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Introduction
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Severe requirements 
on ΔV

Stringent navigation
conditions

High complexity in 
trajectory design

Exploitation of highly 
non-linear 

environment

Different challenges
↓

Different approaches



General overview
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CHALLENGES IN 
SPACE TRAJECTORY 

DESIGN

Limited-control 
authority spacecraft

ULTIMAT

Low-thurst multispiral
trajectories 

LT20

Direct trajectory 
optimization

DIRETTO

Highly non-linear 
dynamics exploitation

GRATIS



ULTIMAT

Ultra Low Thrust Interplanetary Mission Analysis Tool
Why?
• Limited capability spacecrafts
• Impulsive, low thrust
• High navigation accuracy

Features
• Written in Matlab
• SPICE fully integrated
• Extensively tested
• Propagators validated (GMAT)

25k lines, 270 files

Updates managed with GIT

Completely developed from scratch (Oct 2016-Nov 2018)
Kick off given by ESA Contract No. 4000118201/16/F/MOS 
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ULTIMAT: Ultra Low Thrust Mission Analysis Tool

General-purpose: hierarchical trajectory design, geometrical
analysis, design sensitivity, orbit determination, navigation cost.



Look and feel
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Methodology
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‣ Design. Developing methods and tools to derive orbits
• Defined in highly nonlinear vector fields
• Having very limited control authority

‣ Navigation. Developing methods and tools to assess feasibility of highly nonlinear, 
limited control orbits
• High fidelity models for ground and space systems
• Requirements needed to fly such orbits



Workflow
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Candidate 
solution

Feasible 
solution

Settings

Preliminary 
solution

✓



LPF-to-SP mission extension example
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nominal miss distance: 
10.12 km

• Original, state-of-the-art trajectory design methodologies formulated
and implemented

• Hundreds of potentially applicable solutions derived
• Parametric analyses for feasibility assessment performed
• General purpose tool developed, can be used for future similar

applications



Project repository > Structure
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Project repository > Statistics
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Documentation
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Extensive documentation in html



LT2O— why? 

Last trend in space engineering is the exploitation of   electric propulsion
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Managing path propelled by EP becomes crucial in designing feasible missions 

Isp T

High time-of-flight Multi-revolution transfers 

New challenges in trajectory optimization
answered by LT2O

Low-control authority

GTO to GEO fuel-optimal transfer, T/m = 2.5 × 10−4m/s2, 
Isp = 3000 s and transfer time ≈ 150 days. 
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Low-Thrust Trajectory Optimizer — Features

Different Dynamics model and Coordinates 
Systems

A. Restricted Two-Body problem
i) Cartesian Coordinates and Earth’s 

oblateness
ii) Modified Equinoctial Elements

B. Restricted three-body problem, Cartesian 
Coordinates

C. Restricted four-body problem, Cartesian 
Coordinates
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Indirect Methods Optimization for TPBVP

A. Time-optimal problems

B. Energy-optimal problems

C. Fuel-optimal problems

End-to-end optimization needs

• Shooting Methods for initial costate

• Homotopy procedures on
→ Thrust level
→ Epsilon value
→ Orbital parameters

• Switching Technique and STM propagation 
for bang-bang control
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Low-Thrust Trajectory Optimizer — Case study (1)
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GTO-L1 EM fuel-optimal transfer with 150 switches 
T /m0 = 4 × 10-4 m/s2 , Isp = 3000 s; cartesian coordinates 

Fuel-optimal transfer from the Earth to the Asteroid 16. 
T /m0= 8.7×10-3 m/s2, Isp= 2640 s, cartesian coordinates.
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Low-Thrust Trajectory Optimizer — Case study (2)
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Time-optimal transfers to GEO, T /m0= 1×10 −4 m /s2 and            
Isp= 2000 s; modified equinoctial elements

End-of-Life disposal of a Galileo satellite via a fuel- optimal
strategy, T /m0 = 2.2 × 10−4 m/s2 , specific impulse of 4000 s, 
and transfer time ≈ 19 days; modified equinoctial elements 



DIRETTO

DIREct collocation Tool for Trajectory Optimization
• Direct transcription to solve optimal control problems
• State and control variables are discretized and non-linear optimal control 

problem (NLOC) is converted to a non-linear programming (NLP) problem

• NLOC
• Non-linear dynamics of states and costates
• Two point BVP needs to be solved
• Accurate but complex and time consuming

• NLP 
• A decisional problem with a scalar objective function and a vector of constraints
• Does not involve dynamics of costates
• Less accurate than NLOC but fast
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Why?



DIRETTO 

Features
• Equations of motion transcribed into a set of equality constraints
• Time domain discretized as nodes (uniform and non-uniform)
• Discretized states and control variables treated as NLP variables
• Differential equations replaced by defect constraints
• Defect constraints derived from the collocation method
• Collocation methods

• Hermite-Simpson (low-order)
• Gauss-Lobatto (variable and high-order)

• Gradients of objective function and constraints assembled and supplied 
to NLP solver
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DIRETTO
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• Objective functions for minimization
• Time 
• Fuel
• Energy

• Implemented dynamics
• 2-body problem with spherical dynamics
• Circular restricted 3-body problem
• Real solar system dynamics (incl. ephemerides obtained from SPICE)

• Low-thrust options
• Engine model with fixed and variable Thrust & Specific Impulse

• NLP Solver
• Fmincon
• IPOPT



DIRETTO
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Example: Low-thrust trajectory optimization of a stand-alone 16U CubeSat to Mars

Time-optimal Fuel-optimal



GRATIS

GRAvity Tidal Slide

Why?
• Find a way to exploit nonlinear gravity fields unique features
• Allow small satellites to have free transfers
• Overcome single-point failures

Aim
• Compute and classify stable and unstable sets associate to ballistic capture by

o Sampling
o Integration

• Different models implemented
o CR3BP
o ER3BP
o RFBP
o Real solar-system model (RnBP) with SRP and non-spherical gravity
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GRATIS - Results
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Sample of Mercury 
ballistic captures with 9 

stable revolutions



Conclusions

• Different astrodynamics tools are able to cope with diverse mission specs

• Dedicated solutions with general software can be generated

• Tools can design current and future trajectories for space missions

Future work

ULTIMAT
• Implement different navigation and station keeping techniques
• Stochastic mission analysis

LT20
• Add perturbations and eclipses
• Add radiation optimal trajectory
• Include real-engine models

DIRETTO
• Pseudospectral methods
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ULTIMAT - Optimization
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ULTIMAT – FBM
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ULTIMAT – Preliminary assessment
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ULTIMAT – Navigation assessment
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Work performed (in a nutshell)
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Developed methods implementing advanced techniques in trajectory
optimization in sophisticated models



Work performed (in a nutshell)
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Developed methods to assess solution feasibility (OD, navigation,
sensitivity, geometrical analyses)



Work performed (in a nutshell)
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Applied methods to LPF, derived top-level requirements, gained
knowledge to treat similar problems


