Many-revolution Earth-centred
solar-sail trajectory
optimisation using differential
dynamic programming

Gijs Leemans

Technische Universiteit Delft



ii

Cover image credit: https://www.wallpaperflare.com/, Retrieved May 2020
https://www.planetary.org/multimedia/space-images/spacecraft/ls2-earth.html, Retrieved May 2020



Many-revolution
Earth-centred

solar-sail trajectory

optimisation using

differential dynamic
programming

by

Gijs Leemans

Dissertation for the degree of
Master of Science

at The Astrodynamics and Space Missions Section,
Delft University of Technology,
to be defended publicly on Tuesday, August 31, 2021

Supervisor: Dr. ir. J. Heiligers

Co-supervisor: Ir. L. Carzana

Thesis committee:  Dr. D. M. Stam Committee chair,
Dr. ir.]. Heiligers  Supervisor,
Ir. L. Carzana Co-supervisor,
Dr. E Oliviero External examinator

An electronic version of this thesis is available at http: //repository.tudelft.nl/.

]
TUDelft


http://repository.tudelft.nl/

We cannot direct the winds,
but we can adjust the sails.

Thomas S, Monson
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Summary

Solar sailing is a form of low-thrust space propulsion that uses a large, thin, mirror-like structure to produce thrust from
reflecting solar photons. The solar sail does not require any fuel, therefore the total work done by the sail is only limited by
the lifetime of the sail itself. The propellant-less nature of solar sailing is interesting for a wide range of space applications,
ranging from interplanetary trajectories to debris removal around Earth. The acceleration that the solar sail imposes on
the spacecraft is very small, therefore it may take a long time for an orbital transfer to be completed. As a result, it is
desirable to find the optimal attitude of the sail such that an orbital transfer can be completed as efficiently as possible.
For Earth-centred trajectories, many orbital revolutions around the Earth might be needed before the desired state is
reached. This makes solar-sail planet-centred trajectory optimisation more complex, as it leads to a sensitive and high-
dimensional problem. Historically, optimisation of these trajectories has been performed using (semi-) analytical tech-
niques, resulting in locally optimal solutions. An optimisation method that has never been explored for planet-centred
solar-sail trajectory optimisation is differential dynamic programming (DDP). DDP is an optimisation scheme that finds
the optimal control by discretising the satellite’s trajectory into stages. At each stage, a local, quadratic model of the cost
is minimised by approximating the cost function with a second-order Taylor series expansion around the state, controls
and Lagrange multipliers. By taking the derivative of this expansion with respect to the controls and setting it to zero,
the optimal control update is found. This thesis work demonstrates the usability of differential dynamic programming to
obtain, for the first time, globally optimal Earth-centred solar-sail trajectories. To this end, DDP is combined with a global
optimisation heuristic, monotonic basin hopping (MBH).

The solar-sail acceleration is modelled by assuming an ideal solar-sail reflectance model, which implies that all in-
coming radiation is specularly reflected and the acceleration acts along the vector normal to the sail surface. Eclipses are
important for low-altitude planet-centred trajectories and are therefore modelled with a Heaviside-based sunlight frac-
tion. The numerical performance of the optimisation algorithm is enhanced by integrating the sailcraft state in modified
equinoctial elements and performing a Sundman transformation, which changes the independent variable for integra-
tion from time to the true anomaly.

The DDP algorithm was used on different test cases to validate and assess the performance of different aspects of
the algorithm, which is elaborated upon in the coming paragraphs. First, validation of the algorithm on a simple, two-
dimensional case took place. Next, the influence on varying settings of the algorithm was investigated, as well as its ability
to find globally optimal solutions with MBH. Next, The ability of the DDP algorithm to enforce terminal constraints was
explored for NASA's upcoming ACS3 mission, in addition to the effect of different perturbing accelerations on the opti-
mality of the solution. At last, two many-revolution cases with constraints and perturbing accelerations were optimised.

To validate the implementation of DDP for the purpose of many-revolution Earth-centred solar-sail trajectory opti-
misation, the solution found by DDP is compared against the result of a locally optimal steering law which maximises the
specific orbital energy of a satellite in geostationary orbit within three orbital revolutions. For this comparison, a two-
dimensional dynamical model is assumed where the direction of sunlight is taken to coincide with the orbital plane and
the Sun remains at a fixed position with respect to the Earth. The control is then solely determined by the sail cone angle
as the clock angle is fixed at 90° to restrict the acceleration to the orbital plane. The resulting semi-major axis increase
found by the DDP algorithm is slightly larger than the solution from the locally optimal steering law, thereby validating
the optimality of the solution found by the DDP algorithm.

The performance of the DDP algorithm relies on the choice for certain settings (e.g., the ‘optimality tolerance’ and the
‘initial trust region radius’). The effect of changing these settings is investigated to find out how robust the DDP algorithm
is to different settings and what the best settings for the remaining test cases are. To test the effect of the different settings,
amore complex case is investigated. The problem is expanded into three dimensions by removing the assumption on the
direction of sunlight to be fixed and planar. Instead, the Sun’s position as a function of time is retrieved from ephemeris
data. For this more complicated, three-dimensional case, the DDP algorithm is also able to find an optimal solution.
Three different values were used for each setting and the resulting semi-major axis increase and runtime of the DDP
algorithm were documented for comparison. For the majority, changing the settings does not have a large influence,
although there are two notable exceptions for the 'optimality tolerance’ and the ‘'minimum trust region radius’ These two
settings have a large influence on the semi-major axis increase found, as well as on the runtime of the DDP algorithm.

To find truly globally optimal solutions, a global optimisation heuristic, MBH, is used with DDP in the inner loop of
the algorithm. However, MBH did not significantly improve on the trajectory found by DDBP, although it did come at the
cost of a considerable increase in runtime.

The DDP algorithm is used on a variety of test cases, to find the optimal solar-sail attitude to maximise the specific
orbital energy (which is equivalent to increasing the orbit semi-major axis). As a next test case, NASA's upcoming ACS3
mission is investigated. The sail’s attitude is again optimised for the specific orbital energy, where now also eclipse con-
ditions are taken into account. The ACS3 sailcraft is expected to be launched in a Sun-synchronous orbit. When the
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semi-major axis of the orbit changes without also changing the inclination, the Sun-synchronous attribute will be lost.
Therefore, a constraint is implemented to simultaneously change the inclination of the orbit such that the orbit remains
Sun-synchronous. Significant increases in the semi-major axis of the orbit are obtained while the sailcraft is kept under
Sun-synchronous conditions.

Additionally, the effect of considering different perturbing accelerations acting on the sailcraft is investigated for both
the geostationary case and the ACS3 mission. Previously, the only accelerations acting on the satellite were point-mass
gravity from the Earth and the solar-sail acceleration itself. Now, the effect of the irregularities of the Earth’s gravity field
(J2,J3 and Jy), lunar and solar gravity are assessed. Including any of the perturbing accelerations will lead to a smaller
semi-major axis increase for both the geostationary case and the ACS3 mission, while the effect on the runtime of the DDP
algorithm is negligible. The magnitude of the change in semi-major axis is problem dependent, for the geostationary case,
lunar gravity has the largest effect on the semi-major axis, whereas for the ACS3 mission this is the J» effect.

Lastly, DDP has proven to be robust for many-revolution solar-sail trajectories around the Earth. With a solar-sail
lightness number § = 0.0011, a semi-major axis increase of 3793.10 km was found after 500 orbital revolutions for a
sailcraft initially in geostationary orbit. These results were obtained while considering various perturbing accelerations
acting on the sailcraft (J,/3 and Jy, lunar and solar gravity). Also eclipses with the Earth as occulting body were taken
into account. The increase in semi-major axis is very large, especially considering that a solar-sail lightness number
B =0.0011 was used, which is an order of magnitude smaller than the current state-of-the-art. From this result it can be
concluded that that a solar-sail is a viable form of propulsion for orbit raising at geostationary altitude. Another many-
revolution trajectory optimisation case was investigated in the form of NASA's upcoming ACS3 mission. Here, with a solar-
sail lightness number = 0.0084, a semi-major axis increase of 7.85 km was found after 100 orbital revolutions. Again,
various perturbing accelerations acting on the sailcraft (J»,/3 and J4, lunar and solar gravity) and eclipses were taken into
account. In addition, a constraint was enforced to keep the orbit under Sun-synchronous conditions. The semi-major
axis increase of 7.85 km is significant considering that the initial altitude of the orbit is only 700 km and that the solar sail
is simultaneously used to change the orbit inclination to keep the sailcraft under Sun-synchronous conditions. Therefore,
it can be concluded that that a solar-sail is a viable form of propulsion for orbit raising in low-Earth orbit with the note
that the effect of atmospheric drag has not been considered here.

To conclude, DDP has proven to be a robust optimisation algorithm that can be used for many-revolution Earth-
centred trajectory optimisation. The algorithm performs well for poor initial guesses and is able to produce optimal
trajectories while taking different perturbing accelerations and terminal constraints into account.
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Introduction

In the year 1610, Johannes Kepler noticed that solar radiation carries a form of pressure based on the fact that the tail
of a comet always points away from the Sun. He wrote in a correspondence with Galileo: "... provide ships or sails
adapted to the heavenly breezes, and there will be some who will brave that void." [1]. The idea of using solar radiation
pressure as propulsion for a spacecraft was first conceived in 1924 by Fridrickh Tsander, who wrote about the usage of a
solar sail to provide a spacecraft with a form of propulsion that provides a continuous acceleration, limited only by the
lifetime of the sail itself [2]. The following years the idea was not given much attention, but in the fifties it was reinvented
by Carl Wiley. Following his enthusiasm, more detailed studies on the subject were developed in the fifties and sixties,
until eventually in the seventies the first solar sail was considered for a mission by NASA [3]. Eventually, the mission
was cancelled and although the solar sail was not used, interest in the concept grew. Recently, in 2010, the first ever
solar sail flew on a mission by the Japanese space agency, JAXA. This mission, IKAROS, was a mission to demonstrate the
technology of a solar sail on an interplanetary trajectory [4]. Following IKAROS, more solar-sail missions have flown. For
example, the Planetary Society launched a solar-sail mission, Lightsail 1, which completed an in-orbit deployment of the
sail. The follow-up mission, Lightsail 2, successfully demonstrated that the sail could be used for orbit raising [5]. The
upcoming NEA Scout mission by NASA, which is scheduled to be launched in November 2021, will be the first mission
with a scientific objective that will use a solar sail as main form of propulsion. NEA Scout will perform reconnaissance
with near-Earth asteroids [6]. In addition to NEA Scout, NASA has another solar-sail mission planned, the Advanced
Composite Solar Sail System (ACS3) mission. The mission’s main focus is to test NASA’'s novel deployable composite
boom technology [7].

Since the acceleration that the solar sail imposes on the spacecraft is very small, it may take a long time for an orbital
transfer to be completed. Therefore, it is desirable to find the optimal attitude of the sail such that an orbital transfer
can be completed as efficiently as possible. Global time-optimal solutions have been found for interplanetary solar-sail
trajectories with the use of optimisation algorithms such as evolutionary neurocontrol [8]. However, global optima of
planet-centred trajectories have not yet been found. Due to the small solar-sail acceleration, many revolutions around
the central body are often necessary before a desired state is reached. This makes solar-sail planet-centred trajectory
optimisation more complex, as it leads to a sensitive and high-dimensional problem [9]. Historically, optimisation of
these trajectories has been performed using (semi-)analytical techniques, resulting in locally optimal solutions. For ex-
ample, analytical control laws have been developed that maximise the rate of change of a single orbital element, such as
the semi-major axis or the inclination [3]. However, when more than one orbital element is to be changed, the problem
becomes more complicated. Solutions have been proposed where the trajectory is split into different arcs, where in each
arc the rate of change of a different orbital element is maximised [10]. Other solutions implement blended control laws,
where individual control laws are combined with weights, and the magnitude of the weights is based on the relative im-
portance of changing each orbital element during that particular phase of the trajectory [11]. In terms of applications,
Earth-centred solar-sail trajectory optimisation has been performed for a variety of problems. For example, the use of a
solar sail to mitigate space debris in the geostationary ring has been studied [12, 13]. Solar sailing is particularly interest-
ing for these applications, since the cycle to move debris can be repeated indefinitely because the sailcraft will not run
out of propellant. Other applications include, but are not limited to, Earth escape trajectories [14, 15, 16], to provide a
starting point for interplanetary trajectories.

Differential dynamic programming (DDP) is an optimisation routine that has the benefit that it scales linearly with
the number of control variables [17], which is a property that makes DDP particularly interesting for large optimisation
problems such as mentioned in the previous paragraph. DDP splits the complete trajectory into small stages, where at
each stage a local optimal control problem is solved [18]. DDP has already been used to find optimal satellite trajectories
using another form of low-trust propulsion, solar-electric propulsion (SEP), to near-Earth asteroids [19] and for NASA’s
Dawn mission to Ceres and Vesta [20, 21]. Moreover, DDP’s ability to deal with many-revolution Earth-centred trajectories
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has been demonstrated with a solar-electric propulsion (SEP) transfer trajectory from geostationary transfer orbit (GTO)
to geostationary equatorial orbit (GEO) in 2000 revolutions [22].

The remainder of this chapter focuses on the research objective and questions, which are elaborated upon in Section
1.1 and 1.2, respectively. The outline of this report is stated in Section 1.3.

1.1. Research objective

Considering the lack of globally optimal solutions for many-revolution Earth-centred solar-sail trajectories and the abil-
ity of DDP to provide optimal solutions for many-revolution low-thrust trajectories, this work aims to obtain, for the first
time, globally optimal Earth-centred solar-sail trajectories through the use of DDP in combination with a global optimi-
sation heuristic, monotonic basin hopping (MBH). MBH is needed to find globally optimal solutions since DDP itself is a
local optimisation scheme. This work aims to extend the applicability of DDP to many-revolution Earth-centred solar-sail
trajectories and proof its superior performance in terms of optimal solution found compared to known locally optimal
solutions. For a variety of test cases the optimal solar-sail attitude will be found to maximise the specific orbital energy.
Test cases range from theoretical scenarios to realistic mission applications, including NASA's upcoming ACS3 mission
under Sun-synchronous conditions.

1.2. Research questions

Section 1.1 has shown that this work’s research objective is focused on obtaining globally optimal Earth-centred solar-sail
trajectories through the use of DDP. The developed algorithm will be used on different test cases. The following research
questions have been developed to achieve the research objective:

1. Does solar-sail propulsion impose any constraints or limitations that prevent the use of DDP?
2. What is the effect of different settings for the optimisation algorithm on the optimality of the solution?

3. How do globally optimal Earth-centred solar-sail trajectories, when optimised using DDP, perform compared to
locally optimal steering laws?

4. What is the optimal solar-sail attitude for planet-centred solar-sail trajectories under different dynamical condi-
tions around the Earth?

(a) What is the optimal solar-sail attitude for orbit raising at geostationary altitude?

(b) Whatis the optimal solar-sail attitude for raising the orbit altitude of alow-Earth orbit under Sun-synchronous
conditions?

(c) What is the effect of perturbing accelerations on the optimal trajectories?

1.3. Report outline
The main part of this thesis is written in the form of a conference article, which has already been accepted to be presented
atthe 2022 American Institute of Aeronautics and Astronautics (AIAA) SciTech Forum and Exposition. The article is titled:

"Many-revolution Earth-centred solar-sail trajectory optimisation using differential dynamic programming"

The article manuscript is presented in Chapter 2. In Chapter 3, the conclusions of this work in light of the research
questions posed in Section 1.2 are given, together with recommendations for future work. The methods that have been
used for verification and validation of the software that has been developed are presented in Appendix A.



2

Journal article



=

= =~ >

Many-revolution Earth-centred solar-sail trajectory
optimisation using differential dynamic programming

G. Leemans®, L. Carzana' and J. Heiligers ¥
Delft University of Technology, 2600 AA, Delft, The Netherlands

This work demonstrates the usability of differential dynamic programming (DDP) to obtain,
for the first time, globally optimal Earth-centred solar-sail trajectories. To this end, DDP is
combined with a global optimisation heuristic, monotonic basin hopping. The dynamical
model is implemented as a two-body problem, augmented with an ideal solar-sail reflectance
model and accounts for eclipses. The numerical performance of the optimisation algorithm is
enhanced by integrating the sailcraft state in modified equinoctial elements and performing a
Sundman transformation to change the independent variable from time to the true anomaly.
The DDP algorithm is proven to be robust for trajectories extending up to 500 revolutions and,
compared to known locally optimal steering laws, allows to obtain more or equally optimal
solutions. The latter is demonstrated in this paper through a set of test cases that range from
theoretical scenarios to realistic mission applications, including increasing the specific orbital
energy of NASA’s upcoming ACS3 mission. Additionally, the algorithm’s ability to cope with

different optimisation settings, perturbing accelerations and constraints is demonstrated.

Nomenclature
Sail cone angle [rad] e = Eccentricity
Solar sail lightness number F = Dynamics matrix
Smoothed sunlight fraction f.g.h, k= Modified equinoctial elements
Trust region radius G = Scaling matrix
Sail clock angle [rad] H = Heaviside function
Reduction ratio tolerance h = Logistic growth rate
Optimality tolerance k = Stage number
Sundman transformation variable i = Inclination [rad]
Reduction ratio tolerance J = Cost function
Sundman-transformed dynamics matrix [ = True longitude [rad]
Lagrange multiplier M = Scaling matrix
Gravitational parameter [m3/s?] m = Mass [kg]

*Graduate student, Faculty of Aerospace Engineering, g.leemans @student.tudelft.nl
TPhD candidate, Faculty of Aerospace Engineering, 1.carzana@tudelft.nl
¥ Assistant Professor, Faculty of Aerospace Engineering, m.j.heiligers @tudelft.nl



v True anomaly [rad] N Number of stages

P Reduction ratio n Normal vector

z Penalty matrix p Semi-latus rectum [m]
o State transition matrix )/ Reference vector

1) Objective function q Auxiliary modified equinoctial element
/4 Terminal constraints R Radius [m]

Q Right ascension of the ascending node [rad] r Position vector [m]

W Argument of periapsis [rad] rg Sun-sail vector [m]

A Feed-forward control matrix Tes Sidereal day [s]

a Semi-major axis [m] t Time [s]

B Feedback control matrix u Control vector

C = Sail-centred reference frame u = Control parameter

D = Feedback control matrix X = Augmented state vector

I. Introduction

Solar sailing is a form of low-thrust space propulsion that uses a large, thin, mirror-like structure to produce thrust
by reflecting solar photons. The thrusting capabilities of a solar-sail are therefore only limited by the lifetime of the sail
itself; there is no dependency on available propellant. Hence, solar sailing is particularly interesting for missions of long
duration or missions requiring continuous thrust. Examples include the use of a solar sail to mitigate space debris in the
geostationary ring [1, 2], Earth escape trajectories [3—5], and non-Keplerian orbits [6, 7]. The concept of solar sailing
has been around for a long time [8], but has only recently become a reality with the successful deployment of IKAROS,
a mission by JAXA [9]. Following IKAROS, several more solar-sail missions have flown and various missions are
planned for the future. Next year, the launch of NASA’s Advanced Composite Solar Sail System (ACS3) mission is
scheduled. The mission’s main focus is to test NASA’s novel deployable composite boom technology [10].

Since the acceleration that the solar sail imposes on the spacecraft is very small, solar-sail trajectories are often
optimised for the time of flight. Global time-optimal solutions have been found for interplanetary solar-sail trajectories
with the use of optimisation algorithms such as evolutionary neurocontrol [11]. However, global optima of planet-centred
trajectories have not yet been found. Due to the small solar-sail acceleration, many revolutions around the central body
are often necessary before the desired state is reached. This makes solar-sail planet-centred trajectory optimisation
more complex, as it leads to a sensitive and high-dimensional problem [12]. Optimisation of these trajectories has
been performed using (semi-)analytical techniques, resulting in locally optimal solutions. For example, control laws
have been developed that maximise the rate of change of a single orbital element, such as the semi-major axis or the
inclination [13]. However, when more than one orbital element is to be changed, the problem becomes more complicated.
Solutions have been proposed where the trajectory is split into different arcs, where in each arc the rate of change of a
different orbital element is maximised [14]. Other solutions implement a blended control law, where individual control

laws are combined with weights, where the magnitude of the weights is based on the relative importance of changing



each orbital element during that particular phase of the trajectory [15].

An optimisation method that has never been explored for planet-centred solar-sail trajectory optimisation is
differential dynamic programming (DDP). DDP is a second-order gradient-based optimisation routine that has the
benefit that it scales linearly with the number of control variables [16], which is a property that makes DDP interesting
for large optimisation problems. Although DDP is suitable for large scale optimisation, runtime is still expected to
increase with the size of the problem. This problem is diminished with a method to parallelise the most computationally
expensive step of the algorithm, which has a significant impact on the runtime of the algorithm [17, 18]. DDP discretises
the spacecraft’s trajectory into stages, where at each stage a local, quadratic model of the cost is minimised [19]. DDP
has already been successfully used to find optimal Earth-centred trajectories using solar electric propulsion (SEP) [12],
where optimal solutions were found for a transfer from geostationary transer orbit (GTO) to geostationary equatorial
orbit (GEO) consisting of up to 2000 revolutions.

This work aims to obtain, for the first time, globally optimal Earth-centred solar-sail trajectories through the use of
DDP in combination with a global optimisation heuristic, monotonic basin hopping (MBH). MBH is needed to find
globally optimal solutions since DDP itself is a local optimisation scheme. MBH is able to find the global optimum by
iteratively executing the DDP algorithm with a slightly perturbed initial guess [20]. As such, this work will extend
the applicability of DDP to many-revolution Earth-centred solar-sail trajectories and proof its superior performance in
terms of optimal solution found compared to known locally optimal solutions. For a variety of test cases, the optimal
solar-sail attitude will be found to maximise the specific orbital energy. Test cases range from theoretical scenarios to
realistic mission applications, including NASA’s upcoming ACS3 mission under Sun-synchronous conditions.

The remainder of the paper is structured as follows. First, the dynamical model is discussed in Section II, including
the solar-sail model and a range of perturbing accelerations. Subsequently, an overview of the theoretical background
of DDP and its implementation is given in Section III. Next, in Section IV, the results are presented from validation
(Section IV.A), varying the algorithm’s settings (Section IV.B.1), different perturbing accelerations (Section IV.B.2), the
algorithm’s ability to deal with terminal constraints (Section IV.C), and lastly, many-revolution trajectory optimisation

(Sections IV.D and IV.E). The article closes with the conclusions in Section V.

I1. Dynamical model
The dynamics of the satellite are defined in an Earth-centred equatorial inertial reference frame, ECI(x,y,z) with
the x-axis towards the vernal equinox, the z-axis perpendicular to the equatorial plane and the y-axis completing the
right-handed reference frame. DDP requires the spacecraft’s state to be represented as an augmented state vector [17],

where the spacecraft state vector is augmented with the control vector as

T T
xu]zrr'u]z

In Eq. 1 r is the position vector of the satellite, u is the control vector consisting of the two sail control parameters, «

T

X= Xy z Xy zZ m t a ¢ ey

and B, which will be elaborated upon in Section IL.B, 01 represents the derivative with respect to time, m is the spacecraft

mass and 7 is the current time. The derivative of the augmented state vector is composed of various terms:
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The terms for the acceleration in the second row of the vector in Eq. 2 are, from left to right, point-mass gravity
from the Earth, the solar-sail acceleration, accelerations resulting from irregularities in the Earth’s gravity field (J;, J3
and Jy), lunar gravity and solar gravity. These individual contributions will be expanded on the coming sections. Unless
stated otherwise, J2000 is used as the initial epoch for propagation. An important perturbing acceleration missing in Eq.
2 is the atmospheric drag, whose effect can be significant in low-altitude regimes. However, DDP optimisation requires
the dynamical model to be twice differentiable, which becomes a difficulty when atmospheric drag is included. Density
models most often consist of tabulated data, which are not differentiable [21]. The exponential density model is (twice)
differentiable, but this model is strongly simplified and a very rough estimate [21]. The implementation of an accurate

and twice differentiable drag model is therefore left for future research.

A. Two-body dynamics
First and foremost, the largest acceleration acting on the satellite is the point-mass gravity from the Earth [21]. This
acceleration can be written as
He

: _ _He 3
rg r3r ()

where ug is the Earth’s gravitational parameter and r = ||r||. Table 2 provides the values of the used dynamical

parameters.

B. Solar-sail acceleration

The solar-sail acceleration is modelled by assuming an ideal solar-sail reflectance model, which implies that all
incoming radiation is specularly reflected and the acceleration acts along the vector normal to the sail surface, 7i. Other
solar-sail force models account for absorption, diffuse reflection and thermal emission of the incoming radiation (optical
force model), sail billowing and degradation [13, 22, 23]. The difference between using the ideal and optical force model
has been demonstrated in Reference [22], where the transfer time for both models was evaluated for an Earth-Mars
transfer. The results show an increase of 12 — 13% in time of flight when using the optical model compared to the ideal
model. For the case of a transfer from the GEO to halo orbits around the Sun-Earth L; point, an increase in time of
flight of approximately 8% was found [24]. The optical force model is not considered in this work, but similar orders of

magnitude for the increase in time of flight may be expected when doing so in future work.



The direction of the sail normal vector, A, is defined in frame C (7, p, £), see Figure 1. Reference frame C has its
origin at the position of the sailcraft, the 7 axis points in the direction from the Sun towards the satellite, the Z axis
in the direction of the ECI z-axis, and the third axis, p, completes the right-handed orthogonal reference frame. The
sail normal vector is defined by two angles, see again Figure 1: the cone and clock angles, where the cone angle, «, is
defined as the angle between the sail normal and the direction of sunlight. The clock angle, J, is defined as the angle
between the z-axis of the ECI reference frame and the projection of the normal vector onto the plane perpendicular to

the Sun-line.

ECI z-axis 4

Perpendicular to Sun line

Sun line

Fig. 1 Solar-sail attitude angles.

The normal vector of the sail, 7, is defined reference frame C as

cosa
n|c = |sin@cosd
sina sin § 4)
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6 € [-2m, 2r]

An intrinsic property of the solar sail is that the solar-sail acceleration is always directed away from the Sun. To
model this property, the cone angle is restricted to a range between —x/2 and 7/2. The clock angle can in principle
obtain any value, but is for practical reasons restricted between —27 and 2n. For inclusion in Eq. 2, the solar-sail
acceleration is to be found in the ECI reference frame, and therefore the normal vector needs to be transformed from

reference frame C to the ECI frame according to:
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The resulting solar-sail acceleration is determined as [13]

Fss = yﬁ‘:—fm -n)’n ©6)

5
where vy is the smoothed sunlight fraction, 3 is the solar-sail lightness number, p o the Sun’s gravitational parameter and
r is the position vector from the Sun towards the sailcraft. The solar-sail lightness number is defined as the ratio of the
solar radiation pressure to the solar gravitational acceleration and is used as a metric for the thrusting capabilities of the
sail. Solar-sail lightness numbers from a selection of previously flown and planned solar-sail missions are shown in Table
1. During eclipse conditions, the sail does not produce an acceleration. Eclipses are modelled using a low-precision
solar ephemeris model [21] and a Heaviside-based sunlight fraction approach [25]. The sunlight fraction is equal to
zero when the satellite is in eclipse, and to one when the satellite is in sunlight. Only eclipses with the Earth as the

occulting body are taken into account.

Table 1 Performance parameters from previously flown and planned solar-sail missions [10, 26].

IKAROS NanoSail-D2 InflateSail LightSail2 NEA Scout (planned) ACS3 (planned)

Sail area [m?] 196 10 10 32 86 80
Sailcraft mass [kg] 307 4.0 3.2 5.1 12.0 14.6
Lightness number 9.8 x 107  3.8x 102 4.8x1073 9.8x1073 1.1 x 1072 8.4 x 1073%

* W.K. Wilkie, personal communication, May 2021

C. Non-spherical Earth
In reality, the Earth is not a perfect sphere. Therefore, the gravitational acceleration from the Earth cannot solely be
described by a point-mass gravity model, Zonal harmonics coefficients, J; with i = 2, 3, ..., can be used to model the

irregularities of the gravity field. The perturbing acceleration due to the J;, J3 and J4 coefficients are [27]

. 3uehR !
rp, :_T® x(l—Sf—z) y(l—Si—z) 2(3—55—2) (72)
_ 15uehsR3 NE
rp; = _T Xz (1 - —3rZ22) yz (1 - —3rZ22) 22 (2 - % - %) (7b)
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where Rg is the Earth’s radius. Values for the zonal harmonics coefficients are given in Table 2.



D. Third-body Perturbations

Point-mass gravity from the Moon and the Sun are the largest third-body accelerations acting on an Earth-orbiting
spacecraft. Therefore, the third-body perturbations from the Moon and the Sun are accounted for and modelled using
the method of Section 3.3.1 from Reference [21]. These accelerations cannot be described in the same way as is done
for the point-mass gravity from the Earth, since the perturbations by the Sun and Moon cause an acceleration on the
Earth itself as well. This acceleration has to be subtracted from the acceleration induced on the satellite. The position

vector from the Moon to the satellite is written as

rQsc =T —rq (8)

where r is the position vector of the Moon. The contribution of the acceleration caused by the Moon on the spacecraft
can then be defined as
x—xq xq y—y( y@ Z—Z@ Z
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where ug is the gravitational parameter of the Moon, of which the value is given in Table 2. The same strategy is used
for determining the acceleration on the satellite caused by the Sun. The position vector from the Sun to the satellite is

written as

Fo/jsc =F—Tro (10

where r, is the position vector of the Sun. The contribution of the acceleration caused by the Sun on the spacecraft can

then be defined as

T
i‘@ = — X—Xo Xo y—Yo Yo Z—20 20 (11)

IrrolP T X3 TrrolP 733 TrrolP ™ 23

To determine these perturbing accelerations, it is necessary to know the Moon’s and the Sun’s position in the ECI
frame at each point in time. For obtaining these ephemeris data, analytical expressions for low-precision solar and lunar
coordinates are used from Section 3.3.1 in Reference [21]. The model to obtain these coordinates assumes unperturbed
motion of the Earth around the Sun, whereas for the motion of the Moon around the Earth the influence of terrestrial

and solar gravity are taken into account.



Table 2 Dynamical model parameters [27, 28].

Parameter Value Parameter Value
7P 3.986004 x 10'* m3/s? J> 1.082626 x 1073
Ho 1.327124 x 10%° m3/s? J3 -2.533x107°
U 4.902801 x 10'> m3/s? Js -1.6186 x 107°
R 63781363 m

E. Modified equinoctial elements

The equations of motion (EOMs) are integrated in modified equinoctial elements (MEE). Integrating a set of orbit
elements has benefits to integrating a Cartesian state, since the number of rapidly changing elements can be reduced. A
formulation of the EOMs that only has one single rapidly changing element, like the Keplerian model, but does not
experience the singularities that are present in the Keplerian model, are the MEE [29]. Five variables describe the shape
and orientation of the orbit, while one variable describes the location of the spacecraft within the orbit. This latter

variable is chosen as the true longitude. The MEE are defined as

p=a(l—e?
f=ecos(w+Q)

g=esin(w+Q)

(12)
h = tan () cos (Q)
k = tan (£) sin (Q)
l=w+Q+v

where p is the semi-latus rectum, f and g describe the orbit eccentricity, whereas i and & describe the orbit inclination
and [ is the true longitude. The MEE are defined using Kepler elements, a, i, ¢, w, Q and v, which are the semi-major
axis, inclination, eccentricity, argument of periapsis, right ascension of the ascending node and the true anomaly,
respectively. The augmented state vector in MEE form becomes

T
XMEE=|p f g h k I m t a ¢ (13)

Integrating the dynamics in MEE requires the derivative of the augmented state vector first to be evaluated in
Cartesian elements (see Eq. 2), after which the derivative can be transformed to MEE by the method in Section 2.1 from

Reference [30].



F. Sundman transformation
Using MEE has proven to be even more advantageous when using a Sundman transformation to change the

independent variable for integration from time to the true anomaly, v [12]. This Sundman transformation is given as

()
dt = =] dv (14)

where ¢ is an auxiliary MEE, which is defined as

qg=1+ fcos(l)+gsin(l) (15)
The derivative of the augmented state vector is then transformed as

o 0 XMEE 0 XMgg Ot . ot
X = — = XMEE — 16
MEE =75y gt av ~MEEG, (16)

where d1/dv is obtained from Eq. 14. Note the different dot above the augmented state vector (X versus X), where 1

indicates the Sundman-transformed derivative.

I11. Differential dynamic programming

This section provides the definition of the DDP method and details on its implementation. The algorithm provided
here is based on the DDP algorithm in Reference [17], for the particular case of a single-phase trajectory without local
stage costs.

Like any low-thrust trajectory optimisation algorithm, DDP seeks the minimum of a cost function J(x, u, t), where
x(t) is a state trajectory and u (¢) is a control schedule. The general workflow of DDP is visualised in Figure 2. First,
the spacecraft’s trajectory is forward integrated with a given set of controls. Then, the trajectory is discretised into
stages, where at each stage a local, quadratic model of the cost is minimised. The method of Dynamic Programming is
based on Bellman’s principle of optimality: “An optimal policy has the property that whatever the initial state and initial
decision are, the remaining decisions must constitute an optimal policy with regard to the state resulting from the first
decision.” [31]. Following this principle, the algorithm finds the control variables for the final stage that correspond to
the best final solution. When these control variables are found, the algorithm repeats this task for the penultimate stage,
until it has optimised all individual stages. This process is called the backward sweep, see Figure 2. With the newly
found control variables, the problem is forward integrated (the forward sweep, see again Figure 2), after which the same
procedure is initiated until the optimisation algorithm has converged. The remainder of this section will elaborate on the

different steps taken by DDP, but first the notation is elaborated upon in the next section.
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Fig.2 DDP optimisation schematic [17].

A. Notation

The DDP algorithm consists of a number of equations in which scalars, vectors, matrices and third-orders tensors
make their appearance. This section covers the notation that is used throughout the upcoming sections. Similar as in
Section II, boldface is used to indicate vectors, whereas superscripts are used to indicate the entries in a vector, matrix or

tensor. For example, consider the augmented state vector in MEE (note that the MEE subscript is dropped for brevity) as

T
X=p f g h kIl m<t a6 17

The i entry of X is written as X’, so X3 is equal to g when counting starts from one. The same procedure holds for

matrices and third-order tensors. For example, consider the following matrix:

1 2 3
Y=14 5 6 (18)
7 8 9

The (i, @)™ entry of Y is written as Y*¢, so Y23 is equal to 6 when counting starts from one.

Subscripts are used for indexing and for indicating the derivative, for example:

oJ

=%

(19)

where Jx is the derivative of the cost, J, with respect to the augmented state vector, X. When the augmented state
vector, X, has size n X 1, then Jx is also of size n X 1. Note that in this case no boldface is used for the subscript. An
additional subscript, Jx k, is used to indicate the value of the gradient evaluated at stage k. Second-order derivatives are

defined similarly as

10



8%J

T 9Xaa (20)

Jxa

where Jx , is the second-order derivative of the cost, J, with respect to the augmented state vector, X, and the vector of
Lagrange multipliers, . When the augmented state vector, X, has size n X 1 and the vector containing the Lagrange
multipliers, A, has size m X 1, then Jx, is of size n X m.

Einstein summation is used to indicate summation over repeated indices. As an example, consider the simple dot

product:

Y.YT:[I 5 3]. ol = Ix1+2x2+3x3= 14 1)

Instead of writing the dot product, Einstein notation can be used. The product is then written as

3
Yy'YY‘ZZYV‘XY7'=1X1+2X2+3X3=14 (22)
y1=1

where y; is a dummy index indicating that summation should take place over repeating values of the dummy index.
Matrix multiplication can also be written using Einstein notation as
m
e = Firigpya = Z Firigpra (23)
vi=1

where & is the derivative of the state transition matrix, F is the dynamics matrix (see Section II1.D), ® the state transition
matrix and m is the size of the matrix. The dummy index, y, indicates that the (i, )™ entry of @ is found by summing
the products of the ytlh entry of the i row of F with the yﬁh entry of the a™ column of @, from y; = 1 to m. Multiple

dummy indices, for example y; and y;, may be used to indicate a double summation.

B. Forward sweep

Optimisation starts with the forward sweep, which integrates the trajectory with a given set of controls. For the first
iteration, this is the initial guess, while subsequent iterations update the control according to u = & + du, where # is the
control of the previous successful iteration (see Section III.G for how a successful iteration is defined) and du is the
control update calculated in the backward sweep of the algorithm (see Section III.D). If the resulting trajectory meets
the optimality criteria, the procedure is finished and the algorithm is said to have converged. Otherwise, a new control
update is calculated in the backward sweep.

The dynamics are integrated using a fixed timestep DOPRIS integrator, where 100 steps are taken per revolution
around the Earth regardless of the shape of the trajectory. State transition matrices (STMs) have to be integrated along

the state, which is best carried out using an integrator with a fixed step size [32]. When a variable step size integrator
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would be used, the state transition matrices will not account for part of the changes in the trajectory that are induced by

the different time steps taken.

C. Augmented Lagrangian cost function

The cost function, which is to be minimised, is written as

J=¢p+ ATy +yTZy (24)

where ¢ is the objective that is to be minimised, A the vector of Lagrange multipliers, ¢ the vector with terminal
constraints and X the penalty matrix to place additional weight on each constraint. The Lagrange multipliers are

initialised at zero and updated with every iteration of the algorithm, see Section IIL.E.

D. Backward sweep
The backward sweep is the step of the algorithm where the control update is determined. This step solves the
sequence of subproblems that minimises the cost-to-go from stage k = N — 1, N — 2, ..., 0. The cost-to-go is defined as

the cost incurred from the current stage to the final destination [17]. The optimal cost-to-go at each stage is written as

J; = min[Jg] (25)
Suy

where Jy is the cost-to-go from stage k until the end of the trajectory. The superscript asterisk denotes an optimal value,
so J is the optimal cost-to-go from stage k until the end of the trajectory. The solution to Eq. 25 is the optimal control
update 6u . The cost function is approximated with a second-order Taylor series expansion around the states, controls
and Lagrange multipliers. By taking the derivative of this expansion with respect to the controls and setting it to zero,

an unconstrained feedback control law for the optimal control update is found as

6u’;€ = Ar + Broxy + Dk(S/l

_ -1
Ak = _Juu’kju,k (26)
By = —Jgi’kjux,k

Di=-J"1 Tk

uu,k

where 04 is the Lagrange multiplier update, see Section IILE, A is the feedforward control matrix, and B and D are the
feedback control matrices. It is important to note that the subscript x is used, not X. The derivatives with respect to the
state, x, and the controls, u, are a part of the derivative with respect to the complete augmented state vector, X, as

Jx = ol 0J 91 9L 9 9L 9L 0L | 9L ol 27)

dp O8f dg Oh 9F ol dm or da 86

T
Ix Ju] =

Note that J,,;, and J,, are submatrices of Jxx, following the same analogy as for Jx in Eq. 27. The submatrices for

Eq. 26 are calculated and stored for use during the forward sweep of the algorithm. Note that u; cannot be determined
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directly, since it is dependent on dx. This variable is the change in state due to the changed control, which is calculated
during the forward integration of the state. A trust-region method limits the size of the hessian, Jy,;, ¢, such that the
resulting change in state, 0xy, remains within the valid region of the quadratic model, see Section IIL.F. The remainder
of the backward sweep is focused on finding the required matrices for Eq. 26. These matrices can be found using the

cost-to-go derivatives with respect to the augmented state, and Lagrange multipliers as

Ixke =PIy (28a)

Tak =T} e (28b)

J;é?(,k = I i @M+ I @i (28¢)
Jaak = Jap ke (28d)

Ixak =P 5, 1o (28e)

where @'+ is the state transition matrix and ®"?? is the second-order state transition tensor, both will be referred to
as the STMs. The derivatives of the cost-to-go at stage k in Eq. 28 are dependent on the derivatives of the optimal
cost-to-go at stage k + 1. Details on how the stage’s optimal cost-to-go derivatives are calculated are covered at the end
of this section. Some additional information per subequation is provided below.
* For the derivatives with respect to the Lagrange multipliers in Egs. 28b and 28d, the derivatives at stage k are
equal to the optimal derivatives at stage k + 1. In addition, the observant reader might notice that J, x and Jy, ¢ in
Eqgs. 28b and 28d are not directly needed in Eq. 26. However, these two derivatives are required to calculate the
update of the Lagrange multipliers, 64, see Section IIL.E.
* For the derivatives where the state, x, is involved (Eqgs. 28a, 28c and 28e), the optimal cost-to-go derivatives from
stage k + 1 are mapped to stage k with the use of the STMs.
* In Eq. 28c Einstein notation (as introduced in Section III.A) is used to indicate summation over two dummy
indices, ¥ and y,, which is used to find the hessian, Jxx x. For clarification, this equation can alternatively be
written as

m m
i,a _ *Y1,Y2 Y.l FyY2.a *Y1 Yi.ia
S¥x i, = Z Z IxX e @O+ T @ (29)

yi=1y,=1
where m is the size of X.
Evaluating the STMs is the most computationally expensive part of the algorithm, and is performed in parallel using
OpenMP [33]. Parallel computation is possible since the state at each point in time is already known from the forward

sweep. In order to determine the STMs, the dynamics matrix and tensor are defined as

_ X!
G

i,a

(30a)
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Fhob = —— (30b)

where the (i, a)™ entry of the dynamics tensor, F’¢, corresponds to the derivative of the i™ entry of X with respect
to the a™ entry of X. For the third-order dynamics tensor, F"?? the (i, ab)™ entry of the tensor corresponds to the
second-order derivative of the i entry of X with respect to the a™ and 5™ entry of X. The entries of the dynamics
matrix and tensor are found analytically®.

The previously proposed Sundman transformation requires the dynamics matrix and tensor to be transformed. As
stated in Section ILF and particularly in Eq. 16, the Sundman transformation is performed by multiplying the derivative

of the augmented state vector with

n=dt/dv (3D

The first and second derivatives of n with respect to the augmented state vector are written as

on
Ny = 7 (32a)
. 9y
i,a _
Nxx = 0XioXe (32b)
The dynamics matrix and tensor can then be transformed as
AR = Fhan+ X' (33a)
ARl = plaby ¢ Fhanb + FRPn% + Xnty (33b)

where A’ and A"4? are the Sundman-transformed dynamics matrix and tensor, respectively. Similar to the computation
of the derivative of the augmented state vector in Section IL.F, the dynamics matrix and tensor are both first determined
in Cartesian elements, after which they are transformed to MEE. This process is covered in Appendix A of Reference

[12]. Finally, the differential equations that need to be solved to find the STMs (again using Einstein notation) are:

B = ALV P14 (34a)
®hab — ALV @Y1-ab | ALYIV2 YAy Y2 (34b)

This set of differential equations can easily be solved by knowing the boundary conditions ®(#x, )% = I and
D(1g, )P = 0, where I is the identity matrix and 0 a matrix of zeroes. In other words, at the beginning of each stage
the state transition matrix is equal to the identity matrix and the state transition tensor is equal to zero. The STMs are
then evaluated at the end of each stage using a single step of the DOPRIS8 integration routine.

Now that it is clear how to obtain the STMs in Eq. 28, the derivatives of the cost-to-go at stage k in Eq. 28 can

be calculated, assuming that the optimal cost-to-go derivatives from stage k + 1 are known. Afterwards, the optimal

* Maple worksheets available at: https://github.com/gijsleemansl/Analytical_derivatives. Accessed: 9/6/2021
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cost-to-go derivatives from the current stage, k, are calculated as

ERy = ERpy +J] (Ar + %A{Juu,kAk (35a)

T =T+ T Bi+ AL Ty i Bic + AL Jux (35b)
T =T+ T8 D+ AL Juu k Dic + Af Jua i (35¢)
T = TE + Bidh  Bi+ By Juxi + Jux.iBr (35d)
Tk = Lk + Didi kD + Dy Juake + JuakDi (35¢)
T =T+ Bid b Dic + By Juak + Jux ik Di (35f)

where E Ry, is the expected reduction in cost at stage k. The expected reduction is not needed to calculate the control
update in Eq. 26, but is used to determine whether an iteration of the DDP algorithm has been successful or not,
see Section IIL.G. At the final stage, the optimal and nominal costs are equivalent, i.e. J5, = J. This means that the
derivatives of the optimal cost-to-go are equal to the derivatives of the augmented Lagrangian, which can be found
analytically*. Note that there is no expected reduction at the final stage.

To summarise, the backward sweep starts by calculating the derivatives of the optimal cost-to-go at the final stage
analytically and the evaluation of the STMs at all stages. Then, an iterative approach is started to calculate the current
stage’s cost-to-go derivatives (see Eq. 28), the feedback and feedforward matrices (see Eq. 26), and optimal cost-to-go
derivatives (see Eq. 35). After all the aforementioned terms have been calculated for stage &, the algorithm does the
same for stage k — 1. This process is repeated until the algorithm has evaluated the feedback and feedforward matrices

for the first stage.

E. Lagrange multiplier update
The Lagrange multipliers are updated once per iteration of the algorithm, after the backward sweep has been

completed, as

S =—-J3Ja (36)

and J, = J3

. £
where Jy, =J 2.0°

0 indicating the derivatives are evaluated at stage k = 0. Also, the expected reduction

has to be updated as

1
ERy=ERy+JY 6+ zé/lTJ,M&/l (37)

where E Ry is the expected reduction at stage k = 0.
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F. Trust region quadratic subproblem

As was stated in Section III.D, the trust region quadratic subproblem (TRQP) restricts the size of the hessian, J,,;, «,
so that the resulting change in state, 0xy, remains within the valid region of the quadratic model. This sub-algorithm is
employed at each stage as soon as J,,,,  is calculated in Eq. 28c. The expected reduction (see Eq. 35a), A, Bx and Dy

(see Eq. 26) are all updated if J,,;, x is changed by the TRQP. The trust region subproblem is formulated as

1
min Jy, k 6u + Eéui.]uu,kéuk such that ||Géuy| < A (38)
ug

where G is a scaling matrix, which was set to the identity matrix throughout this work, ||0|| is the Euclidean norm and A
is the trust region radius. Many different methods for solving the TRQP exist in literature. The methods of Reference
[34] have been proven to be robust for solving the TRQP in DDP. In particular, algorithm 7.3.4. (with the enhancement
of introducing a scaling matrix, M), has been used to solve the TRQP in DDP [12, 17]. This method is from hereon
referred to as the "classical TRQP". According to Reference [17], a less rigorous and efficient approach is arbitrary
hessian shifting, from hereon referred to as the "simple TRQP". In the simple TRQP, the same user-defined value is
added to the diagonal of the hessian at every stage. If the resulting control update is outside of the trust region, the value
on the diagonal is changed such that the control update lies exactly on the boundary of the trust region. The TRQP
not only restricts J,,,,, but also J,,. However, there is one notable difference between the TRQP for the control update
and the multiplier update: J,,,, is required to be positive definite, while J,, is required to be negative definite. So, the

control parameter subproblem is defined as TRQP(J,,,J,,,,A) and the multiplier subproblem as TRQP(—J,,—J12,4).

G. Iterations
After the backward sweep has been completed, it is determined whether the iteration should be accepted or rejected.

Therefore, a reduction ratio is calculated as

oJ

= ERy (39)

o

where ¢/ is the difference in final cost between successive iterations and E Ry is the expected reduction at the first stage.
When p ~ 1, the model is valid because the reduction in cost is as predicted. The iteration is then accepted and for the
next iteration the trust-region is enlarged. If p is not close to one, the iteration should be rejected and the trust-region
should be reduced for the next iteration. The STMs will not have to be calculated again when the iteration is rejected,
since the state will not have changed because the controls remain unchanged. The algorithm can immediately proceed

from the backward sweep onwards. The size of the trust region for the subsequent iteration is calculated as

min((1+K)A#vamax), ifp€(1—61,1+61)
A1-'ilp+1 = (40)
max ((1 — €)Agp, Amin) . otherwise

where #p is the iteration counter, x determines by how much the trust region is enlarged or shrunk during each iteration,

Apmax and Ay,;, are the maximum and minimum trust region radii, respectively, and €; gives the tolerance on p which is
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deemed acceptable. The complete algorithm is said to be converged when the expected reduction of the latest iteration

is smaller than the optimality tolerance, €;.

H. Monotonic basin hopping

Classical dynamic programming algorithms minimise the cost function by discretising the stages and controls,
which has the consequence that the algorithm satisfies the conditions for global optimality [17]. The downsides of
these classical algorithms is that they have large storage requirements due to the "curse of dimensionality". Differential
dynamic programming overcomes this issue by introducing the quadratic trust region, forcing the solution to be inside a
given corridor around a reference solution, thereby reducing the dimension of the search space. This has the consequence
that DDP can only be considered to find locally optimal solutions. However, since DDP is robust to poor initial guesses,
it can be paired with a global search method, such as monotonic basin hopping (MBH), to find globally optimal solutions
[12].

MBH works as follows [20]: first, the inner optimisation algorithm, DDP, runs with an initial guess. The result of
the optimisation is a set of control variables that results in a locally optimal trajectory. This set of control variables
is randomly perturbed within the control bounds, and fed to the optimisation algorithm as a new initial guess. If the
optimisation yields a trajectory with lower cost, the iteration is accepted, the perturbed control becomes the new control
and the procedure is repeated. If the new trajectory has a higher cost, the iteration is rejected and the original controls

are again randomly perturbed. This is repeated until a stopping criterion is met.

L. Control Bounds

Control parameters can be limited by control bounds u* < u < uY, where u” is a lower bound and Y is an upper
bound of the control parameter u. The original DDP algorithm treats control bounds with a null-space method [18].
This work proposes a different method of incorporating control bounds, namely a Heaviside-based approach. The

benefit hereof is that the information regarding the bounds is saved in the STMs. The Heaviside function is defined as

) 1, j>0
H{j} = (41)
0, j<0O

Since the DDP algorithm requires all equations of motion to be twice differentiable, the Heaviside function is

approximated with the smooth logistic function as

1 1 -

where h is a tuning parameter that determines the steepness of the ascent and descent of the Heaviside function.
Increasing & too much will lead to the derivatives becoming very large at the bounds and the algorithm becoming
unstable. Throughout this work, h was set to 100. The new control parameter U, , calculated from the original u with

the combination of Heaviside functions is:
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Unew = U+ (ug —u) X H{=h(u —ur)} + (uy —u) x H{h(u —uy)} (43)

When the control is within the control bounds, both Heaviside functions will equate to zero and ., = u. If the
control is below the lower bound, u < u”, the Heaviside term H{—%(u — u; )} becomes equal to one, which will add the
difference between the lower bound and the current control value, uy, — u, to the current control, resulting in the control
being exactly on the lower bound. If the control is above the upper bound, u > uY, the Heaviside term H{h(u — uy)}
becomes equal to one, which will add the difference between the upper bound and the current control value, uy — u,

which is a negative value, to the current control. This results in the control being exactly on the upper bound.

IV. Results

This section presents the results through a set of five test cases to demonstrate the applicability of DDP to optimise
Earth-centred solar-sail trajectories as well as demonstrating the impact on the performance of DDP depending on the
complexity of the dynamics considered, the settings of the algorithm and the inclusion of constraints. The first test case
in Section IV.A is included for validation purposes and to show the superior performance of the DDP optimisation
approach proposed in this paper over the locally optimal results known from the literature. Subsequently, in Section
IV.B the case is extended to more complex dynamics and a thorough analysis of various settings used for the DDP
algorithm is given. Section IV.C demonstrates the algorithm’s performance on a real-life example in the form of NASA’s
upcoming ACS3 mission. Constraints are implemented that force the ACS3 sailcraft to keep its Sun-synchronous
attribute. While all test cases in Sections IV.A-IV.C are optimised over the course of only three orbital revolutions,
Sections IV.D and IV.E extend these optimisation to many revolutions around Earth. Note that for all test cases the

specific orbital energy is optimised.

A. Two-dimensional geostationary orbit: three orbital revolutions
This first test case concerns the optimisation of a spacecraft in geostationary orbit (42,241 km altitude, zero
inclination and eccentricity) over the course of three orbital revolutions. Since no constraints are used, the augmented

Lagrangian cost function can be written as

.2
J=¢=—(%—%) (44)

Note the minus sign in Eq. 44, since the specific orbital energy is to be maximised, whereas the cost function is
minimised by the DDP algorithm. A two-dimensional dynamical model is assumed where the direction of sunlight is
assumed to coincide with the orbital plane and the Sun is located at a distance of one astronomical unit (AU), fixed

along the negative x-axis of the ECI frame. The position vector of the Sun is written as

"o=[—1AU 0 0] 45)

The control is then solely determined by the sail cone angle, a, as the clock angle, J, is fixed at 90°. For
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the cone angle, an initial guess of 0 is used across all stages. For now, only point-mass gravity from the Earth
and the solar-sail acceleration itself are acting on the sailcraft, i.e., the following terms in Eq. 2 equate to zero:
¥y, = ¥y, = Fj, = F¢ = Fo = 0. These assumptions and simplifications are made to allow validation of the DDP
algorithm. The output of the DDP algorithm is compared to the outcome following from a locally optimal steering law
from Reference [13], where a solar-sail lightness number of 0.17 is used, which is adopted here as well.

The resulting control profile and evolution of the semi-major axis are shown in Figure 3. The control profiles found
by DDP and the locally optimal steering law are very similar, although a small difference is visible. The final semi-major
axis found by DDP is indeed approximately 80 m larger than the one found from the locally optimal steering law. Both
solutions are local optima, but the solution found by the DDP algorithm is a better local optimum. With a stricter
optimality tolerance, the DDP algorithm might be able to find an even larger semi-major axis increase. Since the DDP
algorithm finds a similar control profile and a solution that is even more optimal than the locally optimal steering law, it
can be concluded that the solution is a valid optimum. This better optimum comes at the cost of a computational time of
853 seconds, compared to a runtime of approximately 0.4 seconds for the steering law solution’. Note that the steering
law solution is obtained with a varying stepsize integrator, whereas the DDP solution is obtained with a fixed stepsize
integrator. The varying stepsize integrator might take larger steps, thereby decreasing the computational effort required.
When more complex and longer-duration solar-sail scenarios are considered, such as the ones in the next four sections,
the increase in computational time is expected to be justified. The improvement to the optimal solution is expected
to be proportionally larger when more complex problems are evaluated. Furthermore, contrary to the locally optimal
steering law approach, DDP allows to include terminal and path-inequality constraints on the optimisation problem.
Significant reductions in runtime can be achieved when using the locally optimal steering law as initial guess for the

DDP algorithm, which reduces the runtime to only 64 seconds.
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Fig.3 Two-dimensional geostationary orbit: comparison with locally optimal steering law [13].

fMatlab ODE45 integration scheme with relative and absolute tolerance 10~'2. Computation on personal laptop CPU: Quad-core Intel(R)
Core(TM) i7-10610U @1.80 GHz
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B. Three-dimensional geostationary orbit: three orbital revolutions

As a first extension, the problem of the previous section is expanded into three dimensions by removing the
assumption on the direction of sunlight to be fixed and planar. Instead, the Sun’s position is retrieved from ephemeris
data, as explained in Section II.D. Also, a more realistic lightness number of 0.011 is assumed. The clock angle is no
longer fixed to 90°, but is optimised by the DDP algorithm from an initial guess of zero at every stage. All other case
details remain the same as those described in Section IV.A.

The resulting trajectory is shown in Figure 4a, where also the direction towards the Sun and the solar-sail acceleration
are visualised. The optimal control profile, see Figure 4b, shows that both the cone and clock angles vary periodically
with every revolution of the satellite around the Earth. The resulting semi-major axis increase from Figure 4c behaves
similar to the increase in the two-dimensional case, although there is a shift in phase, since the phasing of the Sun and
spacecraft is different when using the true ephemeris of the Sun. Furthermore, the magnitude of the increase is different

as a different solar-sail lightness number is used.
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Fig. 4 Three-dimensional geostationary orbit: three orbital revolutions.
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1. DDP algorithm settings

Various settings of the DDP algorithm can be tuned, as explained in Section III. The influence of changing these
settings for the current problem is investigated to find out how robust the DDP algorithm is to different settings and what
the best settings are for the remaining test cases. In this section, the effect of changing the reduction ratio tolerance, €,
the optimality tolerance, €, the initial trust region radius, Ay, the maximum trust region radius, Apax, the minimum trust
region radius, Apin, and the trust region scaling factor, «, is assessed. For each setting three different values are used.
The combination of settings which are used and their resulting semi-major axis increase, as well as the algorithm’s
runtime, are presented in Table 3. Computation was executed on sixteen threads of an Intel(R) Xeon(R) CPU E5-2683
v3 @2.00GHz.

Two settings seem to have the largest influence on the semi-major axis increase, the optimality tolerance: e, and the
minimum trust region radius, Apin, Which were both defined in Section III.G. The smaller the optimality tolerance, the
larger the final semi-major axis. This is as expected, since the optimality tolerance is the convergence criterion for the
DDP algorithm. When a smaller value is used, the algorithm will iterate longer to find a more optimal trajectory. Any
minimum trust region radius larger than zero leads to suboptimal trajectories. The trust region should be allowed to
shrink when unsuccessful iterations take place, but it cannot become smaller than the minimum trust region radius. The
trust region scaling factor, «, also has a small effect on the optimality of the trajectory, for which an optimal value of
0.01 was found. The differences in semi-major axis resulting from varying the other settings are minor.

In general, the differences in runtime for different settings is small, the only large differences are observed for
different optimality tolerances, where a smaller tolerance will lead to a longer runtime, and for varying the initial trust
region radius, where the algorithm converges quickly to a suboptimal solution.

The settings that result in the largest semi-major axis are: € =0.1 & = 1 X 1077, Ag = /2, Amax = /2, Amin = 0,
and k = 0.01. However, it is likely that by making the optimality tolerance, €, even smaller, the resulting semi-major
axis will become even larger. However, this increase in optimality will come at the cost of an increase in computational
time. The aforementioned settings will be used in the remainder of this work, with the exception of the optimality
tolerance, for which e; = 1 x 107® will be used. The difference in final semi-major axis between using €, = 1 x 107°

and &, = 1 x 1077 is very small, but comes at the cost of an increase in runtime of approximately 65%.
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Table 3 Three-dimensional geostationary orbit: effect of varying DDP settings.

€] € Ao Amax  Amin K Aa [km] Runtime [s]
0.05 1x107° b Fis 0 0.05 208.848116 271.9
02 1x107 b b 0 0.05 208.843899 240.3
05 1x107° Fis Fis 0 0.05 208.845164 241.9
0.1 1x1073 b b 0 0.05 208.767372 131.0
01 1x107 b b 0 0.05 208.850688 213.6
01 1x1077 Fis Fis 0 0.05 208.864644 351.5
01 1x10¢ x/2 b 0 0.05 208.851152 214.1
01 1x107° 3x/2 b 0 0.05 208.850688 213.7
0.1 1x107° 2r Fis 0 0.05 208.850688 215.0

0.1 1x107° bis /2 0 0.05 208.851109 213.7
01 1x107 b 3r/2 0 0.05 208.851109 214.1

0.1 1x107° bis 2n 0 0.05 208.850013 213.9

0.1 1x10°° n n 0.05 0.05 208.815523 160.0
0.1 1x107® nx n 0.1 0.05 113.530786 6.8
0.1 1x10% g« n 0.2 0.05 113.530786 6.3
0.1 1x10°° n n 0 0.01 208.851657 219.8
0.1 1x107® x n 0 0.1 208.850182 217.9
0.1 1x10% x n 0 0.2 208.846977 2222

There are more settings that can be changed than just the settings of the DDP algorithm itself. In Section IILF, two
different trust region algorithms were discussed, the "classical TRQP" and the "simple TRQP". The classical TRQP is
tuned by changing the value of the scaling matrix, M, whereas the simple TRQP is tuned by changing the magnitude of
the hessian shift. The results of using the different algorithms with different settings are presented in Table 4. There are
significant differences in runtime between the simple and classical algorithms: the simple algorithm converges multiple
times faster, and it produces more optimal trajectories. It is interesting to note that the setting that converges fastest, is
also the setting resulting in the most optimal trajectory. Therefore, in the remainder of this work, the simple TRQP with
a hessian shift of 0.01 is used.

Finally, the effect of using MBH has been investigated. Different combinations of settings for the chance and
magnitude of the perturbation on the control variables were used. However, MBH was hardly able to improve on the

solution found by DDP. In the cases were it did improve, the improvement was only very minor and comes at the cost of
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Table 4 Three-dimensional geostationary orbit: effect of varying TRQP settings.

TRQP Scaling/Shift Aa [km] Runtime [s]
Simple 1x107! 208.736761 1347.2
Simple 1x1072  208.851109 223.1
Simple 1x1073 208.676761 692.1
Simple 1x107%  208.670943 750.7
Classical 1x1073 208.016431 2254.4
Classical 1x10™4 208.466405 2455.0
Classical 1x1072 206.779676 4957.1
Classical 1x107%  206.632903 6358.9

a significant increase in computational time. It is likely that the same improvement could have been found without using

MBH, but with a stricter optimality tolerance on the DDP algorithm itself.

2. Effect of perturbing accelerations

So far, the only accelerations acting on the sailcraft have been point-mass gravity from the Earth and the solar-sail
acceleration. The effect of including other perturbing accelerations in the dynamical model is shown in Table 5.
Including the third-body perturbation from the Moon produced the largest effect for which a decrease in the final
semi-major axis of approximately 0.8 km is observed. Note that the magnitude of the semi-major axis decrease due
to lunar gravity will most likely change when a different initial epoch is considered, since the acceleration acting on
the satellite is dependent on the Moon’s position which changes over time. The effect of considering J, J3, J4 and
solar gravity is very small, where J, has some effect, but considerably less than the gravitational acceleration from
the Moon. There is no significant impact on the runtime. With all perturbing accelerations taken into account, a final
semi-major axis increase of 208.05 km is obtained, which is significant considering that only three orbital revolutions
are simulated. Therefore, it appears that a current state-of-the-art solar sail is a viable method of propulsion for orbit

raising at geostationary altitude.

Table 5 Three-dimensional geostationary orbit: effect of varying dynamical model settings.

Perturbations Aa [km] Runtime [s]
None 208.851109 223.1
Moon 208.062980 232.8

J> and Moon 208.051849 227.3

Jr, J3, J4, Moon and Sun  208.049825 242.5
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Fig.5 ACS3 mission: three orbital revolutions.

C. ACS3 mission: three orbital revolutions

For the analysis in this section, the sail characteristics from NASA’s upcoming ACS3 mission are considered. It is
assumed that the sailcraft will be launched into a 700 km altitude noon-midnight Sun-synchronous orbit (inclination
i = 98.19°), with a solar-sail characteristic acceleration of 0.05 mm/s” (corresponding to a solar-sail lightness number
of 0.0084)*. The scheduled launch date is assumed to be June 15 2022, which means that the sail will be operational
from approximately July 1%t 2022 onwards?. Using the aforementioned initial conditions, the specific orbital energy of
the satellite is optimised for a total of three revolutions. Since no constraints are considered yet, the cost function is
identical to Eq. 44. The resulting control profile and semi-major axis increase are visualised in Figure 5. Considering
the noon-midnight orientation of the Sun-synchronous orbit, the sailcraft spends significant amounts of time in eclipse,
which is clearly visible in Figure 5: during eclipse, the semi-major axis does not increase and the cone and clock angles
are set to zero.

For the results presented in Figure 5, the only accelerations acting on the sailcraft have been point-mass gravity from
the Earth and the solar-sail acceleration (including eclipses). The effect of including other perturbing accelerations in
the dynamical model is shown in Table 6. Including the J; effect has the greatest impact on the final semi-major axis.
The other contributions of the non-spherical Earth, J3 and J4, have some effect, whereas the inclusion of lunar and solar
gravity makes no significant difference. Interestingly, the algorithm converges quicker when J; is included, whereas it

takes longer with the other perturbing accelerations.

*W.K. Wilkie (NASA Langley Research Center), personal communication, May 2021
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Table 6 ACS3 mission: effect of varying dynamical model settings.

Perturbations Aa [km]  Runtime [s]
None 0.464314 260.9
Jo 0.388996 237.0
Ja, J3 and Jy 0.385446 303.4

J2,J3, J4, Moon and Sun  0.385513 304.6

1. Constrained DDP optimisation
As stated previously, the sailcraft is placed in a Sun-synchronous orbit. However, as soon as the semi-major axis of
the orbit changes, the Sun-synchronous attribute is lost. Only by simultaneously changing the inclination of the orbit
can the orbit remain Sun-synchronous. The relation between the inclination and semi-major axis for a Sun-synchronous
orbit is as follows [35]:
JLR2 1 2n

— == 4
2 cos (l)T T (46)

=-3r

where T is the orbital period of the satellite and T is the length of a sidereal day. When both sides of Eq. 46 are
equal, the orbit is Sun-synchronous. This test case is used to demonstrate that DDP can deal with terminal constraints
by implementing a terminal constraint to the cost function, which is minimised alongside the original objective. The
constraint is formulated by requiring that the difference between the left- and right-hand sides of Eq. 46 is as close as

possible to zero. Then, by assuming a near-circular orbit, the constraint is written as

T,
W = cos (i) + ———— an/Tes a'? 47
3LR% \Vie
The complete cost function can then be written as
2 47T, 4n /T, ’
J=—(r——”—®)+ﬂ cos (i) + —IZES _ 72) 4 |cos (i) + —LZES 72 ¥ (48)
2 r 3J2R3, o VHe 31R; o VHe

When the orbit is Sun-synchronous, the value of the constraint will be equal to zero. When the orbit is not
Sun-synchronous, the constraint will have a nonzero value and the DDP algorithm will adjust the control variables
to minimise the constraint violation. Weights can be added to individual constraints in the augmented cost function
using the penalty matrix, . Increasing the weight on the inclination constraint will force the final inclination to be
closer to the inclination that is required for Sun-synchronous conditions, but will lead to a smaller final semi-major axis,
see Table 7. Here, Ai is the "real" inclination change resulting from the optimal trajectory found by DDP, whereas Ai;
is the "theoretical" inclination change that would be required for the final orbit to be Sun-synchronous. If the DDP

algorithm is able to keep the trajectory under Sun-synchronous conditions, these "real" and "theoretical" inclinations are
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the same. Contrary, when no constraint is implemented, the "real" inclination will not change, since the DDP algorithm
is solely focused on maximising the semi-major axis. The closer the "real" and "theoretical” inclination are to each
other, the larger Ai/Ai,, and the closer the final orbit is to Sun-synchronous conditions, but the smaller the final final
semi-major axis, since part of the sail acceleration is devoted to changing the inclination. In addition, the runtime of the
algorithm until convergence increases with increasing weights. The evolution of the semi-major axis and inclination for
the unconstrained and constrained (£ = 1 x 10°) cases are shown in Figure 6a and 6b, respectively. It is clear that the
final semi-major axis for the constrained case is smaller. Furthermore, the inclination for the constrained case stays

close to the theoretical value, while for the unconstrained case the inclination hardly changes.

Table 7 ACS3 mission: effect of varying weights on inclination constraint.

% Aa [km] Ai [deg] Aiy [deg] Ai/Ai; [%]  Runtime [s]
0% 10° 0.464208  3.49504 x 107%  0.00189234 0.18 264.0
5% 10° 0.444366  0.000312147 0.00181144 17.2 490.1
10 x 10° 0.392154  0.000562415 0.00159857 352 675.0
75 % 100 0.257702  0.000862530 0.00105042 82.1 1044.6
150 x 106 0.240958 0.000882698 0.000982161 89.9 1138.8
1000 x 106 0.225821  0.0009001161  0.000920452 97.8 1342.0
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Fig. 6 ACS3 mission: constrained Sun-synchronous inclination, three orbital revolutions.

D. Three-dimensional geostationary orbit: 500 orbital revolutions.

Previously, in Section IV.B, a three-dimensional geostationary case was investigated for three orbital revolutions.
Here, the case is extended to 500 orbital revolutions, with some more important differences. First, the number of orbital
revolutions is increased from three to 500 and, second, a smaller solar-sail lightness number is used, 8 = 0.0011. With a

smaller lightness number the sailcraft will remain closer to the geostationary altitude, which is desirable since here
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the optimal control profile can be compared with the profile found in Section IV.B. With this comparison, it can be
assessed whether the DDP algorithm performs similarly for different cases (different number of orbital revolutions and
solar-sail lightness number) under the same dynamical conditions. Again, for validation purposes, the optimisation is
first executed when only the point-mass gravity of the Earth is considered and the results are compared to the results
from the previously introduced locally optimal steering law [13]. The final semi-major axis increase found by the locally
optimal steering law is marginally larger than the increase found by DDP (less than one kilometre over a total semi-major
axis increase of 3822 km). It can therefore once again be concluded that the solution found by DDP is a valid optimum.
As state before, it could be that the DDP algorithm finds a better solution when a stricter optimality tolerance is used.
From here on, all perturbing accelerations, J», J3, Jy4, solar gravity, lunar gravity and eclipses are taken into account.
The resulting control angles and semi-major axis increase are shown in Figure 7. Though this figure does not provide
details for individual revolutions, it does clearly show that the control profile adapts itself to the moving position of the
Sun. Furthermore, the shape of the control profile for the first three revolutions was found to be exactly the same as
that found in Section IV.B. The figures in the right column of Figure 7 show a detail of the figures in the left column
after approximately 200 days have passed. The controls here are similar to the controls seen in Figure 4b, but mirrored
due to the difference in the Sun’s position. However, the semi-major axis increase shows a different pattern. In the
three-revolution case without perturbations, the semi-major axis would always increase or remain unchanged, whereas
for the 500 revolution case also a decrease in semi-major axis is observed. This behaviour can be attributed to the
perturbations acting on the sailcraft, of which the lunar gravity is the predominant factor. A final semi-major axis
increase of 3793.1 km is found. This increase is very large, especially considering that a solar-sail lightness number
B =0.0011 was used, which is an order of magnitude smaller than the current state-of-the art. In Section IV.B the
conclusion was drawn that a solar-sail is a viable form of propulsion for orbit raising at geostationary altitude, which is

in agreement with the result from this section.
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Fig.7 Three-dimensional geostationary orbit: 500 orbital revolutions.

E. ACS3 mission: 100 orbital revolutions

Previously, in Section I'V.C, the ACS3 mission was investigated for three orbital revolutions. Here, the case is extended
to 100 orbital revolutions, with some more important differences. First, the number of orbital revolutions is increased
to 100, and, second, all perturbing accelerations (J, J3, J4, solar gravity, lunar gravity) and the Sun-synchronous
inclination constraint (X = 75 x 10°) are taken into account. The resulting control angles, semi-major axis increase and
inclination profile are shown in Figure 8. The figures in the right column again show a detail of the figures in the left
column. A final semi-major axis increase of 7.85 km is found and the inclination constraint is met at Ai/Ai; = 99.4%.
Considering that different weights have been used in the cost function for the three and 100 revolution cases, this result
suggests that the optimal value for the weight is problem-dependent. Table 7 indeed shows that for the three-revolution
case the constraint is met at 82.1% with a weight of X = 75 x 10°. The semi-major axis increase which is achieved by
the sail is significantly smaller than the increase found at geostationary altitude in Section IV.D, but the time in which
the increase is achieved is also very different. Here, the almost eight kilometre increase is achieved in approximately
seven days, compared to over 500 days for the geostationary case. Additionally, the perturbing accelerations have a
different magnitude and the Sun-synchronous constraint negatively affects the semi-major axis increase. When taking
these more challenging conditions into account, the solar sail is still able to achieve a significant increase in semi-major
axis while the sailcraft is kept under Sun-synchronous conditions.

Several attempts have been made to increase the number of revolutions to one month of elapsed time, which would
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equate to approximately 452 orbital revolutions. However, no successful iterations were found by DDP with the settings
mentioned in Section IV.B. Increasing the reduction ratio tolerance, p, leads to the algorithm finding successful iterations
and eventually to convergence, but the results show discontinuities in the controls and the algorithm is not able to
meet the constraints. Attempts to use the result of an unconstrained optimisation as initial guess to the constrained
optimisation also proved unsuccessful. Careful tuning of both the weight on the constraint and the optimisation settings
might be needed to find a combination of settings that works for the many-revolution constrained optimisation case,
which is deemed beyond the scope of this article but is recommended for future investigations into the applicability of

DDP for many-revolution constraint optimisation.
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Fig. 8 ACS3 mission: 100 orbital revolutions.
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V. Conclusions

In this work, the use of differential dynamic programming (DDP) to find optimal Earth-centred solar-sail trajectories
has been investigated. First, the DDP algorithm has been used on a two-dimensional case to maximise the specific
orbital energy of a satellite in geostationary equatorial orbit (GEO) for three orbital revolutions when the ecliptic and
equatorial planes are assumed to coincide. For this case and starting from a zero-initial guess for the states and controls,
the DDP algorithm has been proven to find more optimal solutions than state-of-the-art optimisation schemes in the
form of locally optimal steering laws. This better optimum comes at the cost of an increased computational time, but
DDP also has the benefit of being able to solve more complex and constrained Earth-centred solar-sail optimisation
problems. Significant reductions in runtime can be achieved when using the locally optimal steering law as the initial
guess for the DDP algorithm.

The algorithm performs similarly optimal for a three-dimensional case (i.e., considering the actual obliquity of
the ecliptic), where again the specific orbital energy of a satellite in GEO has been maximised. Significant increases
in the semi-major axis of the orbit were obtained (208 km after three revolutions) with a state-of-the-art solar-sail
lightness number, indicating that a solar sail is a viable form of propulsion for orbit raising at geostationary altitude.
The three-dimensional geostationary case has also been successfully compared against the locally optimal steering laws
for further validation purposes.

The effect of using different settings for the DDP algorithm has been investigated. The optimality tolerance and
minimum trust region radius influence the final result the most, with a smaller optimality tolerance resulting in more
optimal solutions, but at the cost of an increase in runtime. The minimum trust region radius should be kept at zero.
Different algorithms to solve the trust region quadratic subproblem were also tested. A hessian shifting technique
obtained the most optimal results while also requiring the least computational time. Monotonic basin hopping (MBH)
has been used to find globally optimal solutions with DDP in the inner loop of the algorithm. However, MBH did not
significantly improve on the trajectory found by DDP.

By taking eclipses into account, optimal orbit-raising solutions were also found for NASA’s upcoming ACS3
mission, which is assumed to be launched into a noon-midnight Sun-synchronous orbit. Additionally, constraints were
successfully implemented to force the sailcraft to keep its Sun-synchronous attribute during the orbit raising manoeuvre.
Alongside the sail’s ability to keep the sailcraft under Sun-synchronous conditions, a notable increase in the semi-major
axis of 0.23 km was obtained after three orbital revolutions.

As known from the literature, the effect of perturbing accelerations, such as J;, J3, J4, lunar and solar gravity is
shown to be different for the GEO case compared to the ACS3 mission due to the different altitudes regimes in which
both cases operate. For the ACS3 mission, J, was demonstrated to have the largest effect on the final semi-major axis,
while for the GEO case lunar gravity is the most dominant perturbation. However, irregardless of which perturbations
are included in the dynamical model, DDP is able to find optimal trajectories.

Finally, DDP has been proven to be robust for many-revolution solar-sail trajectories around the Earth. The GEO case
has been optimised for 500 orbital revolutions and the ACS3 mission (including constraints) for 100 orbital revolutions.

Increasing the number of orbital revolutions for the ACS3 mission beyond 100 requires careful tuning of the algorithm
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to find successful iterations. To conclude, DDP is a viable tool for constrained and unconstrained many-revolution

Earth-centred solar-sail trajectory optimisation which allows to obtain more or equally optimal solutions compared to

state-of-the-art locally optimal steering laws.
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Conclusions and recommendations

The aim of this work was to obtain, for the first time, globally optimal Earth-centred solar-sail trajectories through the
use of differential dynamic programming (DDP). This objective is twofold, since DDP has never been used for solar-sail
trajectory optimisation before. First, DDP’s ability to deal with solar-sail trajectories is assessed, after which the algorithm
can be used for a variety of different solar-sail mission scenarios under different dynamical conditions. The conclusions
of this work are presented in Section 3.1 by answering the research questions as defined in Section 1.2, followed by rec-
ommendations for future research in Section 3.2.

3.1. Conclusions

The research questions of Section 1.2 were structured as four main questions, with one of the questions having several
subquestions. The first two questions focus on the theoretical aspects of DDP, whereas the other two questions focus on
the performance and usability of DDP for different solar-sail mission scenarios. All questions are answered separately in
this section.

1. Does solar-sail propulsion impose any constraints or limitations that prevent the use of DDP?
The short answer to this research question is 'no’, as long as the derivatives of the equations of motion are defined
correctly in the dynamics matrix and tensor for optimisation, DDP is able to optimise solar-sail trajectories. There
is one limitation of DDP that is not related directly to the solar-sail acceleration but towards general trajectory
optimisation. DDP requires the equations of motion to be twice differentiable. This means DDP cannot handle
high-precision ephemerides or atmospheric density models that make use of tabulated data.

2. What is the effect of different settings for the optimisation algorithm on the optimality of the solution?
Different optimisation settings can have a significant impact on the optimality of the solution as well as on the run-
time of the algorithm. The effect for varying settings has been investigated for the case of orbit raising at geostation-
ary altitude within three orbital revolutions. Two settings appeared to have the largest influence on the solution:
the minimum trust region radius, which should be kept to zero, and the optimality tolerance. The smaller the opti-
mality tolerance, the more optimal the solution is. However, this comes at the cost of increased runtime. Different
algorithms to solve the trust region quadratic subproblem were also tested. A hessian shifting technique obtained
the most optimal results and also required the least computational time. Monotonic basin hopping (MBH) has
been used to find globally optimal solutions with DDP in the inner loop of the algorithm. However, MBH did not
significantly improve on the trajectory found by DDP while significantly increasing the runtime of the algorithm.

3. How do globally optimal Earth-centred solar-sail trajectories, when optimised using DDP, perform compared
to locally optimal steering laws?
DDP has been compared against the solutions of locally optimal steering laws for the case of orbit raising in geo-
stationary equatorial orbit (GEO, 42,241 km altitude, zero inclination and eccentricity). First, a two-dimensional
case was considered (ecliptic and equatorial planes coincide), where a solar-sail lightness number of 8 = 0.17 was
used and the trajectory was optimised for three orbital revolutions. The final semi-major axis found by the DDP
algorithm was approximately 80 m larger than the one found from the locally optimal steering law. Next, a three-
dimensional case was considered (accounting for the obliquity of the ecliptic), where a solar-sail lightness number
of B =0.0011 was used and the trajectory was optimised for 500 orbital revolutions. Here, the final semi-major
axis found by the DDP algorithm was approximately one kilometer smaller than the one found from the locally
optimal steering law. Note that the DDP algorithm may find a better solution when a stricter optimality tolerance
is used. The solution from DDP comes at the cost of an increased computational time compared to the solutions
of the steerings laws. However, DDP has the ability to deal with more complex problems where terminal and path-
inequality constraints are present. For such problems the increase in computation effort is justified.
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3. Conclusions and recommendations

4. What is the optimal solar-sail attitude for planet-centred solar-sail trajectories under different dynamical con-
ditions around the Earth?

The answer to this research question is based on the outcome of the subquestions. After the subquestions have
been answered, this overarching research question will be answered as well.

(a) What is the optimal solar-sail attitude for orbit raising at geostationary altitude?

To answer this question, the solar-sail attitude for a sailcraft in GEO has been optimised to maximise the
specific orbital energy. First, a solar-sail lightness number of 8 = 0.011 was used and a trajectory spanning
over three orbital revolutions was considered. The resulting control profile varies between +90° and —90°
with the position of the sailcraft in its orbit and approximately repeats itself every orbital revolution. The
control profile for both angles is nonlinear. The clock angle experiences a jump from approximately —90°
to +90° twice every orbital revolution, whereas the cone angle experiences a jump from approximately —50°
to +50° twice every orbital revolution. The resulting semi-major axis increases when the satellite is in the
region of the orbit where the satellite moves away from the Sun, and is stationary in the region where the
satellite moves towards the Sun. Next, a solar-sail lightness number of f = 0.0011 was used and a trajectory
over 500 orbital revolutions was optimised, considering various perturbing accelerations (J2, /3, J4, lunar
and solar gravity). The optimal control for the first three revolutions is similar to the control found for the
three-revolution case. For subsequent orbital revolutions, the control profile adapts itself to the changing
position of the Sun. After 500 orbital revolutions, a semi-major axis increase of 3793.1 km was found. This
increase is very large, especially considering that a solar-sail lightness number = 0.0011 is an order of mag-
nitude smaller than the current state-of-the-art. Therefore, a solar sail can be considered a viable method of
propulsion for orbit raising at geostationary altitude.

(b) Whatis the optimal solar-sail attitude for raising the orbit altitude of alow-Earth orbit under Sun-synchronous
conditions?

To answer this question, the solar-sail attitude for a sailcraft in a 700 km altitude noon-midnight Sun-synchronous
orbit, with a solar-sail lightness number of § = 0.0084, has been optimised to maximise the specific orbital
energy. This mission scenario is representative of NASA's upcoming ACS3 mission. A constraint was suc-
cessfully implemented to force the final orbit, after an increase in semi-major axis was achieved, to be Sun-
synchronous as well. During eclipses, the control angles are set to zero and the semi-major axis does not
change. When the satellite is not in eclipse, the control angles contribute to a change in inclination and
semi-major axis. The clock angle varies every revolution between +90° and —90°, whereas the cone angle
varies between approximately +40° and —90°. The rate of change of both the cone and clock angles are large
during each orbital revolution, meaning that there are several sharp transitions. Before and after every sharp
transition the angles commonly experience a smaller rate of change. The control profile is approximately re-
peated with every orbital revolution. Different weights can be placed on the inclination constraint, where a
larger weight will cause the final inclination to be closer to the theoretical Sun-synchronous inclination, but
comes at the cost of a smaller semi-major axis increase. Next, the number of orbital revolutions has been in-
creased to 100 and various perturbing accelerations were imposed on the sailcraft (J, /3, J4, lunar and solar
gravity). The control profile is similar to the control profile of the three-revolution case. The semi-major axis
increases with every orbital revolution. After 100 orbital revolutions, a semi-major axis increase of 7.85 km
was found, while the sailcraft retained its Sun-synchronous conditions. This is a significant increase in the
semi-major axis, especially considering the challenging conditions of low-Earth orbit regarding perturbing
accelerations and eclipses.

(c) What is the effect of perturbing accelerations on the optimal trajectories?

The effect for various perturbing accelerations has been investigated for both the three-revolution geosta-
tionary case and for the ACS3 mission. The effect on the semi-major axis increase caused by considering
various perturbing accelerations due to irregularities in the Earth’s gravity field (J2, /3 and J4), lunar and so-
lar gravity, is different for the geostationary case compared to the ACS3 mission. For the geostationary case,
including lunar gravity has the largest effect on the final semi-major axis, whereas for the ACS3 mission the J
effect has the largest influence. This difference can be attributed to the different altitudes at which the satel-
lites orbit in the different scenarios. The difference in runtime for the DDP algorithm between considering
different perturbing accelerations is negligble. Although different perturbing accelerations are dominant for
the different cases, DDP is able to find the optimal trajectory irregardless of which perturbations are included
in the dynamical model. Note that the effect of atmospheric drag has not been investigated.

With the answers to the subquestions in mind, the main research question can be answered. The optimal solar-
sail attitude varies greatly for different satellite trajectories, different dynamical models and different constraints.
In general, the control profile repeats itself after an orbital revolution has been completed, while taking into ac-
count that the Sun is moving with respect to the Earth. Despite the greatly varying dynamical conditions, the DDP
algorithm is able to find optima for all optimisation cases considered in this work.
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3.2. Recommendations

Several recommendations for further research are formulated based on the findings of this work. The recommendations
are formulated such that the DDP algorithm can be used for a wider range of solar-sail optimisation problems in the
future. Therefore, proposals are made regarding the optimisation algorithm itself, the dynamical model as well as possible
applications.

DDP algorithm
DDP has the ability to deal with path-inequality constraints in the form of locally incurring costs at each stage, which
have not been implemented in this work. For realistic solar-sail trajectories the rate by which the cone and clock angles
can change is limited [23]. Local stage costs can be used as a penalty method for the algorithm to enforce a maximum rate
of change for the control angles, which is something that can be important for realistic solar-sail trajectory optimisation.
The runtime of the optimisation algorithm can be a considerable factor when optimising many-revolution solar-sail
trajectories. A straightforward way to decrease the runtime is to increase the number of logical threads on which the
algorithm is run. Since the most computationally expensive part of the algorithm is parallelised, twice the computational
power results in an approximate decrease of runtime by a factor two. Because increasing the number of threads is not
always an option, significant reductions in runtime can also be achieved when using locally optimal steering laws as
initial guess to the DDP algorithm.

Dynamical model

The trajectory design that has been implemented in this work can be improved by increasing the fidelity of the dynamical
model. Currently, an ideal solar-sail acceleration model is used, which assumes that all incoming radiation is specularly
reflected. More realistic solar-sail acceleration models account for absorption, diffuse reflection and thermal emission of
the incoming radiation (optical force model), sail billowing and degradation [3, 24, 25]. Furthermore, the eclipse model
that is implemented only accounts for the Earth as occulting body. For Earth-centred orbits, the effect of the Moon as an
occulting body can be investigated as well.

Perhaps the most significant improvement to the dynamical model can be made in the low-altitude regime, where
atmospheric drag is the dominant perturbing acceleration. Atmospheric drag has not been included in this work, since
DDP requires the equations of motion to be twice differentiable. Most models for the atmospheric density as a function
of altitude make use of tabulated data, with the notable exception for the exponential density model, which is strongly
simplified and only provides a very rough estimate [26]. A workaround has to be found which allows a high-fidelity density
model to be twice differentiable.

Possible applications

The optimisation problems that were considered in this work all had the specific orbital energy as main objective to max-
imise. The algorithm’s ability to deal with other objectives, where different (combinations of) orbital elements are to be
maximised or minimised, should be investigated. Formulating the problem in a way that propagation takes place until
a desired state is reached is particularly interesting, since this would result in the number of stages for DDP becoming
dynamic. Other extensions could include the use of multiple terminal constraints, where the sailcraft’s final state is re-
stricted in both position and velocity to match a target orbit (e.g., a transfer from geostationary transfer orbit (GTO) to
GEO), or the implementation of hybrid thrust, where a combination of a solar sail and solar-electric propulsion is used
to accelerate the spacecraft. Hybrid thrust is a very attractive concept, since the drawbacks of the individual forms of
propulsion cancel each other [27]. The solar-electric propulsion allows for a component of the acceleration vector to be
in the direction from the satellite towards the Sun, which is impossible with a solar sail. Application for hybrid thrust
include, but are not limited to, Earth-observation [27], displaced geostationary orbits [28] and interplanetary trajectories
[29].






Verification and validation

This appendix describes the methods that have been used to verify and validate the software that has been developed.
First, the dynamical model is verified in Section A.1. The numerical integrator is verified and validated in Section A.2.
Lastly, the optimisation algorithm itself is verified in Section A.3.

A.1. Dynamical model

The dynamical model that has been used in this work consists of several elements. First, the accelerations acting on
the satellite, with the exception of the solar-sail acceleration, are verified. Next, the solar-sail acceleration is treated
separately. Finally, the eclipse model is verified.

A.1.1. Perturbing accelerations

The magnitude of the various accelerations acting on the satellite changes with the altitude of the satellite. The accelera-
tions have been verified by comparing Figure A.1 with Figure 3.1 from Reference [26]. The magnitude of the acceleration
resulting from the point-mass gravity (PM) from Earth, the Moon and the Sun, as well as the J,, /3 and J4 effect are shown
as a function of altitude. The order of magnitude for all accelerations was found to be the same in Figure A.1 and Figure
3.1 from Reference [26]. Furthermore, the behaviour of the accelerations, whether they increase or decrease with alti-
tude, was found to be similar for all terms. Therefore, the accelerations shown in Figure A.1 are assumed to be correctly
implemented.
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Figure A.1: Magnitude of perturbing accelerations at different altitudes.
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A.1.2. Solar-sail acceleration

This work uses an ideal solar-sail acceleration model, which implies that all incoming radiation is specularly reflected
and the acceleration acts along the vector normal to the sail surface. In Figure A.2a, from Reference [30], the magnitude
of the forces along, Fs, and normal, Fj, to the Sun-sail line for a varying cone angle are given for an ideal solar sail at a
distance of one AU from the Sun, with a solar-sail lightness number of 8 = 0.0363 and a total sail area of 1068 m?. The
figure was reproduced in Figure A.2b, where exactly the same magnitude and direction of the solar-sail forces is observed.
A similar procedure was performed for varying the solar-sail clock angle, which resulted in a figure similar to Figure A.2b,
but inclined with respect to the (Fs,F)) plane.

Verification not only took place by comparing images, also with the known fact that the cone angle that should max-
imise the force in the transverse direction is a = 35.26° [3]. The cone angle that maximises the force in the transverse
direction using the developed software was found to be a = 35.3°. The difference is explained by the fact that tests were
only conducted by taking steps in the angle of 0.1°, making 35.3° the closest possible to 35.26° that can be achieved.
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(a) Polar plot, Image credit: [30]. (b) Reproduced polar plot.

Figure A.2: Polar plots of solar-sail performance at 1 AU.

A.1.3. Eclipses

Eclipses were modelled by using a Heaviside step function to approximate the sunlight fraction [22]. This model is twice
differentiable, which is a requirement for the optimisation algorithm. In Figure A.3, the trajectory is visualised for a
satellite at geostationary altitude. A two-dimensional dynamical model is assumed where the direction of sunlight is
taken to coincide with the orbital plane and the Sun is located at a distance of one astronomical unit (AU) along the
negative x-axis of the ECI frame. This configuration ensures that eclipses occur once per revolution, which is clearly
visible from the absence of the solar-sail acceleration behind the Earth in Figure A.3.

There are two parameters of the eclipse model which can be tuned: the sharpness coefficient, cs, and the transition

coefficient, ¢;. Figure 5.2 from Reference [22] shows the effect of varying these settings on the sunlight fraction. This
figure has been reproduced in Figure A.4, which is exactly similar.
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Figure A.3: Two-dimensional geostationary orbit with eclipse: one orbital revolutions.
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Figure A.4: The sunlight fraction, modelled with a Heaviside step function, for different sharpness and transition coefficients.

A.2. Numerical integration

In this work, a DOPRIS fixed step size numerical integrator has been implemented. The software is first verified by in-
tegrating an analytical function for which the solution is known. Next, the integrator is compared with results from TU
Delft’s open-source TUDAT software package for the integration of a satellite trajectory !. Finally, the choice for the DO-
PRI8 scheme is validated by comparison with other numerical integrators.

A.2.1. Analytical function

First, the implemented integration routine was tested by integrating a function of which the analytical solution is known,
0200 exp(2-1) dt. The integral evaluates to % (exp (200) — 1). Numerical integration with timestep A = 0.0005 lead to a

value 0f 2.61031-10173, a difference of 0.01% with the analytical value. It is expected that there is some difference between

the analytical and numerical result, since rounding and truncation errors play a role for the numerical scheme. A second

analytical function on which the integrator was tested is fozoo 5-t2, again with timestep Af = 0.0005. The result found

! Documentation at http://tudat.tudelft.nl; Code athttp://github.com/tudat/tudatBundle; Accessed: 16/02/2021.
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with the numerical integrator is 13333300, while the analytical solution is 13333333.33; a difference of 0.00025%. Lastly, a
linear function was integrated, where the numerical integrator found the analytical solution.

A.2.2. Verification with TUDAT

A satellite, with the initial condition as specified in Table A.1, was propagated for a period of approximately 24 days using
the developed numerical integrator and with the TUDAT software package. The magnitude of the position difference
at every point in time is visualised in Figure A.5. The difference in position increases with time, and some periodicity is
observed. This difference can be explained by a difference in precision of the gravitational parameter of Earth thatis used.
The exact gravitational parameter that is used in TUDAT is not known. In the author’s code, ugy = 3.986004118- 104 was
used. Changing this parameter to a lower precision, i.e. yg =3.986- 104 exaggerates the behaviour seen in Figure A.5.
From this, it is concluded that the error occurs due to a difference in precision of the gravitation parameter of the Earth
that is used, and that there is no error in the software itself.

Orbital element Value
a 6787746.891 m
e 0.000731104
i 51.68714486°
Q 127.5486706°
w 74.21987137°
v 24.10027677°

Table A.1: Initial conditions for satellite propagation testing.
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Figure A.5: Position difference of the satellite.

A.2.3. Validation with TUDAT

The choice to use a DOPRI8 integration scheme has been validated by comparison of the scheme’s performance with
other numerical integrators. This comparison was carried out in TUDAT, since TUDAT has many different integration
routines already implemented. First, a benchmark solution is needed, to which the performance of the various integrators
can be compared. The benchmark is obtained by integrating the satellite trajectory with a very small timestep, but it
is important to not take the timestep too small such that rounding errors start dominating the solution. Therefore, a
timestep of At = 0.1 s was used. The DOPRI8 routine was compared against the Runge-Kutta 4(5), Runge-Kutta 5(6),
Adam-Bashforth (6-11), Adam-Bashforth (8-8), Bulirsch-Stoer (5) and Bulirsch-Stoer (10) integration routines, all with
fixed timesteps.

Propagating the satellite, with orbital elements as in Table A.1, with a timestep of At = 1 s, the magnitude of the po-
sition difference at the final epoch between the benchmark solution and the other integrators are comparable, all within
arange of 0.1 m. However, there is a significant difference in the number of function evaluations needed to obtain the
solution. The Runge-Kutta (RK) methods require the least function evaluations, whereas the Bulirsch-Stoer (BS) methods
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require one order of magnitude more evaluations. The number of function evaluations for the Adam-Bashforth (AB) and
DOPRI8 methods are in between those needed for the RK and BS methods. The difference in performance between the
various integration routines becomes larger when a larger timestep is used, i.e. Atz =500s. Here, the difference in final
position magnitude for the AB and RK methods are much larger compared to the DOPRI8 and BS methods. Although the
DOPRI8 and BS methods find a comparable final solution, the BS methods need approximately an order of magnitude
more function evaluations to get to this solution. Therefore, the choice to use DOPRIS8 is valid.

A.3. Optimisation

The optimisation algorithm that has been developed in this work has been verified by comparison with locally optimal
steering laws for Earth-centred solar-sail trajectories from Reference [3]. Here, the specific orbital energy of a satellite
placed at geostationary altitude (42,241 km altitude and zero eccentricity) was maximised over the course of three orbital
revolutions. A two-dimensional dynamical model is assumed where the Sun is located at a distance of one astronomical
unit (AU) along the negative x-axis of the ECI frame. Only point-mass gravity from the Earth and the solar-sail accelera-
tion, assuming a solar-sail lightness number of 0.17, are acting on the sailcraft. Verification of the optimisation algorithm
is performed separately for the cone and clock angles. First, the case is considered where the sailcraft is in an orbit
with zero inclination, the clock angle, § is fixed at 90°, such that the control is solely determined by the cone angle, a.
Next, the case is considered where the sailcraft is in a polar orbit with an inclination of 90°, the cone angle, «, is fixed at
arctan (1/v/2), which is the optimal angle to maximise the acceleration in the transverse direction [3]. The control is then
solely determined by the clock angle, 6.

A.3.1. Two-dimensional geostationary orbit: three orbital revolutions

This verification case concerns the optimisation of the specific orbital energy of a spacecraft in geostationary orbit (42,241
km altitude, zero inclination and eccentricity) over the course of three orbital revolutions. As mentioned above, the
control is solely determined by the sail cone angle, a, as the clock angle, §, is fixed at 90°. For the cone angle, an initial
guess of 0 is used at all stages. The optimal trajectory found by DDP is shown in Figure A.6. The control profile of the cone
angle is very similar to the locally optimal steering law from Reference [3], the same holds for the resulting semi-major
axis.
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Figure A.6: Two-dimensional geostationary orbit: DDP verification.
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A.3.2. Two-dimensional polar orbit: three orbital revolutions

This verification case concerns the optimisation of the specific orbital energy of a spacecraft in a polar orbit (42,241 km
altitude, 90° inclination and zero eccentricity) over the course of three orbital revolutions. Again, as mentioned in the
introduction of this section, the control is solely determined by the sail clock angle, §, as the cone angle, a, is fixed at
arctan (1/v/2). For the clock angle, an initial guess of 0 is used at all stages. The optimal trajectory found by DDP is shown
in Figure A.7. From the direction of the solar-sail acceleration vector in Figure A.7a it is observed the the acceleration is
now always in the direction of the velocity vector of the satellite. The control profile of the clock angle is different from
what is obtained from the locally optimal steering law in Reference [3]. This is explained by the fact that the angles are
defined differently, a transformation can be made as 6 = —(OMcinnes — 90°), where dyicinnes iS the optimal clock angle
from Reference [3]. With this transformation, the control profile is very similar to the locally optimal steering law from
Reference [3]. The same hold for the resulting semi-major axis.
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Figure A.7: Two-dimensional polar orbit: DDP verification.
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