
different factorisations lead to different solutions of the problem. For a further discussion of the

factorisation Eq. (4.24) provides other factorisations.
A, (x,0) = aAg(x) + (1 — a)As(x) (4.69)

The factor « is chosen to be a3 = 0.75, ay = 0.5 and a3 = 0.25.
For the ASRE method the time is chosen with ¢; = Os, t; = 5s and the step size is 0.01s. The

T
weighting matrices are Q = Isx2 and R = 1. The initial state vector z; will be at [2 1] and

T
Ty = [3 3] . The error tolerance e will be at 1075. The problem will be shown as a hard-constrained

one and as a second example a soft-constrained problem.

Example 1: Hard-constrained Problem

As a first example, the mentioned parameters like initial and final time as well as the weighting
matrices are given. For matrix A3 (see Eq. (4.66)) the 1 is replaced with a variable to cover the weak
controllability. The gain is chosen to be 10 — as mentioned in Eq. (4.68).

Different A factorisations result in different cost functions and need a diverse number of iterations
(see Table 4.2). For example, the second factorisation of A from Eq. (4.64) converges within 19

iterations to a tolerance error € of under 107% with the cost of approximately 20.146. The used cost
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Figure 4.1: Error behaviour of factorisation A,; in a hard constrained non-linear problem

function can be found in Eq. (4.33). In contrast, A,; needs only 10 iterations, but the cost function
is the highest with approximately 21.67. It has to be mentioned that the cost function is calculated
in this thesis via trapezoideal numerical integration.

In Fig. 4.2a and Fig. 4.2b, the x and y profiles over the time are shown. It is easy to see that both
have the same initial and final conditions, but they have different trajectories. The factorisation of
A3 has some changes of the direction in contrast to Ao which has one and two changes for y and x,
respectively. The according control profiles (see Fig. 4.2¢ and Fig. 4.2d) show a similar behaviour as
both start with a control input of approximately —5. Factorisation Aj is in the positive half plane
after 0.5s and it decreases its control input down to zero. In second 3 to 4 it is again in the negative
plane and its final value is around 10. Contrary, As crosses the zero control line at about 1s and
increases in a kind of exponential manner to a control input at final time ¢ of approximately 4. In
Fig. 4.2e, the x-y plane describes the behaviour of both factorisations. As is one curve while A3 goes
from the initial starting point to the origin where a small circle is shown. Afterwards, it heads in a
wild curve towards the final point.

In Fig. 4.3a, the trajectory of all five mentioned factorisations are shown. Since the factorisations
A, are defined via Eq. (4.69). They have to lie between Ay and As. Those two do not have to be
the most optimal of all five. Indeed, the optimal in terms of a minimal amount of iterations is Aq;.
However, the most important criterion is the minimisation of the cost function. In this example, the
factorisation with the best effort is Ay (see Table 4.2).

It can be seen that the control input has a huge impact on the cost function (see Eq. (4.33)) due
to its quadratic influence. Consequently, the control profiles of all five factorisations are compared.
It can be seen that Ags needs the most control input at the final time while Ay needs the lowest.
The other factorisations are between As and Az which can be expected. Taking into account these
control profiles, the results can be verified with Table 4.2.

In Fig. 4.1, the infinity norm of the different iterations with its previous iteration is shown. Fig. 4.1b

displays a kind of decreasing exponential function. So, the non-linear system converges very fast
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Table 4.1: Error progress of the infinity norm of the actual iteration compared with the previous
iteration of factorisation A,; in a hard constrained non-linear problem

iterations error
1 82.56803737833987
2 10.43119303962681
3 1.747328132134665
4 0.149650636017087
5) 0.019704478764051
6 0.003664528782459
7 3.900612699274664E-4
8 3.300278887519159E-5
9 2.229813719334395E-6
10 1.674776269888767TE-7

towards its global optimum until the error tolerance is fulfilled. In Table 4.1, the values for the error
behaviour are given. Assuming that the error tolerance is € = 1-107% then the 10" iteration is
the optimal one as the error is smaller than the e. The convergence towards the global optimum is
described in Fig. 4.4. The initial iteration has an abrupt change of its trajectory next to the origin.
In the next iteration this spike is optimised and a smoother trajectory can be found. Additionally,
the optimal difference between the initial and the first iteration is quite huge. However, from the

first to the final iteration, it is more or less the same trajectory.

Example 2: Soft-constrained Problem

Now, the previous example will be repeated but with soft constraints. As a solution of the Riccati
equation at final time, it is assumed: P(tf) =S =1001I549

The ASRE approach for soft constraints will bring the system from its initial conditions to a final
state which does not have to be defined in the beginning. The optimisation will always bring the
system towards zero in all states depending on the weighting matrix S.

In Fig. 4.5a and Fig. 4.5b, the smallest y-value of factorisation Ay has a larger absolute value than
the smallest y of Ag. For the greatest z-value, the factorisations are switched. Factorisation Ag
converges to zero within 2.5s for  and y. The converging of As needs about 4s. This can be seen in
the control profile plots (see Fig. 4.5¢ and Fig. 4.5¢), too. A3 can converge faster because the control
input in the first second is larger than the input of Ao, but Ag has a larger overshot. In comparison
of both trajectories in the x-y plane, Ao and Ag have a similar behaviour — except that A3 does not
go straight towards the origin but with a small curve next to it.

Plotting all five factorisations, it is possible to see that the A, are depending on the factor of

Eq. (4.69). The closer a factorisation is at one of the main factorisations, the stronger is the depen-
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Table 4.2: Number of iterations and cost function of different factorisations for hard-constrained

problem
A | iterations J
Ay 19 20.143518514337885
Ag, 10 21.673534512540463
A, 11 23.888050817871353
A, 12 25.96220974185447
As 13 27.90027315593501

dency of the original one. Thus, the A, factorisations follow the behaviour of mainly Ag at the final
part. The influence of As is very limited there, because Aj is in the region around the origin for a
longer time (see Fig. 4.6a).

The control input behaves as expected. It starts with quite large values and converges towards zero.
The faster it converges, the larger is the overshoot. At the final time, the control input is zero. The
reason is: no external disturbance acts on the system and the state is exactly on target.

The performance index which is the criterion to be minimised shows that the most optimal solution
of all five factorisation is A,; with a cost function of approximately 4.889 and with only 9 iterations.
In contrast to this, the factorisation Ao needs 14 iterations and achieves only a cost function of about
5.227 which can be found in Table 4.3.

Summary of the examples

In this chapter, the ASRE method was shown on a simple example. The importance of using probably
good factorisations was described. Factorisations which are created without the use of Theorem 3
return a better performance index (see Ag in Table 4.2). If it is possible to find a factorisation
which is right in the beginning fully and weakly controllable (without any usage of theorems) under
normal conditions the according cost function has a lower minimum than a factorisation which uses
one or more theorems. In Table 4.3, the best cost function is not As, but the best one is close
to Aq1. Furthermore, it was named that hard constrained problems head towards the chosen final
states. On the other side, the soft constraints bring all states of the non-linear system to zero. The
soft constrained problem often has a smaller cost function because the final states should converge
to zero, but they do not have to reach the zero in final time. Thus, the soft constraints are more
flexible. Also, the result depends on the weighting of the final state via the S matrix. In addition, the
error behaviour between the previous and the actual iteration was shown. It was possible to see that
it decreases until the error tolerance € is greater than the infinity norm of the actual and previous
iteration.

It is important to mention that the initial (zeroth) iteration is not taken into account for Table 4.2

and Table 4.3. The initial iteration is never the final solution because the result cannot be compared
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Table 4.3: Number of iterations and cost function of different factorisations in soft constrained

problem
A | iterations J
A, 14 5.227312196557898
A, 9 4.889200718949835
A, 11 4.913917988072871
Ag, 12 5.007855495921995
As 13 5.122534326564574

with the previous iteration. Hence, it is always handled as a special case.
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5 Spacecraft Dynamics

Geostationary satellites are traditionally places in control boxes to increase the total amount of
satellites with zero latitude. Normally, modern control boxes are approximately 0.1 x 0.1deg for
longitude and latitude — seen from the Earth’s surface. To guarantee the position of the satellite,
thrusters have to be used to hold the spacecraft in its foreseen control box. The natural drift of the
spacecraft can be divided in North/South and East/West station keeping. In this thesis, these drifts
are not seen as two separate control problems but as one large non-linear problem which is a relative
new approach (compare with Topputo [25]).

The dynamics of these spacecrafts are well known and will be derived in the following. The depen-

dency of the time of, for example, the state vector is omitted as for reasons of clarity.

5.1 Dynamic Equation of Motion in Spherical Coordinates
The unit vector e in the RTN reference frame (see Section 2.2) is given by a rotation matrix

cosfcos¢p  sinfcos¢ sing
RecrrrN = —sin 6 cosf 0 (5.1)

—cosfsing —sinfsing cos¢
from the ECI to the RTN reference frame of the ECI unit vector [i j k]*.

l

e=Rgcrrry - | (5.2)
k
The derivation of Eq. (5.2) comes to
e, 0 0 cos ¢ qﬁ e,
éo| = | —Ocoso 0 Osing | - | ep (5.3)
€4 -0 —0sin ¢ 0 e

(see Widnall [31]). Hence, the kinematics of the satellite can be described by

r=r-e, (5.4)

v:i(r-er): <r>'er+r(§ter> :7”~er+7’9'cosd>'eg+r(ﬁ-e¢ (5.5)

50



5.1 Dynamic Equation of Motion in Spherical Coordinates

and
a= (r — 162 cos? ¢ — rq32> cep+
(27’“9 cos ¢ + 76 cos ¢ — 2rfd sin q§> -ep+ (5.6)

(27;0' + rf%sin ¢cos ¢+ mﬁ) ‘€.

Considering Newton’s second law F' = m - a the equations of motion in spherical coordinates in the

RTN reference frame leads with

F:FT-GT-FFQ-GQ—I-Fd,'ed) (5.7)
and
a=oa, € +ag-e+ag-ey (5.8)
to
F, ar, i — 1762 cos? ¢ — réz
F=|Fy|=m-|a|=m-|2/0cos¢+rfcosp—2rfpsing |, (5.9)
Fy ag 276 + r6? sin ¢ cos ¢ + rqg

where the unit vectors are already cancelled. The Earth will be regarded as a point mass. So, in the
RTN reference frame the satellite will only be attracted along the radial-axis (see Fig. 2.4). Therefore,
the acceleration along the tangential- and the normal-axis is zero: ag = a4 = 0.

The acceleration due to the point mass can be derived via Newton’s laws:

The gravitational force acting on a satellite is

(5.10)

where G is the gravitational parameter, m; is the mass of the celestial body, ms is the mass of the
spacecraft and r is the distance between the celestial body and the satellite. This can be combined

with Newton’s second law of motion:

mima

F= ca=G 5.11
my - a 2 ( )
Thus, the acceleration acting on the satellite can be described with
mi H

Since the Earth is seen as a point mass and the radial-axis is not pointing towards the Earth, the

radial acceleration is defined as a, = —'u—cf. Using this and solving for the second derivatives of
r
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5.2 Unperturbed and Uncontrolled Nominal Dynamics

Eq. (5.9) leads to

¥ —£% + 0% cos? ¢ + r¢?
6| = (—27‘9 cos ¢ + 2rf¢ sin gb) : rccl)w . (5.13)
éﬁ (—27'“9 — r§%sin ¢ cos ¢5> . %

5.2 Unperturbed and Uncontrolled Nominal Dynamics

The state vector x(t) is assumed to be
x=|i 6 &7 d|. (5.14)

Using the acceleration in spherical coordinates of Eq. (5.13) and inserting to the state vector x(t):

T r
0 0
¢
x= f - —E% 4 62 cos® ¢ + r¢? ' (5:15)
<—27"9. cos ¢ + 2r9q5 sin ¢) . 'rcésqb
_(%5_ | (—27‘& — rf2sin ¢ cos gb) : %

The drift of the angle 6 has to be rewritten as § = A + w, where w is defined as the Earth rotational
velocity as a reason of a rotating reference frame. The RTN reference frame for geostationary orbits
has a deviation of the Greenwich meridian which is called nominal angle A,,. The satellite will have
an offset € in the RTN frame due to the perturbations. In Eq. (5.15), the derivative of 6 is used.
Thus, A = ¢ because the nominal longitude is constant.

Finally, the state vector for unperturbed and uncontrolled satellite dynamics in a rotating frame in

spherical coordinates can be written as

(i | [7] r
o ¢ €
o las| o] ¢ ‘
x= il —’:f?—l-r(é—i-w)Qcoquﬁ—i-rgb? (5.16)
s ¢ (—2f(é+w)cos¢>—|—2r(é+w)¢sin¢>>-@
| Z6 | _é_ (—27*¢5 —r(é+ w)2 sin ¢ cos gb) . %

5.3 Perturbed and Uncontrolled Nominal Dynamics

In Section 5.2 only the two body problem is considered. However in reality many different forces
act on the satellite (see Chapter 3). Thus, they have to be used in the satellite dynamics model to

achieve a high accuracy. It is important to mention the perturbations described in Chapter 3 are in
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5.4 Factorisation of the System Matrix

an inertial reference system in Cartesian coordinates. However, the applied dynamics are with respect

to the rotating frame in spherical coordinates. Thus, rotations around the z-axis under consideration

of the GHA and the nominal longitude and transformations from spherical to Cartesians are needed.

7
€

é

x = 59 4y (e 4 w)P cos? 6 + 7GR + apr (1A, )
(—Qf’ (€ +w)cosp+2r (é +w) éSin¢ + apx (r,A,(]ﬁ)) oo
<_273<;5 —r(€+ w)2 sin ¢ cos ¢ + apg (1, A, ¢)> ‘ %

apr, apy and a,g are the perturbations acting on a satellite.

5.4 Factorisation of the System Matrix

(5.17)

T COS ¢

In the optimisation, the satellite dynamics are playing an important role — they will describe the

system matrix A. According to Section 4.1, the system matrix has to be brought in factorised form

to use it later in the ASRE method. The factorisation has infinite possible solutions if the number of

rows and columns are higher than 1. One possible form of the factorisation of the satellite dynamics

with perturbations (see Eq. (5.17)) will be shown in the following:

[ 00 1 0 0
00 0 1 0
%= Ax — 00 O 0 1
Ay 0 0 O 0 0
Ay 0 0 Ay Ay Ay
[ As0 0 0 0 Ass Ass

The content of the system matrix A can be found in Table 5.1.

‘X (5.18)

The degrees of freedom of the satellite dynamics can be increased if another factorisation is created

and with the method already shown in Section 4.1 the performance of the chosen factorisation can

be increased. According to the mathematical factorisation, there are only non-unique solutions for

systems with n > 1.
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5.5 Perturbed and Controlled Nominal Dynamics

Table 5.1: Factorisation of satellite dynamics

Apy (T3 A
Ao —% + a2+ (a:% + 25w + wz) cos® x3 + M
y L1
ap) (7", >‘7 ¢)
Ao R
X COS T3
2 (w + x5
Aus _2(wHas)
Ty
Ay 2x¢ tan rs
Ays 2w tan xg
app (T, A, ) w?sinas coszs
Asp 5 -
Asy — (x5 + 2w) sin x3 cos z3
2.%'4
Ass -
Ha|

5.5 Perturbed and Controlled Nominal Dynamics

Due to the natural drift of spacecrafts in a geostationary orbit, they need a possibility to hold their
position in space. Therefore, they are equipped with thrusters which are firing at certain time spots
to hold the satellites in their control boxes. This control can be described in formulas as well. Hence,
in Eq. (4.5) the input vector u(t) is the applied thrust. The input matrix B(x(t)) describes the
influence of the input vector to the non-linear system.

The control input acceleration has to be divided by the same factors as the perturbation acceleration

of Eq. (5.17). Those fractions will be placed in the input matrix B:

(5.19)

- o O O O

3
Q
@]
1)

<

o O = O O O

I O O O O O

The final factorised, non-linear, perturbed and controlled dynamics of a geostationary spacecraft in

state-depended matrix form can be written as:
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5.5 Perturbed and Controlled Nominal Dynamics

0 o0 1 o o] [#] [o o o]
0O 00 0 1 0 é o o0 o
_ 0o 00 0 0 1 o 0 0 0 '
*“lap 00 0 o ol &l T oo o [™] (520)
A 0 0 Ay Ay Ay| |€ 0 rosg O "
[As0 0 0 0 As Ags| _ég_ | 0 %_

where the entries of the system matrix A can be found in Table 5.1.

95



6 Valdiation and Results

For the evaluation of the capability of the ASRE method for the station keeping of geostationary
satellites, a given spacecraft will be exposed to the free drift and will be controlled afterwards. For
the free drift, the perturbations of Chapter 3 will be used to simulate the natural forces acting on a
satellite. Therefore, a model with three Zonal terms and three Tesseral terms will be used to achieve
a good accuracy of the perturbation of the Earth. The most important celestial bodies — the Sun
and the Moon — are regarded as point masses. Moreover, the solar radiation pressure is taken into
account as well as the effect of the Earth shadow. The control profile of the satellite will be optimised
with the ASRE approach towards its global optimum depending on the used factorisation.

This chapter shows different steps to get one of the optimal solutions for the station keeping problem
of geostationary satellites with electrical propulsion systems. First, the perturbation model of the
satellite is verified. For this, the spacecraft is placed at a random geostationary position and it will
not be controlled. The simulation of the forces acting on a geostationary spacecraft is written in Java
and includes all the previous mentions perturbations as well as their restrictions. Also, this model is
verified via common literature like Soop [22] and via FreeFlyer which is software for space mission
design, analysis and operations.

Afterwards, the spacecraft will be commanded to a specific position. Therefore, the spacecraft dy-
namics are included to the simulation, but the perturbations are set to zero.

Then, the spacecraft will drift for some time and is controlled back to a certain position, where it
will start to drift again. The interaction between the perturbation model and the satellites dynamic
is verified. Here, the weighting matrices are not optimised which is why they have to be optimised.
The weighting matrix of the input R will not be optimised, because the weighting of it depends on
the used thrusters for the real application. With the optimal weighting matrices an optimal solution
of the used factorisation will be shown. Due to the infinite amount of different factorisations, this
chapter will conclude with the comparison of different factorisations and a short comparison with the
result of common literature (see Losa [14]).

The different stages until the final optimisation will be at different dates and with different spacecraft
masses, absorbing solar radiation area and radiation pressure parameters. This is done to show that
the ASRE approach is not fixed to some specific date or parameters. The following parameters will

stay the same if not reported otherwise:

e Ideal geostationary semi-major axis: r = 42164.140100123965 km
e Nominal longitude: A, = 60deg
e Longitude deviation: € = —0.04 deg

e Latitude: ¢ = Odeg
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6.1 Free Drift

The initial velocity is zero in all three axes. The deadband of the control box is chosen to be
2 Amaz = 2¢0maz = 0.1deg. Thus, the maximal deviation of the control box centre in one direction
is at 0.05deg. For the ASRE approach, the co-state vector has to be given in hard, soft or mixed
constraints and is set according to the specific task.

The distance always has to be a hard constraint. If, for example, the distance would be a soft
constrained state, the controller would try to bring the distance to zero which would result in an
impact of the spacecraft on the Earth’s surface. Also, it is important to mention that more hard
constraints result in a higher performance index (compare with the example in Chapter 4) because
the restrictions on the system are harder.

For the calculation of the total propellant mass, Eq. (2.11) will be used. Therefore, the specific

impulse I, is assumed to be 3000 s.

6.1 Free Drift

To verify the free drift of the geostationary satellite, the perturbations of Earth with three Zonals
and three Tesserals, the Sun and the Moon as well as the solar radiation pressure will be considered.
The free drift will be shown for 14 days with a step size of 600s. The spacecraft is placed at zero
degree deviation of the nominal longitude. The starting date is chosen to be on the 15 of January
2010 at midnight. The satellite mass is set to 4500 kg, the absorbing solar radiation surface area to
300 m? and the radiation pressure parameter to 0.3.

In Fig. 6.1 to Fig. 6.4, it can be seen that after a while the influence of the perturbations acting on
the spacecraft pushes it away from its initial position. In the beginning, the satellite was in a perfect
circular orbit around the Earth, but the perturbations start to push it towards the stable points (see
Fig. 3.2). The acceleration acting on the satellite will result in the distance to the Earth not being
constant anymore. The orbit is going to be an elliptic orbit.

The free drift behaves as expected. Due to the perturbations, the perfect circular geostationary orbit

cannot be hold and the latitude starts to oscillate around the equator.
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6.1 Free Drift
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Figure 6.1: Free Drift of spacecraft in two weeks with Euler integration (600s): distance to Earth
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Figure 6.2: Free Drift of spacecraft in two weeks with Euler integration (600s): longitude over

time

58



6.1 Free Drift
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Figure 6.3: Free Drift of spacecraft in two weeks with Euler integration (600s): latitude over time
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Figure 6.4: Free Drift of spacecraft in two weeks with Euler integration (600s): longitude vs
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6.2 Control

6.2 Control

For the verification of the control, the spacecraft is placed with an initial longitude deviation of
+0.05 deg and an initial latitude of +0.04 deg. The distance to the Earth and the longitude deviation
are considered to be hard constraints which means that they will be at their final positions at the
ideal geostationary radius and at -0.04 deg, respectively. The remaining states are regarded as soft
constraints which brings the total non-linear problem to a mixed constrained ASRE optimisation.
The spacecraft mass is considered to be 4500 kg, the surface area 300 m? and the radiation parameter
0.3. The initial date for the control cycle of 12 hours is on the 1% of January 2010 with a step size of
60s. The optimisation will keep going until the infinity norm of the actual and the previous iteration
is below the error tolerance of 107%. If the non-linear system would converge to a smaller error

tolerance, this would result in a smaller amount of Av. The weighting matrices are chosen as follows:
Q=0-Tsx6
R =1-10%- diag (I3x3)
S =10 - diag (Isx4)

In Fig. 6.5 and Fig. 6.6, the satellite in the control box reference frame is exactly at the chosen
position after the control cycle of 12hours. The soft constraints, like the drift velocities along the
axes of the RTN reference frame, are shown in Fig. 6.7 to Fig. 6.11. Due to the soft constraints, the
tangential and normal velocities are not zero when the spacecraft is at its final position. Choosing
the weighting matrix S in a better way can result in a final state closer to zero. The control profile
describes the used thrust to navigate the satellite. It can be seen that the needed acceleration along
the radial axis is the largest, while the tangential and normal acceleration is close to zero when the
spacecraft is at the final position. The total Av is about 0.0022km /s which can be used to calculate
the total amount of propellant which is needed for this manoeuvre. According to Eq. (2.11), the
total amount of fuel is about 0.34 kg under the assumption that the specific impulse of the propellant
is 3000s. By using optimised weighting matrices as well as another factorisation, it is possible to

decrease the Av even more.
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6.2 Control
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Figure 6.5: Position of spacecraft with two hard constraints (r, €) with Euler integration (60s):
distance to Earth over time
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Figure 6.6: Position of spacecraft with two hard constraints (r, €) with Euler integration (60s):
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6.2 Control
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Figure 6.7: Position of spacecraft with two hard constraints (r, €) with Euler integration (60s):
latitude over time
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6.2 Control

1073
. I —
1 —r/7

2
B

i 01— _

= Start

‘B
2
<)
>

N N
e
b
—~

End
_2 L | | | | |
42165 42170 42175 42180
distance[km]|
Figure 6.9: Velocity of spacecraft with two hard constraints (r, €) with Euler integration (60s):
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6.2 Control
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Figure 6.11: Velocity of spacecraft with two hard constraints (r, €) with Euler integration (60s):
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Figure 6.12: Thrust control profile of non-linear system with two hard constraints (r, €) with Euler
integration (60 s)
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6.3 Free Drift and Control

6.3 Free Drift and Control

After showing that the spacecraft can drift freely and can be controlled, a combination of both will
be used to simulate ten days in orbit with the according control cycles. For this, the spacecraft is
positioned at -0.04 deg for the initial longitude deviation and 0 deg latitude. The final state after each
control cycle should be at the ideal geostationary orbit radius, longitude deviation of -0.04 deg, lati-
tude of 0 deg and zero velocity along the RTN reference frame axes. The number of fixed constraints
is considered to be six which results in a complete hard constrained non-linear problem. The initial
date is on the 10" of July 2010 at midnight. The free drift will be 1.5days and the control cycle
12 hours and a step size of 600s. The error tolerance of the ASRE optimisation is assumed to be
1072, In contrast to only free drift and only control, the spacecraft mass is considered to be 3000 kg,
the radiation absorption area is 100 m? and the radiation parameter is 0.5. The weighting matrix Q
is assumed to be a zero matrix and R to be an identity matrix.

In Fig. 6.13 to Fig. 6.17, it can be seen that the geostationary satellite has a free drift of 1.5 days
and is controlled afterwards to the final state conditions. The different shapes of the free drift
in the distance to Earth, longitude deviation as well as in the latitude can be explained with the
perturbations acting on the spacecraft — for different time points the accelerations have different
magnitudes. The satellite always stays in its control box (see Fig. 6.16). It is possible to see the
manoeuvres which are the straighter lines towards the final longitude deviation and latitude. The
straighter the lines, the more fuel is needed. In Fig. 6.17, the thrust profile can be found. The thrust
magnitude along the different axes can be compared to the position of the spacecraft. For example,
the magnitude along the radial axis is in the beginning small because the magnitude of the deviation
to the ideal geostationary semi-major axis is small, too. While the deviation of the latitude is large,
the used thrust in nominal direction is significant as well. The total Av for all five manoeuvres is

about 33.0045 m/s which results in a total amount of propellant of 3.3625 kg according to Eq. (2.11).
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6.3 Free Drift and Control

42170 |~ —

42165 |~ —

distance[km]

42160 [— —

| | | | |

0 5 10 15 20
time[days]

Figure 6.13: Spherical position of spacecraft after free drifts and controlled manoeuvres with only
hard constraints and Euler integration (600s): distance to Earth over time
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Figure 6.14: Spherical position of spacecraft after free drifts and controlled manoeuvres with only
hard constraints and Euler integration (600s): longitude deviation over time
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6.3 Free Drift and Control
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Figure 6.15: Spherical position of spacecraft after free drifts and control manoeuvres with only
hard constraints and Euler integration (600s): latitude over time
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6.4 Optimisation of Weighting Matrices
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Figure 6.17: Spacecraft after free drifts and control manoeuvres with only hard constraints and
Euler integration (600s): thrust control profile

6.4 Optimisation of Weighting Matrices

Up to now, the weighting matrices have always been considered as Q being a zero matrix, R a
diagonal matrix with ones in the diagonal elements and S as a diagonal matrix with 10 in the
diagonal elements. Due to the fact that the weighting matrices influence the result, it is important
to optimise them.

The non-linear system is defined in such a way that there is only one hard constraint: the distance
to the Earth. The remaining states are seen as soft constraints and their final values for different
diagonal values of the weighting matrices are shown. The free drift time is set to 1.5days and the
control cycle will be finished after 0.5 days with a step size of 600s. Just one cycle of free drift and
control is regarded. The initial date is on the 10" of July 2010 at midnight and the error tolerance
is 1079.

In Fig. 6.18 and Fig. 6.19, it can be seen that the longitude and the latitude deviation goes to zero
for the corresponding elements in the matrix S which is having diagonal elements of 100. According

to Fig. 6.18 to Fig. 6.24, a possible final weighting matrix S is

(102 0 0 0 0
0 102 0 0 0
S=|10 0 102 0 0 (6.1)
0 0 0 10" 0
[0 0 0 0 105}

It is obvious that increasing the values of S results in more thrust which leads to a higher amount of
fuel consumption(see Fig. 6.24). Thus, the values of S should be as small as possible, but they still
have to fulfil the requirements to bring the final state very close to zero.

The behaviour of the weighting matrix Q is done in the same way as it was done for S. Fig. A.1a to
Fig. A.3b (see Appendix A) display that the smaller the values for Q, the smaller the deviation from

zero. However, small values lead to a high amount of propulsion (see Fig. A.3b). By definition, the
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6.4 Optimisation of Weighting Matrices

smallest value for Q is zero (see Chapter 4). Therefore, a zero Q matrix describes the best behaviour
— the needed thrust is at about 2.7827 N and the mass of needed fuel at about 0.2836 kg.
R will not be optimised because the specifications of the thrusters are not known. Nevertheless, if

they were known, they could be optimised in the same way.
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6.4 Optimisation of Weighting Matrices
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Figure 6.18: Optimisation of weighting matrix S with one hard constraint () and Euler integration
(600s): final longitude deviation values
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Figure 6.19: Optimisation of weighting matrix S with one hard constraint (r) and Euler integration
(600s): final latitude values



6.4 Optimisation of Weighting Matrices
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Figure 6.20: Optimisation of weighting matrix S with one hard constraint () and Euler integration
(6005s): final radial drift values
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Figure 6.21: Optimisation of weighting matrix S with one hard constraint (r) and Euler integration
(6005s): final tangential drift values
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Figure 6.22: Optimisation of weighting matrix S with one hard constraint () and Euler integration
(600s): final normal drift values
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Figure 6.24: Optimisation of weighting matrix S with one hard constraint (r) and Euler integration
(600s): mass of used fuel

6.5 Optimised Control

The factorisation of the system matrix A of Eq. (5.18) is used to determine the behaviour of the
geostationary spacecraft for 15 days with a free drift time of 2.5 days and a control of 0.5 days. The
initial date is on the 10" of July 2016 at midnight with a step size of 600s. The initial and final
state vector x; = x5 = [42164.1401 —-0.04 0 0 O O]T define the non-linear system with two
hard constraints and an error tolerance of 1072, The spacecraft parameters like the mass and the
radiation parameter are the same as in Section 6.4 because the optimised weighting matrices are
used. Q is a zero six by six matrix, R is an identity three by three matrix and S is equal to
[102 102 107 106]T. As the perturbation model, the full model including three Tesserals and
three Zonals, Sun and Moon as well as the solar radiation pressure including the penumbra and the
umbra. The satellite stays within the geostationary orbit which can be found in Fig. 6.25. In Fig. 6.26
to Fig. 6.28, it can be seen that the spacecraft stays in its control box. The control profile can be found
in Fig. 6.29. The total Av is about 21.1661 m/s. Thus, the used propellant is about 2.1567 kg which
is slightly more than in the example without any optimisation of the weighting matrices (compare
with Section 6.3). However in Section 6.3, the whole example corresponds for only ten days and here
the example is for 15 days. Therefore, increasing the total time by 50 % results in approximately the

same fuel consumption for a better choice of the weighting matrices.
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Figure 6.25: Free Drift and control of spacecraft with optimised weighting matrices with only hard
constraints and Euler integration (600s): distance to Earth vs. time
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Figure 6.26: Free Drift and control of spacecraft with optimised weighting matrices with only hard
constraints and Euler integration (600s): longitude deviation vs. time
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Figure 6.27: Free Drift and control of spacecraft with optimised weighting matrices with only hard
constraints and Euler integration (600s): latitude vs. time
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6.6 Different Factorisations
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Figure 6.29: Free Drift and control of spacecraft with optimised weighting matrices with only hard
constraints and Euler integration (600s): thrust control profile

6.6 Different Factorisations

As already mentioned in Chapter 4, changing the factorisation will result in a different solution of the
non-linear problem. Due to the fact that there are infinite, valid possibilities to factorise a non-linear
problem with n» > 1 it is a hard challenge to find one of the best results. Therefore, the station
keeping problem for geostationary satellites with electric propulsion will be used to demonstrate the
large effect of different factorisations.

In this section, the free drift plus control cycle will be calculated for one month and a second factori-

sation will be introduced. The velocity states of the system can be factorised to:
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where the parameters «, 5 and v are used for products which contain more than two different states.
This can be done by rewriting Eq. (4.24):

f3(x) = afi(x) + (1 — @) fa(x) (6.3)

For the demonstration of the strong influence of the chosen factorisation, the spacecraft is simulated
to be in space for 30 days while it is 1.5days in free drift and 12 hours in the control cycle. The
propagation starts on the first of July 2016 with a step size of 600s. The weighting matrix Q is still
a zero matrix and R an identity one. The number of fixed constraints is set to six. The mass of the
spacecraft is assumed to be 4500 kg, the surface area to absorb radiation is 300 m? and the radiation
parameter is 0.5.

In Fig. 6.30, the factorisation of Eq. (5.18) is used. A Aw of about 53.099m/s is needed which is
roughly a fuel consumption of 8.11kg. In comparison, Eq. (6.2) is used with the same parameters.
It is assumed that «, 8 and ~ are equal to 1 (see Fig. 6.31). This results in an approximate Av of
84.60m/s and an amount of fuel of 12.92kg which is an increase of 59.31 %.

If the factorisation of Eq. (6.2) is used with different random parameters:
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6.6 Different Factorisations

ay = 0.7177385582720581
ap = 0.7135013437484139
ag = 0.1036348458357986
B = 0.4106932641017714 (6.4)
B = 0.5247763812724352
B3 = 0.1734900105055931
~v = 0.8536348872292496

The final solution will change the Av to a value of about 25.50 m/s and an approximate fuel mass of
3.90 kg (see Fig. 6.32). By just changing the values of «, 8 and ~y, the new factorisation solves the same
non-linear problem by using only 30.42 % of the Av. Consequently, looking for a better factorisation
should be one of the most important goals to reduce the fuel consumption for the geostationary

station keeping with electrical thrusters while using the ASRE method.
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Figure 6.30: Free Drift and control of a spacecraft via factorisation A; for one month with only
hard constraints and Euler integration (600 s)
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Figure 6.31: Free Drift and control of a spacecraft with ones in the parameter factorisation for one
month with only hard constraints and Euler integration (600 s)
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Figure 6.32: Free Drift and control of a spacecraft with random parameter factorisation for one
month with only hard constraints and Euler integration (600 s)

6.7 Comparison

For the validation of the ASRE method, a comparison with common literature has to be done. The
geostationary spacecraft is positioned at the ideal geostationary semi-major axis, at zero latitude and
60 deg nominal longitude. According to Losa [14], the spacecraft mass is considered to be 4500 kg,
the surface area 300 m? and the mean reflectivity coefficient 0.3. The simulation will start at first of
January 2010 and last 365 days. The factorisation of Eq. (6.2) with the parameters of Eq. (6.4) is
used. This comparison only takes into account the fixed horizon approach of Losa because the ASRE
method has the most commonalities with the fixed horizon approach — both calculates their optimal
control input for a certain amount of time which is fixed after the calculation.

In Fig. 6.33 and Fig. 6.34, it can be seen that the spacecraft stays in its control box of 2\ = 2¢ =
0.1 deg while drifting free for 1.5 days and using its thrusters for 0.5 days. Note: the step size of those
figures are at 1200s, but only each seventh measurement point is shown.

The used thrust in all directions for the whole simulation time can be found in Fig. 6.35 to Fig. 6.37
— only each tenth measurement point is shown. The total Av of that is at approximately 316.32m/s
which is a fuel consumption of about 48.11 kg.

In Losa [14], it is shown that the Av of a deadband of 0.1deg for a fixed horizon optimisation is
180.48 m/s. Via Eq. (2.11) and a specific impulse of 3000s, the used propellant has a mass of about
27.51 kg which is approximately 57.18 % of the ASRE method.

The factorisation of Losa is improved and optimised to its perfect result. However the factorisation
of Eq. (6.2) can further be improved. For example, the weighting matrices can be optimised and a
better integration solver can be used. The free drift time can be optimised by using larger values — the
spacecraft has still to be in the control box — or by an intelligent dynamic calculator, the maximum
free drift time can be determined after each control cycle. All of these improvements will decrease

the amount of propellant which is needed to hold the satellite in its control box.
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Figure 6.33: Distance to Earth over longitude for one year for a geostationary satellite with the
random parameter factorisation with only hard constraints and Euler integration (1200 s)
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Figure 6.34: Latitude over longitude deviations for one year for a geostationary satellite with the
random parameter factorisation with only hard constraints and Euler integration (1200 s)
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Figure 6.35: Thrust in radial direction for one year for a geostationary satellite with the random
parameter factorisation with only hard constraints and Euler integration (1200s)
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Figure 6.36: Thrust in tangential direction for one year for a geostationary satellite with the
random parameter factorisation with only hard constraints and Euler integration (1200 s)
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Figure 6.37: Thrust in normal direction for one year for a geostationary satellite with the random
parameter factorisation with only hard constraints and Euler integration (1200s)

83



7 Conclusion

7.1 Thesis Contributions

In this thesis, the possibility of holding a geostationary satellite in its control box with an electric
propulsion system is shown. At the moment, this is one of the important topics for satellite providers
to reduce the operational costs of a spacecraft to a minimum.

This could be achieved by using an ASRE optimisation method which is a special case of the SDRE
approach. The ASRE method guarantees convergence towards its global optimum for the chosen
weighting matrices and factorisation.

To optimise the station keeping problem, it is necessary to provide a perturbation model to the
ASRE method. Therefore, a model including the Earth’s Zonals and Tesserals up to degree and
order of three, the Sun and the Moon as point masses as well as the solar radiation pressure with
the eclipse constraint is used and a validation of these forces is presented. Furthermore, the ASRE
approach is derived from the SDRE method. A way to implement the used method is given as
well as the restrictions like controllability which have to hold. It is proven that factorisations add
degrees of freedom to the pseudo-linearised non-linear model. Subsequently, the improvement of the
usage of transition matrices is discussed. The non-trivial implementation of this approach is given
and validated via an example which is factorised in different ways and proven why they are good
factorisations. As far as the author knows, up to now there was no attempt to provide hard and soft
constraints to this non-linear problem and to solve it in an optimal way with the ASRE method.
The different constraints show diverse behaviour of the optimisation of the non-linear problem. For
example, the hard constrained problem uses a high effort to bring the system to its final state whereas
the soft constraints have a small cost because they are more flexible.

To the author’s best knowledge, this is the first time that the implementation of the ASRE method
including the transition matrices is given in a summarised, detailed and written form. So far, the
guidelines of how to use this method are fragmental and not very precise. In addition, the spacecraft
dynamics are derived with and without perturbations as well as with control input. The used pseudo-
linearised factorisation is one possibility out of infinite valid ones and is chosen to the authors best
knowledge.

For the final simulation, the perturbation model is included to the chosen factorisation. This complete
model projects the all the external influences which act on a geostationary spacecraft and could be
also used for other missions. For low Earth orbits, other forces like the drag which is neglectable for
geostationary orbits have to be included, then it can be used without any restrictions. Hence, this
simulation can optimise the fuel consumption for the station keeping of a geostationary satellite via
the ASRE method. The simulation is tested for free drifting as well as to command the spacecraft
from one position to another. As far as the author knows it is the first time that the umbra and

penumbra are considered in the ASRE approach. This guarantees a more accurate perturbation
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7.2 Future Work

model and a more precise solution of the the station keeping problem. Furthermore, for the future
improvement of the input weighting matrix it is important to provide a possibility to detect if the
spacecraft enters the umbra as the low-thrust satellites are not allowed to use the thrusters while
they are in the eclipse of the Earth.

A way to optimise the weighting matrices is presented and an optimal station keeping manoeuvre (for
the used factorisation and weighting matrices) is shown. It is discussed that a different factorisation
can decrease the total Av which corresponds to a lower fuel consumption. A comparison of a random
parameter factorisation with the result of Losa [14] is presented. The overall result is the ASRE
optimisation approach can compete with classical optimisation methods. However, the given optimal
control algorithm has to be improved by changing for example the factorisation or the weighting

madtrices.

7.2 Future Work

Future improvements should include a better choice of the weighting matrices Q, R and S. The input
weighting matrix R should be adapted to real thruster configurations — like maximum and minimum
burn duration as well as the available thrust. The calculation if the spacecraft is in the eclipse can
be used to restrict the model even further. Real satellites are not allowed to use their propulsion
system while they are in the umbra of the Earth, because without the sunlight not enough electricity
is provided. The factorisation of the non-linear station keeping problem is very important for the
result. Due to the fact that there are infinite different possibilities to factorise the problem, it is
challenging to find the probably best solution. Especially a "good" choice can reduce the amount of
needed propellant by more than 50 % compared to a "bad" solution. The perturbation model which
contains the Sun and Moon as points masses, the solar radiation pressure (inclusive eclipses) and the
Zonal and Tesseral terms of the Earth up to the order and degree of three can be made more precise.
Therefore, the Zonals and Tesserals can be described with higher order terms as wells as the Sun and
the Moon can be seen as non-point masses. For the modelling of the perturbations in the free drift
an Fuler propagator was used. Due to the increasing error of the Fuler method, it is recommended
to use a Runge-Kutta method up to the order of at least 4-5. This method should be used in the
integration of the ASRE approach to achieve a higher accuracy. By reducing the step size of the
propagator, this can be achieved but for the cost of higher computational power.

In addition, it is possible to create an alternating algorithm to combine the soft, hard and mixed
constraints to a more fuel saving approach. Thus, the spacecraft can be brought to the final state and
will be controlled for a certain time with the mixed constraints. If one of the free parameters go out
of a certain threshold, the hard constraints will be activated again. This will save more propellant
because the soft constraints are more tolerant.

Creating a better method to determine if the spacecraft will leave the control box could be another
possible research topic. At the moment, a time fixed free drift is used. This could be improved in
order to make it more variable such that the spacecraft can drift as long as it stays inside the box.
In the actual version the whole control box is not used for the free drift.

In the future, the used ASRE method which is a kind of fixed horizon approach can be improved
by adding a receding horizon as presented in Losa [14] for her optimisation. Hence, it is possible to
update the ASRE method to a receding method, too.
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7.2 Future Work

The shown ASRE method can be used to optimise the station keeping of geostartionary satellites
with electric thrusters. The positive effect of the reduction of the needed propellant is found in lower
starting costs or for extension of the mission, because more fuel is available. Additionally, the saved

amount of propellant can be used to install more payload on the satellite.
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A Q-Matrix
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Figure A.1: Optimisation of weighting matrix Q
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B Symbols

Notation

e

R X =T > N

Description

Surface area

Radiation coefficient

Geopotential coefficient up to the order n and degree m of
the Zonals and Tesserals

Gravitational constant

Specific impulse

True longitude in EOE

Mass of Earth

Solar radiation pressure

Legendre polynomials up to the order n and degree m of the
Zonals and Tesserals

Radius of Earth

Radius

Geopotential coefficient to the order n and degree m of the
Zonals and Tesserals

potential function

Change of velocity vector

Right ascension of the ascending node

Solar flux

Angle between x-axis and projection of rg. in the equatorial
plane

Rotation matrix, rotates system from * frame to + frame
Transition matrix

Co-state vector

Controllability matrix

Kronecker symbol

Reflectivity coefficient

Error tolerance for the ASRE method

Longitude

Standard gravitational parameter

True anomaly

Shadow factor
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Symbols

Notation Description

Argument of perigee

Earth angular speed

Latitude

System matrix

Input matrix

Cost function of the system
Kalman gain

Solution of the algebraic Riccati equation
Weighting matrix of the states
Weighting matrix of the input

Weighting matrix of the soft constraints

B MmO "R YW BT E E

Acceleration vector

ro Vector from Earth centre to Sun in ECI

ry Vector from Earth centre to Moon in ECI

rep Vector from Earth centre to celestial body in ECI
| Vector from Earth centre to spacecraft in ECI

u Input vector

X State vector

0 GHA

a Semi-major axis
a Acceleration

c Speed of light

e Eccentricity

g Acceleration at Earth surface

i Inclination

myp Mass of used propellant

m Mass of spacecraft

) Distance between Moon and satellite
r Distance from centre of Earth to satellite
v Velocity

x Coordinate in ECI

Y Coordinate in ECI

z Coordinate in ECI

|

" Norm of a vector



C Acronyms

Notation
ASRE
COE
ECEF
ECI

EOE
GHA
JGM

LQ control
LQR

RTN

SDC
SDRE

Description

Approximate Sequence of Riccati Equation

Classical Orbital Elements
Earth-Centred Earth-Fixed
Earth-Centered Inertial
Equinoctial Orbital Elements
Greenwich Hour Angle

Joint Gravity Model

Linear Quadratic control
Linear Quadratic Regulator
Radial-Tangential-Normal
State-Dependent Coefficient
State-Dependent Riccati Equations
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