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Abstract

The optimal design of orbit raising trajectories is formulated within a Multi-

Objective Hybrid Optimal Control framework. The spacecraft can be equipped

with chemical, electric or combined chemical-electric propulsion systems. The

model incorporates realistic effects of the space environment and complex op-

erational constraints. An automated solution strategy, based on two sequential

steps, is proposed for this problem. In the first step, operational constraints are

not enforced and the control law of the electric engine is parameterized by a

Lyapunov function. A heuristic global search algorithm selects the propulsion

system and optimizes the guidance law. Approximate Pareto-optimal solutions

are obtained trading off propellant mass, time of flight and solar-cell degrada-

tion. In the second step, candidate solutions are deemed as initial guesses to

solve the Nonlinear Programming Problem resulting from direct transcription

of the operationally constrained problem. The proposed approach is applied

to two transfer scenarios to the Geostationary orbit. Results show the effec-

tiveness of the methodology to generate not only rapid performance estimates

for preliminary trade studies, yet also accurate calculations for the detailed de-

sign. Additionally, it is identified that the application of operational restrictions

causes minor penalties in the objective function.
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1. Introduction

Geostationary Equatorial Orbit (GEO) is known to be the most commer-

cially profitable orbit [1]. Satellites can be placed there directly by the launch

vehicle or transferred from a parking orbit by their on-board propulsion. The

most classical strategy relies on Chemical Propulsion (CP) due to its maturity

and reliability. Additionally, it guarantees a very short transfer time, often rang-

ing from hours to few days starting from GTO (Geostationary Transfer Orbit).

However, there has been much interest in GEO satellites equipped with Electric

Propulsion (EP) as a means for saving costs. This is due to the fact that the re-

quired propellant mass is reduced when compared to CP. Thus, larger payloads

or lower-wet-mass spacecraft are achievable. In March 2015, the first ever all-

electric satellites incorporating the Boeing 702-SP architecture were launched

[2]. Two years later, the platform Eurostar E3000EOR by Airbus reached an

operative status. Moreover, the use of electric propulsion for orbit raising is in-

cluded in the next generation of satellite platforms, such as the Airbus’ Eurostar

Neo, expected to be launched in 2021.

Nevertheless, the significant mass savings attained by EP come at the cost

of a higher transfer time. The low thrust levels require the engine to fire almost

continuously for weeks or months. Additionally, a major concern associated with

all-electric transfers is the long transit time through the Van Allen radiation

belts [3]. The impacting energized particles may be hazardous to on-board

electronics and cause degradation of solar panels. A viable alternative to obtain

intermediate performances may be represented by a combination of both CP and

EP into a Combined Chemical-Electric Propulsion (CCEP) system. Customers

may be provided with more payload mass than Fully Chemical Transfers (FCT),

yet maintaining an acceptable on-orbit delivery time and reducing the radiation

exposure of Fully Electric Transfers (FET). The mission sequence would consist

on a chemical phase followed by an electric phase.

Page 2

https://www.sciencedirect.com/science/article/abs/pii/S0094576520303052?via%3Dihub


Accepted version of paper with DOI https://doi.org/10.1016/j.actaastro.2020.05.022 Morante et al.

Consequently, the design of orbit raising missions is modeled in this work

as a multi-objective optimization problem. Flight time, propellant mass and

radiation damage are considered as competing objectives. The spacecraft may

be equipped with on-board CP, EP and CCE. In the case of CCE propulsion, the

mission sequence consists on a chemical phase followed by an electric phase. The

resulting trajectory is determined by a sequence of discrete events, defining the

chemical firings and the electric engine on and off switchings; and by continuous

dynamics, describing the motion during the thrusting and coasting phases. Note

that neither the sequence of discrete events nor the propulsive configuration are

known a priori and they have to be obtained as part of the optimal solution. As

a result, the optimization problem is formally posed as a Multi-Objective Hybrid

Optimal Control Problem (MO-HOCP). General frameworks for the description

of HOCPs and its corresponding mathematical formalism are presented, e.g. by

Branicky [4] and Buss [5]. Particular frameworks for space mission planning are

introduced by Chilan et al. [6] and Ross et al. [7].

The goal of this paper is to efficiently determine the set of Pareto-Optimal

solutions for the aforementioned HOCP. Therefore, a solution methodology

able to concurrently optimize and explore the design space of FCT, FET and

Combined-Chemical-Electric Transfers (CCET) is desired. The optimization of

each transfer trajectory is qualitatively different from each other and it has been

traditionally treated separately.

The optimization of FCT is a well-known problem and has been profusely

studied in the literature; [8, 9, 10, 11, 12] provide a partial, representative list of

such prior works. Early approaches [8, 9, 10] assumed either coplanar transfers,

circular orbits or two-impulse strategies. Algorithms for n-impulsive transfers

between non-coplanar elliptical orbits have been developed by Jezewski[11] and

Abdelkhalik et al. [12]. The former developed an iterative method to calculate

local minima solutions. The latter employed a genetic algorithms to find global

optimal solutions over the design space.

Conversely, it becomes much more challenging when dealing with FET due to

the nonlinearity and non-convexity of the continuous dynamics and constraints.
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Additionally, realistic effects of the space environment such as Earth oblateness,

eclipse or radiation damage should be included to increase the fidelity of the

model. Furthermore, the avoidance of crossings with the GEO torus is desirable

due to the likelihood of impact with operational satellites. Other operational

constraints such as slew rate limitations on the thrust pointing angle or phasing

to a certain orbital slot may have to be imposed in the solution. Last but

not least, achievable and acceptable results while using reasonable amount of

computational time and memory are highly desirable.

Historically, in order to reduce the complexity of FET, either the control

law or the trajectory (even both of them) has been assumed to be known ”a

priori”, i.e., predefined. This strategy allowed some authors to obtain analytical

solutions (e.g., [13, 14]) for certain special cases. Other researchers combined it

with averaging techniques (e.g., [15, 16, 17, 18, 19]) or asymptotic analysis (e.g.,

[20, 21]) to effectively estimate the dynamics of the system. A different approach

utilizes closed form feedback control laws derived from predetermined Lyapunov

functions [22, 23, 24]. Several works [25, 26] employed a multi-objective evolu-

tionary algorithm to optimize the parameters of the Q-law Lyapunov function

proposed by Petropoulos [23]. This technique was proven to permit a rapid

evaluation of the trade-off space and to provide reasonable estimates of the op-

timal performances. However, this approach does not allow to target a desired

true longitude. To overcome this limitation, Lantukh, et al. [27] presented

the EQlaw, an extension of the Q-law able tackle rendezvous problems. This

methodology was combined with a multi-objective heuristic algorithm in [28] to

explore the trade-space of electric orbit raising transfers with respect to transfer

time and propellant mass. Lorenz et al. [29] further included the radiation dose

absorbed by the spacecraft as the third optimization objective.

Solutions from preceding methodologies for FET are suboptimal and may

not fulfill the constraints. However, they can serve as initial guesses for more

sophisticated optimizers including high fidelity models for the dynamics and

constraints. As an illustration, Betts [30] and Schäff [31] applied a direct tran-

scription method along with a Non-Linear Programming (NLP) solver. The
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former included slew rate restrictions, whereas the latter further considered

phasing, GEO torus avoidance and radiation constraints, although only a brief

description of the models employed were provided. Other authors, such as Singh

et al. [32], have coupled heuristic algorithms with gradient-based NLP solvers

to identify globally optimal solutions in a multi-objective design space.

Fewer researches have investigated the use of CCEP systems for orbit rais-

ing trajectories to GEO. Spitzer [33] proposed a suboptimal operational strategy

where the CP establishes a geo-synchronous elliptical orbit with zero inclination.

A final EP phase with fixed inertial attitude reduces the eccentricity to zero.

Oleson et al. [34] demonstrated the propellant mass savings attainable by re-

placing a portion of the chemical transfer with an EP stage. Mailhe and Heister

[35] considered a vehicle design for a coplanar transfer assuming constant tan-

gential thrust for the EP phase. Oh et al. [36] proposed a combined graphical-

analytical method for estimating performances. They incorporated the soft-

ware SEPSPOT (Solar Electric Propulsion Trajectory Optimization Program)

[37] to obtain minimum-time EP transfers. Jenkin [38, 39] performed mission

trade studies by applying HYTOP (Hybrid Trajectory Optimization Program)

to determine the EP transfer that maximizes delivered mass. A chemical engine

was allowed to fire at apogee. Kluever [40] contributed with a comprehensive

analysis based on a chemical impulse at apogee and on the parametrization of

the low-thrust segment by curve fits of stored optimal solutions obtained offline.

Furthermore, Kluever [41] provided a purely analytical design tool to rapidly

perform trade studies. Ceccherini et al. [42] derived a preliminary design pro-

cedure to evaluate the usefulness of CCEP for a given payload. In their work,

the EP trajectory is optimized with the package LT2O (Low-Thrust Trajectory

Optimization) following the minimum time philosophy. Their work was later

extended in [43] to perform system-trajectory optimization to GEO orbit. Last

but not least, Macdonald et al. [44] compute propellant optimal trajectories

while imposing limits to the maximum radiation absorbed.

Despite the excellent insight into CCET problem that has been provided

by [33, 34, 35, 36, 38, 39, 40, 41, 42, 43, 44], they have neglected important
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characteristics of the problem. For instance, many of them did not account for

space environmental effects such as [33, 34, 35, 41, 44], who ignored the Earth-

shadow eclipse effect during the EP transfer to GEO or [35, 42, 43, 40, 44],

who did not account for Earth-oblateness. Refs. [33, 35, 36, 38, 39, 41] did not

quantify the radiation effects caused by transit through the Van Allen radiation

belts. Other studies were not flexible enough: [33, 34, 38, 39, 40] assumed a fixed

or constrained starting orbit for the EP phase and [42, 43, 35] restricted the use

of the chemical engine to planar maneuvers. Last but not least, [40, 41, 42]

performed an offline optimization procedure of the EP phase, yet they were not

able to provide optimized guidance laws.

In this paper, we contribute to the field of research on methodologies for the

optimal design of orbit raising trajectories by providing a general framework and

a solution approach that overcomes the limits of the previous approaches. The

contribution lies on the development of a fast, robust and flexible optimization

algorithm to cast the aforementioned MO-HOCP including eclipse, radiation

damage and earth-oblateness effects. The algorithm does not impose any con-

straint on the initial or final orbit for the electric phase, nor on the direction

of the chemical maneuvers. Our approach concurrently optimizes the guidance

laws and performances for CCET, FCT and FET, which has not previously

been addressed in the literature. Additionally, the modeling, implementation

and evaluation of the complex operational constraint associated to the avoidance

of the GEO torus within a direct transcription scheme is a novel contribution.

For such purpose we propose a sequential two-step algorithm termed MOLTO-

OR (Multi-Objective Low-Thrust Optimizer for Orbit Raising). In Step 1 we

combine the contributions made by Abdelkhalik et. al [12] for FCT and the pre-

defined Q-law from Petropoulos [23] for FET to create a new single algorithm

that is additionally able to account for CCET. A heuristic algorithm is in charge

of selecting the propulsion system among CP, EP or CCEP and optimizing the

trajectory. A whole family of Pareto quasi-optimal solutions in terms of propel-

lant mass, time of flight and solar-cell degradation is obtained. Results comprise

the number, magnitude, direction and location of the chemical impulses as well
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as the low-thrust steering law. Although at this stage operational constraints

are not applied, users can greatly benefit from quick preliminary tradeoffs as-

sessments. In Step 2, provided the solution from Step 1 as initial guess, the NLP

problem resulting from application of a direct transcription technique is solved.

The guidance for the low-thrust control is open-loop and no longer predefined.

Operational constraints such as slew rate limitations, phasing and GEO torus

avoidance can be imposed in this step.

The paper is organized as follows: In Section 2 the orbit raising optimiza-

tion problem is formally stated as a MO-HOCP. The selected dynamical models

for both the low-thrust trajectory and the chemical maneuvers are presented in

Section 3. The modeling of the propulsion systems, the space environment and

the operational constraints are described in Section 4. In Section 5 we explain

the proposed solution algorithm MOLTO-OR. Later, in Section 6 the algorithm

capabilities are tested. Firstly, an analysis of optimality and robustness of the

Lyapunov control law is performed. Secondly, the capabilities of the Step 1

algorithm will be tested on an orbit raising trajectory from Low-Earth-Orbit

(LEO) to GEO. Thirdly, the capabilities of the Step 2 algorithm to incorpo-

rate operational constraints are explored for an orbit raising trajectory from

Geostationary Transfer Orbit (GTO) to GEO. Finally, some conclusions and

perspectives are discussed in Section 7.

2. Mathematical Framework

The trajectory of a spacecraft equipped with either a low-thrust engine,

chemical propulsion or a combination of both can be modeled as a hybrid dy-

namical system (HSD), that is, a system with interacting continuous and dis-

crete dynamics. The continuous dynamics determines the geocentric trajectory

during thrusting or coasting phases. Each phase represents a different working

condition and consequently a different dynamical description. The discrete dy-

namics characterizes the discontinuous behavior of the system such as the on/off

switchings of the low-thrust engine or the instantaneous firings of the chemical
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engine. We consider that the EP engine can be switched off for propellant sav-

ing reasons or if there is not enough power available from the batteries during

eclipse. The multi-objective optimization of the control vector of a spacecraft

modeled as a HDS is formulated as MO-HOCP. Hereafter, we present the gen-

eral mathematical framework for HDS and for MO-HOCP based on the one

proposed by Buss [5]. The application of this framework to optimization of

low-thrust multigravity-assisted trajectories have been presented in Ref. [45]

2.1. Hybrid Dynamical System

The state of a HDS is determined by the continuous state vector x(t) ∈

X ⊂ Rnx , which is constrained to be in the set X and the discrete state vector

q(t) ∈ Q ⊂ Nnq , which is constrained to be in the set Q. The system can be

controlled by a continuous control vector u(t) ∈ U ⊂ Rnu , which belongs to the

set U , and by a discrete control vector v(t) ∈ V ⊂ Nnv , which belongs to the

set V.Therefore, the time-evolution of a HDS is given by:

ẋ = f(x, q,u,v, t) if sj(x, q,u,v, t) 6= 0, j = 1, . . . , ns (1)

 x(t+i )

q(t+i )


 = φj(x, q,u,v, t

−
i ) if sj(x, q,u,v, t

−
i ) = 0, j ∈ {1, . . . , ns} (2)

The continuous behavior of the HDS is described by the set of differentiable

equations f : X ×Q× U × V ×R −→ Rnx , whereas the discontinuous behavior

is characterized by the ns discontinuity surfaces sj : X ×Q× U × V ×R −→ R

and transition maps φj : X ×Q× U × V × R −→ X ×Q for j = 1, . . . , ns.

Discontinuous behavior is caused by events occurring when the hybrid state in-

tersects discontinuity surfaces [5]. The times ti at which these events occur, are

called event transition times. The states x(t+i ) and q(t+i ) just after a discrete

event are determined by the transition maps. As long as all discontinuity sur-

faces sj(x, q,u,v, t) 6= 0, the system evolves continuously according to Eq.(1).

2.2. Multi-Objective Hybrid Optimal Control Problem

The MO-HOCP is to find the set of continuous u(t) and discrete v(t) control

vectors that minimize the multi-objective function J(u,v, t). Solutions must
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obey both the continuous and discrete dynamics (1)-(2) and are subject to:

u(t) ∈ U ⊂ Rnu , v(t) ∈ V ⊂ Znv , ∀t ∈ [t0, tf ] , (3)

x(t) ∈ X ⊂ Rnx , q(t) ∈Q ⊂ Nnq , ∀t ∈ [t0, tf ] , (4)

0 ≤ g(x,u, q,v, t), t ∈ [t0, tf ] , (5)

x(t0) = x0(x, q,u,v, t0), q(t0) = q0(x, q,u,v, t0) (6)

x(tf ) = xf (x, q,u,v, tf ), q(tf ) = qf (x, q,u,v, tf ) (7)

Here, t0 and tN = tf are the beginning and final times. The minimization of

the multi-objective function is subject to initial and terminal conditions on the

state vector (6)-(7), admissible values for the continuous and discrete control

and state variables (3)-(4) and further inequality constraints (5) given by the

function g : X ×Q× U × V × R −→ Rng .

3. Dynamical Modelling

In this section we present the mathematical description of the set of continu-

ous differential equations and discrete event functions for a spacecraft equipped

with CCEP system. The model also includes FCT and FET as particular cases.

The former does not allow thrusting phases whereas the latter does not permit

chemical firings during the transfer.

3.1. Continuous and Discrete State Variables

The spacecraft’s continuous state vector can determined by the set of mod-

ified equinoctial elements (p, f, g, h, k, L). Given that low-thrust transfers are

characterized by very long transfer times, it is convenient to use the true lon-

gitude L as the independent variable, instead of time t [30]. Additionally, the

evolution of the spacecraft’s mass m is needed to fully describe its dynamics.

The set of dependent variables results in the following continuous state vector

x = [p, f, g, h, k, t,m]. The working condition of the electric engine is deter-

mined by the discrete state variable q ∈ {0, 1}, where ’0’ designates the coasting

mode and ’1’ indicates the thrusting mode. The switching between both modes

of operation is governed by the discrete dynamics and controls.
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3.2. Continuous and Discrete Control Variables

The EP system produces a continuous thrust force of magnitude T on the

vehicle when switched on. The steering law is determined by the continuous

control vector ue = [α, β]. Here, α is the azimuth angle measured in the orbit

plane from the circumferential direction and positive away from the gravitational

centre, whereas β is the declination angle measured out of the orbital plane and

positive along the angular momentum. The on/off switchings during sunlight

are managed by the binary control vector ve ∈ {0, 1}. The coasting state is

required when ’0’, while a burning phase is demanded for ’1’. The CP provides

n-instantaneous velocity changes on the spacecraft. They are determined by

the set of controls uc,j = [θj ,∆Vj , ᾱj , β̄j ] for j = 1, . . . , n, where θj is the true

longitude at which the jth impulse of magnitude ∆Vj and direction ᾱj and β̄j is

performed. Here ᾱj is the in-plane angle measured from the tangential direction

and positive away from the gravitational centre and β̄j is the declination angle.

3.3. Continuous Dynamics

The continuous evolution of the continuous state vector is given as:

dp

dL
=

1

σ

√
p

µ

2p

w
aθ

df

dL
=

1

σ

√
p

µ

(
sinLar +

1

w
{(w + 1) cosL+ f} aθ −

g

w
{h sinL− k cosL} ah

)

dg

dL
=

1

σ

√
p

µ

(
− cosLar +

1

w
{(w + 1) sinL+ g} aθ +

f

w
{h sinL− k cosL} az

)

dh

dL
=

1

σ

√
p

µ

l2 cosL

2w
ah

dk

dL
=

1

σ

√
p

µ

l2 sinL

2w
ah

dt

dL
=

1

σ
dm

dL
= − q

σ
ṁ

(8)
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where

σ =

√
p

µ

1

w
{h sinL− k cosL} ah +

√
µp

(
w

p

)2

(9)

w = 1 + f cosL+ g sinL (10)

l2 = 1 + h2 + k2 (11)

Here, ṁ is the fuel consumption rate of the electric engine and µ is the

gravitational constant of the Earth. The perturbing acceleration a = (ar, aθ, ah)

is projected onto the rotating radial frame. For the purpose of this paper,

the only non-two-body accelerations are due to Earth J2 and thrust. Adding

different perturbing accelerations is as simple as converting them to the rotating

radial frame and including them in a. The Earth oblateness is accounted in a

similar manner to [30]. The acceleration due to thrust aT is given as:

aT = q
T

m
d (12)

where d = (cosβ cosα, cosβ sinα, sinβ) is the unitary vector in the direc-

tion of the thrust. The thrust magnitude T of the electric engine and its fuel

consumption rate ṁ depends on the specific propulsion system, whose models

will be presented in the next section.

3.4. Discrete Dynamics

The discrete dynamics of the system are governed by controlled events, i.e.,

the discrete velocity impulses of the CP and the discrete on/off switchings of the

EP system, and by autonomous events, i.e., the electric engine shut down during

eclipse. The discrete event functions associated to them, including discontinuity

surfaces and transition map functions, will be formally defined hereafter.

3.4.1. Chemical Propulsion Burns

The effect of a chemical engine translates into discrete changes of the con-

tinuous state vector that are given by the transition map functions φc. The dis-

continuity surfaces sc constrain the firings to occur when the spacecraft reaches

the true longitude selected by the control parameter θ as long as the EP is
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switched off. Note that, the discrete state is not affected by this maneuver, i.e.,

q(L+
i ) = q(L−i ). Therefore, the discrete dynamics is expressed as follows:

Burn:





sc,j : L−i = θj , j = 1, . . . , n

φc,j : q(L+
i ) = q(L−i ), x(L+

i ) = C(x(L−i ),uc,j), j = 1, . . . , n
(13)

where n is the number of allowed impulses and C : X × U × R −→ X is the

procedure to compute the successor continuous state x(L+
i ) of the spacecraft

after the jth chemical maneuver as a function of the predecessor continuous

state x(L−i ) and the control parameters uc,j .

3.4.2. Electric Engine on/off switching

The EP engine switchings are controlled by the discrete control ve as long as

the spacecraft is in sunlight conditions. They are modeled by the discontinuity

surfaces son and soff,1 and by the transition maps φon and φoff . Addition-

ally, the spacecraft shutdown during eclipse is represented by the discrete event

function soff,2 and transition map φoff . Therefore, the following equations are

included for a complete descriptions of the system:

Switching on:





son : q(L−i ) = 0, ve(L
−
i ) = 1, δ(x, L−i ) = 1

φon : q(L+
i ) = 1, x(L+

i ) = x(L−i )
(14)

Switching off:





soff1 : q(L−i ) = 1, ve(L
−
i ) = 0

soff2 : q(L−i ) = 1, δ(x, L−i ) = 0

φoff : q(L+
i ) = 0, x(L+

i ) = x(L−i )

(15)

In previous Eqs.(14)-( 15) the effect of the eclipse is included via the shadow

function δ(x, L−i ) : X × R −→ I. It represents a binary-valued function that

takes the value ’1’ when the spacecraft is in sunlight and ’0’ when it is in

umbra conditions. Note that, an explicit relation between the discrete state,

the discrete control vector and the shadow function can be deduced:

q(ve,x, L) = veδ(x, L) (16)

3.5. Transfer Sequence

Throughout this work, it is assumed that the chemical firings are executed

fully before the electric phase begins. This constraint arises because the high
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amount of power required by the electric propulsion system to operate may

require deployed solar array panels [47], which would be incompatible with the

high forces applied to the spacecraft by the chemical propulsion.

4. Propulsion System, Space Environment and Constraints Modeling

In this section we present the models for the propulsion systems, the space

environment effects, such as the Earth shadow, the Van Allen belts radiation

and the solar-cell damage. Additionally, models for slew rate limits, slot-phasing

and GEO torus avoidance constraints will be introduced.

4.1. Electric Engine

Solar electric power system generates power based on its distance to the Sun

and the angle between the array plane and the Sun vector. In this analysis the

Sun is assumed to be 1 A.U. from the spacecraft at all times and the arrays are

always perfectly pointed at the Sun. If the power available to the propulsion

system is given by P , then the maximum thrust that can be generated is:

T =
2ηP

g0Isp,e
(17)

and the rate of propellant expenditure due to the engine firing is derived as:

ṁ =
2ηP

g2
0I

2
sp,e

(18)

where g0 is the Earth gravitational acceleration at sea level, Isp,e is the specific

impulse and and η is the efficiency factor of the electric engine respectively.

4.2. Chemical Engine

The mass of the spacecraft after a chemical maneuver m(L+
i ) is computed

as a function of the mass before the maneuver m(L−i ) according to:

m(L+
i ) = m(L−i )e−∆Vj/(Isp,cg0) (19)

where Isp,c is the specific impulse of the chemical thruster.
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4.3. Earth Shadow

It is reasonable to assume that both the Sun and Earth are spherical bodies

as suggested in Ref.[30]. We further assume that the Sun is infinitely far away

from the Earth resulting in a cylindrical shadow. The radius of the cylinder is

therefore equal to the radius of the earth Re and its axis is determined by the

unitary vector from the Earth to the Sun ŝs. Let us define r⊥ as the distance

of the spacecraft to the axis of the cylinder and it can be obtained as:

r⊥ =
√
r2 − rT ŝ (20)

where r = ||r||. The condition for the spacecraft to be inside the cylinder can

be simply expressed as r⊥ ≤ Re. In addition to this, in order to be inside

the shadow region of the cylinder, the constraint rTs ≤ 0 must be fulfilled.

Combining both conditions, a necessary and sufficient condition for an eclipse

to happen is derived as:

rT ŝ+
√
r2 −R2

e ≤ 0 (21)

Thus, the binary shadow function δ has the following form:

δ =





0 if rT ŝ+
√
r2 −R2

e ≤ 0

1 otherwise
(22)

4.4. Radiation Environment

Following the same approach as in Ref. [48], the geomagnetic field is modeled

by considering a magnetic dipole with an axis parallel to the Earth’s magnetic

axis passing through its center of mass. The omnidirectional radiation flux,

defined as the flux of all particles averaged over all directions at any location

owing to protons and electrons, can be computed as a function of the McIlwain’s

coordinate L and the latitude λ. Furthermore, Ref. [48] shows that the radiation

impact from electrons during the orbit-raising trajectory represents only a small

fraction of what the satellite undergoes in GEO over a period of 10-15 years.

Hence, in this work, only the radiation damage caused by protons is considered.
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The omnidirectional flux of protons of energy equal or greater than E can be

expressed by the following analytical form [48]:

Φp(L, λ, E) = a(L, E)e−b(L,E)λ2

(23)

where a(L, E) and b(L, E) are given by:

a(L, E) = a0e(a1E+a2(a3+L)2) (24)

b(L, E) = b0 + b1E + b2L+ b3EL+ b4L2 + b5L3 (25)

Radiation models like AP-8 or AP-9 can be used to find the values of the

fitting parameters aj and bj . In our approach we will use the fitting parameters

obtained for the AP-8 model that can be found in [48]. Given that the coordi-

nates (L, λ) depends uniquely on the position of the spacecraft, the radiation

flux can be expressed in terms of the continuous state vector x and the true

longitude L, so that Φp(x, L,E) = Φp(L, λ, E). Therefore, the total fluence of

protons of all energy levels greater than or equal to E encountered along the

orbit-raising trajectory until a certain time t is given by:

Ψp(x, L,E) =

∫ t

t0

Φp(x, L,E)dt (26)

4.5. Radiation Damage

Solar-cell degradation causes power loss. The amount of degradation is a

function of the type of solar cells, amount and material of the shielding provided,

the energies of radiation encountered along the path and the number of particles

for each energy level. We utilize the parametric relationships from Ref. [49] in

terms of the displacement damage dose and non-ionizing energy loss in order to

compute the power P available to the spacecraft:

P

P0
= 1− C log

(
1 +

Dd

Dx

)
(27)

where Dd is the displacement dose of protons for given solar cells, Dx and C

are constants specific to the type of solar cells. The displacement damage dose

is defined as:

Dd =

∫ t

t0

∫ Eu

El

∂Φp(x, L,E)

∂E
SP (E)dEdt (28)
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where SP (E) is the non-ionizing energy loss. The rate of change of the radiation

flux with respect to the energy levels can be obtained analytically from Eq.(23):

∂Φp(x, L,E)

∂E
= [a1 − λ2(b1 + b3L)]Φp(x, L,E) (29)

4.6. Slew Rate Limits

Limits are often imposed on the angular rate of change of the thrust direction

vector as a requirement from the attitude subsystem. For a small true longitude

interval δL, the angle θ between two unit direction vectors is defined by:

dT (L)d(L+ δL) = cos θ (30)

It then follows that an approximate rotation rate, assuming a linear varia-

tion, is given by:

θ̇ ≈ 1

t(L+ δL)− t(L)
cos−1

[
dT (L)d(t+ δL)

]
≤ θ̇lim (31)

where θ̇lim is the maximum allowed rotational velocity. The value of δL is

typically chosen to coincide with the integration step of the dynamical equations.

4.7. GEO Torus Avoidance

The GEO torus is the volume in space where most of the satellites in GEO are

located. The region is also populated by uncontrolled objects that are subject

to variations in altitude due to orbit perturbations. During the transfer, any

crossing of the torus poses a certain collision risk with high value assets. In

our study, we define the torus as a toroid around Earth with a rectangular

cross-section centered at GEO (see Figure 1). The rectangular cross-section is

termed GEO box and its width and height are 2lr and 2lz respectively. The

inner rGEO− and outer rGEO+ radius of the toroid are defined as:

rGEO− = rGEO − lr (32)

rGEO+ = rGEO + lr (33)

where rGEO is the radius of the GEO orbit. Additionally, we define the North

and South boundaries as the planes parallel to Equatorial plane but located at
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Figure 1: GEO torus geometry

a distance lz above and below respectively. The intersection of the spacecraft’s

trajectory with such planes determines rN and rS , where the subscript N and

S refers to the North and South boundary respectively and the symbol rNS is

used to refer to both indistinctly.

The conditions to avoid crossing the GEO torus can be evaluated as a

function of the projections onto the Equatorial plane of the radiuses at the

north/south boundary of the GEO arc:

rNS cosφSN ≤ rGEO− or rNS cosφSN ≥ rGEO+ (34)

where φNS is the elevation angle, measured out of the Equatorial plane, for

rNS and it is computed as φNS = ± sin−1 lz/rNS , where we select the + sign

for rN and the − sign for rS . The previous complementary Eqs.(34) can be

reformulated as a set of nonlinear inequality constraints as follows:

(rGEO− − rN cosφN )(rGEO− − rS cosφS) ≥ 0 (35)

(rGEO+ − rN cosφN )(rGEO+ − rS cosφS) ≥ 0 (36)

(rGEO − rNS cosφSN )2 − (2lr)
2 ≥ 0 (37)

Note that the previous expression are not valid for small inclinations, where

no crossings of the trajectory with the north/sound boundaries occurs. In such

case, the value of lz can be reduced and the constraints could be applied until
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the inclination reaches zero. Also, at least the last orbit must be unconstrained

in order to allow targeting of the final orbit.

4.8. Phasing constraints

In case the satellite is to be transferred to GEO, it will have to occupy

a single slot within this orbit. Phasing is the operation to target the certain

longitude of the assigned slot. This constrained is applied to the final longitude:

cosLf = cosLT (tf ), sinLf = sinLT (tf ) (38)

where LT is the target final true longitude, which is a function of the arrival

time, as the Earth rotates with respect to the inertial reference frame. Note

that, the previous constraint is expressed as a trigonometric relation in order to

make it independent of the number of revolutions.

5. Solution Approach

MOLTO-OR is a two-step solution approach for the MO-HOCP problem

under consideration. The algorithm is schematically depicted in Figure 2. In

MOLTO-OR Step 1 we incorporate a parametric model of the low-thrust control

law based on the Lyapunov function Q-law [23], pursuing the goal of develop-

ing a flexible and robust algorithm able to rapidly find solutions, which would

approximate the optimal performances as well as the mission design variables,

needing minimum information from the user. In MOLTO-OR Step 2 we include

the complete model of the trajectory seeking for accuracy and robustness in

addition to the possibility of including complex constraints with ease.

5.1. MOLTO-OR Step 1: Multi-objective Global Heuristic Search

In this step we convert the multi-objective HOCP into an unconstrained

multi-objective mixed-integer parameter optimization problem with a small set

of design variables. Due to that fact and to the requisite of evaluating many

different scenarios simultaneously we have chosen a population-based heuristic

algorithms as the most adequate technique to solve it. This step requires the
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User Defined Parameters

MOLTO-OR STEP 2MOLTO-OR STEP 1

Multi-objective Genetic Algorithm 
+ 

Q-law control law
Direct transcription 

+ 
Gradient-based solver

INITIAL GUESS

MOLTO-OR
Muti-objective Low-Thrust Optimizer for Orbit Raising

• Set of Pareto sub-optimal solutions in one run
• Rapid trade-offs  for  preliminary design

•  Single optimized trajectory in one run
•  Accurate solutions for the detailed design

Figure 2: MOLTO-OR: Algorithm Scheme

rapid evaluation of FCT, FET and CCET. In the following lines we describe the

particular design variables and evaluation procedure separately for each transfer

case. Thereafter, we present the complete optimization algorithm.

5.1.1. Fully Chemical Transfer (FCT)

A series of n-chemical maneuvers are performed sequentially. Solar-cell

degradation is not considered for this transfer as the crossing of the radiation

belts is very fast. The location, magnitude and direction of the jth impulse is

defined by uc,j = [θj ,∆Vj , ᾱj , β̄j ] for j = 1, . . . , n − 2. The trajectory between

the (jth − 1) and the jth impulses is assume to follow a Keplerian arc and is

computed analytically between θj−1 and θj . A Lambert’s arc is assumed for

the last two impulses in order to guarantee that the satellite is inserted into

the final orbit exactly. Three additional variables are included to define the last

two-impulses: the parameter θn−1 represents the true longitude on the orbit

where the first Lambert’s impulse occurs; the parameter tc represents the time

of flight on the transfer arc; and θn is the true longitude on the final orbit at

the time of the satellite arrival. The set of parameters C defining the FCT is:

C = (uc,1, . . . ,uc,n−2, θn−1, tc, θn) (39)

Note that the number of impulses n is not a design variable. Instead, it

is assumed to be equal to the maximum number of allowable impulses nmax
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Table 1: MOLTO-OR Step 1 VS MOLTO-OR Step 2 main features

MOLTO-OR Step 1 MOLTO-OR Step 2

Solution Approach Genetic Algorithm Hermite-Simpson +

NLP solver

Dynamical Model 3D + J2 + shadow + 3D + J2 + shadow+

radiation radiation

Control Model Lyapunov Q-law Optimal control

Propulsive system Free Fixed

Transfer Type Free Fixed

Thrust Model Constant Constant

Isp Model Constant Constant

Ephemerides Analytic approximation Analytic approximation

Programming Language C++ AMPL

Heuristic solver NSGA-II N/A

Gradient-based solver N/A Ipopt

defined by the user. The number of impulses is then optimized by driving to

zero the magnitude of the unnecessary ∆V ’s.

5.1.2. Fully Electric Transfer (FET)

In the case of a FET, the control vector is is predefined and determined by

the Q-law Lyapunov function. This guidance scheme was originally proposed by

Petropoulos [23] using orbital elements, yet in this work we use the formulation

presented by Gávor I. V. in [26] with modified equinoctial elements. The Q-

law is based on a proximity quotient, Q, which quantifies the proximity of the

osculating orbit to the target orbit. During the transfer at each instant the Q-

law method chooses the thrust angles that reduce the Q value the most quickly.

The set of parameters E defining the low-thrust guidance scheme is defined as:

E = (Wp,Wf ,Wg,Wh,Wk, ηa, ηr,m, n, r) (40)

Here, (Wp,Wf ,Wg,Wh,Wk) are the weighting factors associated to each

equinoctial element, (ηa, ηr) are the absolute and relative effectivity coefficients,

which allow introducing coasting arcs and finally (m,n, r) are the scaling factors.

Let us define the Qlaw function as the procedure that computes the spacecraft
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thruster orientation as a function of E , the actual state x and the desired final

state xf using the Q-law as guidance:

[ue, ve, Q] = Qlaw(E ,x,xf , L) (41)

The dynamical system in Eq.(8) is integrated with a Runge-Kutta-Fehlberg

7(8) until the proximity quotient Q reaches a threshold Qth, which means that

the spacecraft has targeted the orbit. Note that the transfer time is not a design

variable and is obtained after the integration of the trajectory.

During the integration of the equations of motion, the displacement damage

dose at every instant has to be computed, updating the power available to the

spacecraft and the magnitude of the thrust when necessary. In order to compute

the radiation damage caused to the solar arrays of a satellite, consider a discrete

set of energy levels E = (E1, E2, ..., Em), such that E1 = El and Em = Eu with

El and Eu being respectively the lower and the upper bounds of the set of m

energy levels under consideration. This is reasonable as the non-ionizing energy

loss SP (E) is typically provided as tabular data. Based on this discretization

the energy integral in Eq.(28) can be approximately obtained as:

m−1∑

i=1

1

2

[
∂Φp(x, L,Ei)

∂E
SP (Ei) +

∂Φp(x, L,Ei+1)

∂E
SP (Ei+1)

]
(Ei+1 − Ei) (42)

5.1.3. Combined-Chemical-Electric Transfer (CCET)

The CCET consists on a chemical segment followed by an electric phase.

The chemical phase is obtained following the same procedure than for the FCT,

except for the last lambert arc. In this case the last two impulses are applied

in a similar manner that the nth − 2 previous firings. The final state after the

nth impulse is used to define the initial orbit for the electric phase. The same

methodology than for FET is then applied to target the desired orbit. Thus,

the set H of parameters that determines a CCET is:

H = (uc,1, . . . ,uc,n,Wp,Wf ,Wg,Wh,Wk, ηa, ηr,m, n, r) (43)
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5.1.4. Optimization Algoritm

The complete algorithm has to select the optimal propulsive system as well

as to optimize the corresponding trajectory. The propulsive system is selected

by the integer variable z. Here the CP, EP and CCEP are represented by

z = 1, 2, 3 respectively. Let us define Z = (z) as the set of propulsive options.

The set P of design variables for the complete algorithm is:

P = C ∪ E ∪ H ∪ Z (44)

The complete optimization problem is thus defined as finding the set of pa-

rameters P such that the following multi-objective fitness function is minimized:

J = (−mf , tf ,−Pf ) (45)

where mf , tf , Pf are respectively the mass, time and power of the solar arrays at

the end of the transfer. A summary of the optimization variables can be found

in Table 2, along with their lower bounds (Lb) and upper bounds (Ub). The

objective function is computed following the flow chart depicted in Fig.3. The

user only needs to provide information about the initial and final orbit along

with the mass, propulsive and power generation system characteristics. The

user-defined parameters and summarized in Table 3. Note that, the algorithm

used to compute the lambert arc at the end of a FCT may not converge. In this

case, a penalty vector is associated to lead the heuristic solver to discard them

for the next generations. Similarly, the convergence of the proximity quotient

Q to Q < Qth is not always assured. Thus, a maximum number of integration

steps is imposed to avoid the integration scheme from running indefinitely. If

this value is exceeded, a penalty is added to the fitness function.

5.2. MOLTO-OR Step 2: Local Deterministic Optimization

In Step 2, our goal is to reduce the multi-objective HOCP to a single-

objective Large-scale Nonlinear parameter optimization problem and solve it

with robust classical gradient-based solvers. For such purpose, we assume that

the propulsive system and the number of chemical firings is known and provided
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MOLTO-OR Step1: Fitness function

Inputs
Optimization

Parameters

User Defined

Parameters

Propulsive

System z?

FET

- Integrate Eq.(8) and

Eq.(28) until Q < Qth

FCT

for j = 1, . . . , n− 2 do

- Keplerian arc to θj

- Add ∆Vj

end for

- Keplerian arc to θn−1

- Lambert arc to final orbit

CCET

for j = 1, . . . , n do

- Keplerian arc to θj

- Add ∆Vj

end for

-Integrate Eq.(8) and

Eq.(28) until Q < Qth

Converged?

Objective

function J
Penalty

z=2
z=1 z=3

NOYES

Figure 3: MOLTO-OR Step1: Flow chart of the fitness function

by Step 1. However, we do not impose the thrust/coast sequence of the EP. It

will be optimized by the algorithm instead. As shown in Eq.(16) the sequence

is determined by the binary control ve and the binary shadow function δ. How-

ever, gradient-based solvers only accept continuous variables and continuous

and differentiable functions within the search domain. The binary control ve is

relaxed so that it can continuously vary within the [0, 1] interval. Additionally,

the binary shadow function δ is approximated by a smoothing function, where

ε is the smoothing parameter, as:

δ =
1

1 + e−ε(r
T ŝ+
√
r2−R2

e)
(46)
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Table2:MOLTO-ORStep1Variables

Variable Meaning Lb Ub

θi TrueLongitudeforithCPmaneuver 0 2π

∆Vi MagnitudeofforithCPmaneuver 0 ∆Vmax

ᾱi In-PlaneangleoftheithCPmaneuver π π

β̄i Out-of-PlaneangleoftheithCPmaneuver π/2 π/2

tc TransfertimetolastCPmaneuver tc,max tc,min

Wp,f,g,h,k Q-lawweightingfactors 1 100

ηa,ηr Q-laweffectivitycoefficients 0 0.98

m,n,r Q-lawscalingfactors 0.01 10

z Propulsionsubsystemoption 0 2

Table3:User-Definedparameters

Variable Meaning

t0 InitialLaunchdate

a0,e0,i0,ω0,Ω0 InitialOrbitalelements

af,ef,if,ωf,Ωf FinalOrbitalelements

nmax Maxnumberofchemicalimpulses

tc,max,tc,min Max/MintransfertimetolastCPmaneuver

m0 InitialSpacecraftmass

Isp,e,η ElectricEngineParameteres

Isp,c,∆Vmax ChemicalEngineParameters

P0,C,Dx,SP(E) SolarArraycharacterization

Asaresult,thediscretestateqofthespacecraftisnolongerabinary

function. Wediscretizethestatesxj=x(Lj)andcontrolsuj=u(Lj)and

vj=v(Lj)onaselecteduniformgridLj,forj=1,...,n,wherenisnumberof

gridpoints.Thedynamicalequationsareimposedasdefectconstraintsbased

ontheHermite-Simpsoncollocationscheme[50].TheenergyintegralinEq.(28)

isevaluatedwiththesameschemeshowninEq.(42),whereasthetimeintegral

usestheHermite-Simpsondiscretization.

Slewrateslimitsareimposedaspathconstraintsateachnodeasformu-

latedinEq.(31).ThevalueδL=Lj−Lj−1ischosenasthespacingbetween

grid-points. Thephasingconstraint(seeEq.(38))isimposedasaterminal
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Table4:MOLTO-ORStep2Variables

Variable Meaning Lb Ub

θi TruelongitudeforithCPmaneuver 0 2π

∆Vi MagnitudeofforithCPmaneuver 0 ∆Vmax

ᾱi In-PlaneangleoftheithCPmaneuver π π

β̄i Out-of-PlaneangleoftheithCPmaneuver π/2 π/2

pj,fj,gj,hj,kj Modifiedequinoctialelementsatthejthnode - -

tj Elapsedtimeatthejthnode 0 ToF

mj Spacecraftmassatthejthnode 0 m0

αj In-PlaneangleoftheEPatthejthnode π π

βj Out-of-planeangleoftheEPatthejthnode π/2 π/2

vj Throttleparameteratthejthnode 0 1

Lk Truelongitudeofthekthnorth/southbound - -

L0,Lf Initial/finaltruelongitude - -

constraint. TheapplicationoftheGEOtorusavoidanceconstraintsinEqs.

(35)-(37)requiresthedeterminationoftheradiusesattheNorth/southbound-

aryoftheGEObox.Thus,interiorpointconstraintshavetoappliedatLk,for

k=1,...,m:rz(Lk)=±lz.Here,rzistheverticalprojectionoftheposition

vectorrontothecartesianreferenceframe. Then,itholdsrNS =r(Lk).In

MOLTO-ORStep2,theuserhastoselecttooptimizetimeofflight,propellant

mass,finalpoweravailableoraweightedsumofthem.

6. Testcases

Inthissectionweemploy MOLTO-ORtosolvetwodifferentorbitraising

problemstodeployasatelliteintoGEO. Weconsiderthetwomostcommon

injectionorbits,GTOandLEO,asdepartureorbits.Theclassicalorbitalele-

mentsforboththedepartureandarrivalorbitsarepresentedinTable5.Also

thespacecraftcharacteristicsaresummarizedinTable6.IntheGTO-GEOcase

thespacecraftisassumedtoprovidealwaysthenominalpowertothespacecraft,

whereasintheLEO-GEOcaseitdecreaseswiththesolararraydegradation.
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Table 5: Orbit Parameters

Orbits a/Re e i (deg) Ω (deg) ω (deg)

LEO 1.086 0 28.5 0 0

GTO 3.820 0.731 27 99 0

GEO 6.6107 0 0 – –

Table 6: Spacecraft parameters and transfer cases

Transfer m0 (kg) Isp,e (s) η P (kW) Isp,c (s) ∆Vmax (km/s)

GTO-GEO 450 3300 0.65 5 330 3

LEO-GEO 1200 3300 0.65 10 330 3

We also consider that the satellite solar arrays are comprised by GaAs solar

cells for which C = 0.2904 and Dx = 1.10E+9 [51]. The proton non-ionizing

energy loss SP (E) values for different energy levels used in the simulations

correspond to Gallium Arsenide (GaAs) solar cells and are determined from

Ref. [52]. Furthermore, we consider that the satellite solar array shielding is

capable of stopping protons of all energies less than or equal to 5 MeVs. Hence,

El = 5 MeV for the numerical simulations. The contribution of energies greater

than 1000 MeV is neglected, that is Eu = 1000 MeV.

MOLTO-OR Step 1 is fully coded in C++. The NonDominated Sorting

Genetic Algorithm NSGA-II [53] was selected as heuristic solver for the small-

scale NLP problem and the set of genetic parameters is shown in Table 7.

In MOLTO-OR Step 2, we use the Interior Point solver Ipopt [54] to solve

the resulting Large-scale NLP and the AMPL [55] programming language as

interface, which employs automatic differentiation to compute gradients of the

objective and constraint functions of the pertinent optimization problem. The

initial date is set for 1 January 2000 for all the simulations, which are performed

using a Intel Core i7 (2,5GHz) computing system. The optimality and feasibility

tolerances in Ipopt were set to 10−8 and 20 grid nodes per orbital revolution

were chosen for the Hermite-Simpson transcription model. The ephemerides for

the Sun vector, used for the eclipse calculations are approximated by analytical

ephemerides with an accuracy of 36 arcsec between 1950 and 2050.
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Table 7: Genetic algorithm parameters

Population Generation Crossover Mutation Rate Mutation Range

150 100 0.8 0.2 0.2

The proposed scenarios will be used to carry out three main analysis. Firstly,

we perform an optimality analysis for the GTO-GEO case to demonstrate the

importance of selecting a proper initial guess for MOLTO-OR Step 2. The Q-

law will be evaluated and compared to other promising near-optimal low-thrust

control law. In particular, we use the approach developed by Gao [18], which

consists on a predefined control law combined with analytical orbital averaging

including Earth J2, coasting mechanism and eclipse constraints. In the second

example, the full capabilities of MOLTO-OR will be tested for a LEO-GEO

transfer case, comparing the solutions obtained for CP, EP and CCEP as a

function of time of flight, propellant mass and solar-cell degradation. Finally,

the penalties in the objective function associated to the imposition of operational

constraints will be evaluated for the GTO-GEO case using MOLTO-OR Step 2.

6.1. MOLTO-OR Optimality Analysis

In this first case, the GTO-GEO transfer case is solved with MOLTO-OR

Step 1 considering only FET and regarding propellant mass and time of flight.

Several simulations were carried out. On average, the entire population was

feasible by completing the 3th generation. At the 10th generation, 75% of the

population lied along a distinct non-dominated front, whereas from generation

10 to 20 the front was progressively shifted towards lower times of flight and

propellant masses. From generation 20 to 30, solutions spread along the Pareto

front to generate a more uniform set. After 40 generations were completed,

members of the population were uniformly distributed along the front and no

later improvement, in terms of non-domination, was observed. Average compu-

tational times are summarized in Table 8.

The set of solutions corresponding to a mission duration of 75, 100, 120, 150,

200 days was selected for comparison. Note that MOLTO-OR Step1 does not

Page 27

https://www.sciencedirect.com/science/article/abs/pii/S0094576520303052?via%3Dihub


Accepted version of paper with DOI https://doi.org/10.1016/j.actaastro.2020.05.022 Morante et al.

allow to impose constrains to match a specific time of flight. However, due to the

well spread Pareto front computed, solutions were found in the neighborhood of

these times within a margin of the order of hours. Then, the parametric control

law proposed by Gao [18] was implemented and optimized for the given transfer

times by means of propellant reduction. Figure 4 displays the performances

obtained from both methods. It shows that MOLTO-OR Step 1 is able to

obtain a lower propellant mass for the same transfer time than Gao’s approach.

MOLTO-OR Step 2 algorithm was fed by the previous Step 1 solutions in

order to obtain the minimum-propellant trajectory for each of the mission times

under consideration. Computed propellant masses are shown in Figure 4. It can

be seen that results are different when using the initial guess from the Q-law

and from Gao. It was found that the NLP-solver did not vary the number of

revolutions provided by the initial guess. Therefore, a parametric search over

the number of orbital revolutions for each mission time was carried out. For

such purpose, an additional constraint was imposed on the final true longitude,

forcing the solver to deviate to a solution with a different number of revolutions.

Results obtained are plotted in Figure 5. The particular performances ob-

tained for the number of revolutions provided by the Q-law and Gao are high-

lighted. It can be deduced that, for fixed-time minimum propellant mass EP

transfers, there exits a local optimal solution per each feasible number of revo-

lutions. Furthermore, there is an optimal number of revolutions for which the

propellant mass is globally minimal. The number of revolutions of MOLTO-OR

Step 1 and Gao’s approach are compared in Table 9 with the globally optimal

value found in parametric search. In general, trajectories from the Q-law are

closer to that optimum, differing less than a 0.5% in propellant mass.

The existence of multiple locally minima was previously addressed by Betts

[30] and Graham [56]. It can be attributed both to the periodic nature of

the trajectories as well as to the complicated interaction of the nonlinear and

nonconvex constraints. In particular, gradient-based solvers will not vary the

number of revolutions provided by the initial guess. Therefore, the selection of

a proper initial guess for a direct transcription scheme is crucial.
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Table 8: MOLTO-OR Step 1: GTO-GEO Computational Time

Variable Avg. CPU Time

Population 0.41 s

Generation 10.12 s

Total 8.54 min

80 100 120 140 160 180 200
26

28

30

32

34
Gao

MOLTO-OR Step1 (Q-law)

MOLTO-OR Step2 (Gao)

MOLTO-OR Step2 (Q-law)

Figure 4: Propellant Mass vs Time of Flight for the first and second step

6.2. LEO-GEO Transfer Case

In this second example, we use MOLTO-OR Step 1 to obtain the Pareto

front for the LEO-GEO transfer case, exploiting its capability to concurrently

optimize FC, FET and CCET. The objectives under consideration are the time

of flight, propellant mass consumed and radiation damage. The electric engine

is assumed to use all the power available to the spacecraft. Thus, the thrust

dismisses with the radiation displacement dose. Results of the 3D Pareto Front

are shown in Figures 6-8. Computational times are summarized in Table 10.

Table 9: Number of revolutions

Case 75 days 100 days 120 days 150 days 200 days

MOLTO-OR Step 1 101 156 184 229 279

Gao [18] 101 164 197 240 288

Global Optimum 105 156 183 218 277
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(d) ToF = 150 days

Figure 5: Locally optimal solutions for a fixed number of revolutions

FCT are optimal for short transfer times (less than 1 day), avoiding the Van-

Allen radiation Belts at the cost of consuming propellant mass fractions higher

than 73%. Therefore, the power of the solar arrays is not degraded. FET are

optimal for transfer times longer than 250 days for minimum fuel trajectories

whereas for minimum radiation damage they are not optimal until 300 days.

Propellant mass fractions are within the range of 18-20% and they decrease at

a rate of 0.006% per day. The solar array power losses are between 18-24% and

increase at a rate of 0.12% per day. Intermediate performances are obtained

with CCET consisting on two chemical impulses followed by a low-thrust arc

for trajectories shorter than one month, and on one chemical impulse before

the electric phase for longer transfers. It can be seen that the propellant mass

consumed for CCET decreases at a constant rate of 0.18% per day of transfer

time increased. However, regarding the radiation damage two different regimes

are identified: until 125 days the power loss increases at a rate of 0.17% per day,

whereas for longer transfers it occurs at a rate of 0.03% per day.
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Table 10: MOLTO-OR Step 1: LEO-GEO Computational Time

Variable Avg. CPU Time

Population 0.1920 s

Generation 9.8 s

Total 16.8 min

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0.75

0.8

0.85

0.9

0.95

1

Figure 6: Final power fraction vs propellant mass fraction Pareto

The different total ∆V ′s for each propulsion system are represented in Figure

9 as a function of time for the minimum radiation damage trajectories and for

the minimum propellant mass solutions. It can be seen that, for the same time

of flight, dedicating more ∆V , i.e., more fuel for the chemical engine, and less

to the EP is beneficial in terms of radiation damage. The maximum ∆V for the

CP is 5500 m/s whereas for the electric engine is 6700 m/s.

In Figure 10, we represent the minimum fuel-time trajectories obtained
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0
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0.4

0.6
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1

Figure 7: Propellant mass fraction vs mission time Pareto
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Figure 8: Final power fraction vs mission time Pareto
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Figure 9: ∆V of the CP and EP vs Time of Flight

from MOLTO-OR Step 1 and we compare them with the ones outputted from

MOLTO-OR Step 2. In MOLTO-OR Step 2 different fixed-time minimum fuel

problems were solved, using the trajectories from MOLTO-OR Step1. No op-

erational constraints were considered. A detailed view of the fully chemical

transfer is shown, where the point at 0.2 days corresponds to the Hohmann

transfer and the solution at 0.05 days correspond to the minimum time solu-

tions with a maximum allowable ∆V of 3 km/s. The average gain in terms of

fuel by re-optimization with Step 2 is 3%. It can be noted that results provided

by MOLTO-OR Step 1 are close to the optimal ones and makes the nonlinear

programming solver converge within less than 1000 iterations and less than 30

min of computing time. Regarding the computational time, it increases as the

number of revolutions of the trajectory increases, ranging from a couple of min-
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Figure 10: Propellant Mass vs Transfer time for MOLTO-OR Step 1 and MOLTO-OR Step 2

utes for CCET up to one hour for the FET with 350 days transfer, due to the

number of variables that results from the discretization scheme.

In Figures 11(a)-11(f), a set of representative CCET are displayed. The red

color represent the shadow region, the clear blue the thrusting arcs, and the dark

blue the coasting arcs. Note that, a minimum-fuel hybrid transfer with a fixed

flight time incorporates coasting arcs during the electric orbit raising. There-

fore, as many authors previously did, it is not optimal to assume a constant

thrust after the chemical phase. Trajectories 11(a)-11(b) includes two-chemical

impulses. The former raises the apogee higher than GEO and decreases the

inclination, while the second one decreases the eccentricity of such orbit per-

forming a burn at the apogee. In trajectory 11(c)-11(d) a chemical firing raises

the apogee to a lower value than GEO, and the electric engine then raises it

above GEO. Note that, in this case the CP system is not used for reducing

the inclination. The configuration of trajectories in Figs. 11(e)-11(f), implies a

small initial burn followed by an electric phase with a reduced number of coast-

ing arcs. The duration of these coast arcs will be shortened as the magnitude

of the chemical firing is reduced. In the limit case, when the magnitude of the

chemical firing is zero, the electric engine will be continuously firing. Such case

corresponds to the minimum time case of the FET.
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(a) ToF = 20 days (b) ToF = 20 days

(c) ToF = 60 days (d) ToF = 60 days

(e) ToF = 110 days (f) ToF = 110 days

Figure 11: LEO-GEO combined chemical-electric transfers trajectories
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Table 11: GTO-GEO with Operational Constraints

Transfer Time

Variable 75 100 120 150 200

Case 1 GEO crossings 0 24 11 104 4

No Active θ̇max(deg /h) 100.16 52.62 52.31 43.19 45.41

Constraints lon(deg) 255.60 336.85 282.77 120.72 324.76

mp(kg) 31.28 28.05 27.31 27.04 26.91

Case 2 GEO crossings 0 0 0 0 0

Active GEO θ̇max(deg /h) 100.16 55.78 55.86 53.47 46.57

Avoidance lon(deg) 255.60 343.26 345.93 217.14 320.10

∆mp(%) 0 0.45 0.67 0.94 0.57

Case 3 GEO crossings 1 24 11 104 4

Active Slew θ̇max(deg /h) 25 25 25 25 25

Rate Limits lon(deg) 255.65 313.94 264.31 89.03 285.63

∆mp(%) 1.3164 0.0057 0.0044 0.0007 0.0037

Case 4 GEO crossings 1 25 11 105 4

Active Slot θ̇max(deg /h) 105.07 63.51 47.71 54.95 61.19

Phasing lon(deg) 90 90 90 90 90

∆mp(%) 0.21 0.035 0.73 0.11 0.038

Case 5 GEO crossings 0 0 0 0 0

Active All θ̇max(deg /h) 25 25 25 25 25

Constraints lon(deg) 90 90 90 90 90

∆mp(%) 4.07 3.02 5.37 6.37 2.01

6.3. Analysis of Operational Constraints

We perform an analysis on how the application of constraints in MOLTO-

OR Step 2 affects the objective function. The operational restrictions under

consideration are: complete avoidance of the geostationary ring, a slew rate

limitation of 25 deg/h and phasing at a longitude of 90 deg. Each of them will

be evaluated independently for the GTO-GEO transfer scenario for a series of

fixed-time minimum fuel cases. In particular, the same mission times from the

first test case will be used. All simulations converged to a local optimal solution

and the performances obtained are summarized in Table 11. The number of

GEO torus crossings, the maximum angular velocity during the transfer, the

final longitude in the GEO orbit and the propellant mass penalty with respect

to the unconstrained or nominal case are shown.

Regarding the number of GEO torus crossings, it can be seen that the 150
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days transfer case has the maximum number. The optimal avoidance of the 104

crossings can be accomplished by carrying less than 1% more fuel. It can be

highlighted that avoiding crossings also increments the maximum angular veloc-

ity and it changes the arrival longitude. Illustrations of the trajectories nearby

the GEO torus for the unconstrained and constrained cases are represented in

Figures 12(a)-12(f) for the 100,120 and 150 days transfers. The trajectory is

projected onto a rotating radial frame. It can be seen how the algorithm is

able to eliminate all the crossings, except for the last one that is required to

reach GEO. Trajectories crosses the torus at the beginning, mid and end of the

transfer. The combination of increasing the argument of perigee while reducing

inclination makes the radius of the ascending node increase and decrease con-

tinuously. This region tends to be above GEO as the time of flight increases

due to the change of inclination starting at a higher apogee.

Imposing slew limits constraints has a more clear effect in the case of higher

angular velocity, i.e., the minimum time case. For that case, the penalty is

1.31%, whereas for the others is three orders of magnitude less. As an illus-

tration, Figure 13 compares the angular velocity of the thrust vector for the

nominal case with the constrained one for the 100 days transfer. As one may

expect, the angular velocity is higher at the of the beginning the transfer, as

the orbital periods are smaller and maneuvers have to be performed faster. In

the constrained case, it can be seen how the optimal solution consists on a sat-

urated profile. Note that, the limitation in the angular velocity for the cases

under consideration did not increase the number of GEO crossings. The phasing

constraint was found to have a larger penalty for the 120 days case. This can be

explained as we are forcing the spacecraft to arrive almost at a complimentary

slot, i.e., differing 180 degrees, to the locally optimal one.

Finally, all previous constraints are imposed simultaneously. The 150 days

transfer was found to be the most penalized. Note that the combined effect of

all the constraints, has a greater impact in propellant mass than just adding the

contributions of each of them separately. Furthermore, computational times for

the constrained case double the ones for the unconstrained scenario.
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Figure 12: GEO torus detail

20 40 60 80 100
0

20

40

60

80

100

(a) Slew rate limit off

20 40 60 80 100
0

20

40

60

80

100

(b) Slew rate limit on

Figure 13: Slew rate comparisons for 100 days case
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7. Conclusions

The concurrent optimization of chemical, electric and combined chemical-

electric orbit raising trajectories is solved as a multi-objective Hybrid Optimal

Control Problem. We describe our tool MOLTO-OR (Multi-Objective Low-

Thrust Optimizer for Orbit Raising), based on a two-step procedure that in-

cludes realistic effects on the space environment such as Earth oblateness, Earth

eclipse and solar array degradation. It incorporates models for complex opera-

tional constraints: slew rate limits, GEO torus avoidance and phasing restric-

tions. The first step, namely MOLTO-OR Step 1, allows for preliminary trade

studies as it provides the user in one run a wide set of candidate solutions

that closely estimates the optimal performances and mission design parameters.

The second step, namely MOLTO-OR Step 2, allows for a refinement of the

trajectory, improving optimality and imposing operational constraints.

MOLTO-OR has been successfully tested on two transfer missions to GEO:

from GTO and LEO. It has been shown that the NLP resulting from direct

transcription of the fixed-time minimum-fuel problem has a local optimum for

each number of revolutions. For the GTO-GEO case, using the Q-law as ini-

tial guess for MOLTO-OR Step 2 allow to obtain solutions with a propellant

mass fraction 0.5% worse than the global optimal. Our analysis on MOLTO-OR

Step 1 for a LEO-GEO case with solar cell degradation effects, has shown that

Combined Chemical Electric Propulsion Systems fill the gap between Chemical

and Electric Propulsion. In particular, it has been revealed that the transfer

time interval where each propulsion system is optimal differs for the minimum

fuel case and for the minimum solar-cell degradation case. Additionally, for a

mission with a given transfer time, increasing the propellant dedicated to the

chemical maneuvers will reduce the total radiation damage. Also, the solar-cell

degradation increases at a lower rate with respect to transfer time for Combined

Chemical-Electric propulsion than for fully electric transfers. Finally, the impo-

sition of operational constraints for the GTO-GEO has been shown to penalize

the design with less than 6.37% propellant mass.

Page 38

https://www.sciencedirect.com/science/article/abs/pii/S0094576520303052?via%3Dihub


Accepted version of paper with DOI https://doi.org/10.1016/j.actaastro.2020.05.022 Morante et al.

Acknowledgments

This work has been partially supported by the Spanish Government through

grant TRA201458413C22R. The project has been funded under RD&I actions

of Programa Estatal de Investigación, Desarrollo e Innovación Orientada a los

Retos de la Sociedad (call 2014). The authors thanks Gábor I. Varga for his
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[31] S. Schäff, Re-optimization of a perturbed low-thrust gto to geo transfer for

operational purpose, Ph.D. thesis, Diploma Thesis, Astos Solutions GmbH

and University of Stuttgart, Stuttgart, Germany (2007).

[32] S. Singh, J. Guzmán, C. Ranieri, D. Lantukh, G. Fruth, Combining non-

linear programming and hyperheuristic algorithms for low-thrust trajectory

optimization, in: 27th AAS/AIAA Spaceflight Mechanics Meeting, San

Antonio, TX, 2017.

[33] A. Spitzer, Near optimal transfer orbit trajectory using electric propulsion,

in: Advances in the Astronautical Sciences, Vol. 89, 1995, pp. 1031–1044.

Page 42

https://www.sciencedirect.com/science/article/abs/pii/S0094576520303052?via%3Dihub
http://dx.doi.org/10.1016/S0377-0427(00)00301-0


Accepted version of paper with DOI https://doi.org/10.1016/j.actaastro.2020.05.022 Morante et al.

[34] S. R. Oleson, R. M. Myers, C. A. Kluever, J. P. Riehl, F. M. Curran,

Advanced propulsion for geostationary orbit insertion and north-south

station keeping, Journal of Spacecraft and Rockets 34 (1) (1997) 22–28.

doi:10.2514/2.3187.

[35] L. M. Mailhe, S. D. Heister, Design of a hybrid chemical/electric propulsion

orbital transfer vehicle, Journal of Spacecraft and Rockets 39 (1) (2002)

131–139. doi:10.2514/2.3791.

[36] D. Y. Oh, T. Randolph, S. Kimbrel, M. Martinez-Sanchez, End-to-end op-

timization of chemical-electric orbit-raising missions, Journal of Spacecraft

and Rockets 41 (5) (2004) 831–839. doi:10.2514/1.13096.

[37] L. L. Sackett, H. L. Malchow, T. N. Edelbaum, Solar electric geocentric

transfer with attitude constraints: Analysis, Tech. Rep. CR-134927, NASA

(1975).

[38] A. Jenkin, Representative mission trade studies for low-thrust transfers

to geosynchronous orbit, in: AIAA/AAS Astrodynamics Specialist Con-

ference and Exhibit, American Institute of Aeronautics and Astronautics,

Providence, Rhode Island, 2004. doi:10.2514/6.2004-5086.

[39] A. Jenkin, Maximum deliverable mass for low-thrust geosynchronous trans-

fers under realistic mission constraints, in: Advances in the Astronautical

Sciences, Vol. 123, 2006, pp. 2265–2284.

[40] C. A. Kluever, Optimal geostationary orbit transfers using onboard

chemical-electric propulsion, Journal of Spacecraft and Rockets 49 (6)

(2012) 1174–1182. doi:10.2514/1.A32213.

[41] C. A. Kluever, Designing transfers to geostationary orbit using combined

chemical–electric propulsion, Journal of Spacecraft and Rockets 52 (4)

(2015) 1144–1151. doi:10.2514/1.A33259.

Page 43

https://www.sciencedirect.com/science/article/abs/pii/S0094576520303052?via%3Dihub
http://dx.doi.org/10.2514/2.3187
http://dx.doi.org/10.2514/2.3791
http://dx.doi.org/10.2514/1.13096
http://dx.doi.org/10.2514/6.2004-5086
http://dx.doi.org/10.2514/1.A32213
http://dx.doi.org/10.2514/1.A33259


Accepted version of paper with DOI https://doi.org/10.1016/j.actaastro.2020.05.022 Morante et al.

[42] S. Ceccherini, L. Ferella, F. Topputo, Assesment of hybrid propulsion for

geostationary transfer orbits: A mission design approach, 67 International

Astronautical Congress.

[43] S. Ceccherini, F. Topputo, System-Trajectory Optimization of Hybrid

Transfers to the Geostationary Orbit, American Institute of Aeronautics

and Astronautics, 2018. doi:10.2514/6.2018-0723.

[44] M. Macdonald, S. R. Owens, Combined high and low-thrust geostationary

orbit insertion with radiation constraint, Acta Astronautica 142 (2018) 1 –

9. doi:10.1016/j.actaastro.2017.10.011.

[45] D. Morante, M. Sanjurjo Rivo, M. Soler, Multi-objective low-thrust in-

terplanetary trajectory optimization based on generalized logarithmic spi-

rals, Journal of Guidance, Control, and Dynamics 42 (3) (2019) 476–490.

doi:10.2514/1.G003702.

[46] M. J. H. Walker, B. Ireland, J. Owens, A set of modified equinoctial ele-

ments, Celestial Mechanics 36 (1985) 409–419. doi:10.1007/BF01238929.

[47] D. M. Goebel, I. Katz, Fundamentals of electric propulsion: Ion and Hall

thrusters, Vol. 1, John Wiley & Sons, 2008. doi:10.1002/9780470436448.

[48] A. Dutta, N. J. Kasdin, E. Choueiri, P. Francken, Minimizing proton dis-

placement damage dose during electric orbit raising of satellites, Jour-

nal of Guidance, Control, and Dynamics 39 (4) (2016) 963–969. doi:

10.2514/1.G000503.

[49] S. Messenger, M. Xapsos, E. Burke, R. Walters, G. Summers, Proton

displacement damage and ionizing dose for shielded devices in space,

IEEE Transactions on Nuclear Science 44 (6) (1997) 2169–2173. doi:

10.1109/23.659032.

[50] C. R. Hargraves, S. W. Paris, Direct trajectory optimization using nonlinear

programming and collocation, Journal of Guidance, Control, and Dynamics

10 (4) (1987) 338–342. doi:10.2514/3.20223.

Page 44

https://www.sciencedirect.com/science/article/abs/pii/S0094576520303052?via%3Dihub
http://dx.doi.org/10.2514/6.2018-0723
http://dx.doi.org/10.1016/j.actaastro.2017.10.011
http://dx.doi.org/10.2514/1.G003702
http://dx.doi.org/10.1007/BF01238929
http://dx.doi.org/10.1002/9780470436448
http://dx.doi.org/10.2514/1.G000503
http://dx.doi.org/10.2514/1.G000503
http://dx.doi.org/10.1109/23.659032
http://dx.doi.org/10.1109/23.659032
http://dx.doi.org/10.2514/3.20223


Accepted version of paper with DOI https://doi.org/10.1016/j.actaastro.2020.05.022 Morante et al.

[51] S. Messenger, E. Jackson, J. Warner, R. Walters, Scream: A new code

for solar cell degradation prediction using the displacement damage dose

approach, in: IEEE Photovoltaic Specialists Conference, IEEE, 2010, pp.

1106–1111. doi:10.1109/PVSC.2010.5614713.

[52] I. Jun, M. A. Xapsos, S. R. Messenger, E. A. Burke, R. J. Walters, G. P.

Summers, T. Jordan, Proton nonionizing energy loss (niel) for device ap-

plications, IEEE Transactions on Nuclear Science 50 (6) (2003) 1924–1928.

doi:10.1109/TNS.2003.820760.

[53] K. Deb, A. Pratap, S. Agarwal, T. Meyarivan, A fast and elitist multi-

objective genetic algorithm: Nsga-ii, IEEE Transactions on Evolutionary

Computation 6 (2) (2002) 182–197. doi:10.1109/4235.996017.
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