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Abstract 

The first part of this study was focused on describe the state-of-art in optimization techniques 

for general space operations, and especially in landing operations. Numerous optimisation tools 

have been developed in the past years and may be profitably re-used in the frame of space op-

erations. To take advantage of these developments, available software has to be compared, in 

terms of methods, performances and user-friendliness. Among the studied optimisation soft-

ware, DIDO was selected for the second part of the study. In order to assess the performances 

of this Optimal Control Solver, tests have been performed on the asteroid landing scenario. 

Simulation results using the calculated optimal control profiles have shown the importance of 

the interpolation methods and the temporal resolution of the problem. 
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1 Introduction 
From the early ages of the space era, the required technology has been some steps further than limit of 

the human knowledge. Thanks to the motivation for the space career, enormous efforts and budgets 

have been spent on developing the necessary techniques and methods to place a satellite, or even a 

crewed spacecraft, into orbit. Regarding the space exploration, crewed or not, the challenging condi-

tions of new and unknown environments demand the most outstanding techniques and solutions to do 

the operations autonomously and  in case of manned missions, with maximum safety. 

In exploration, robotic missions precede normally the crewed ones, in order to check the conditions of 

the environment and to test current technologies. For example, before the human exploration of the 

moon, there were several missions “Surveyor” with automatic landing probes. They checked the real 

conditions for landing, and the consistency of the lunar terrain, before the Apollo missions.  

Nowadays, and pointing to Mars exploration, the requirement of autonomy for the mission systems 

have become critical, since the delay of the commands from Earth may reach up to 20 minutes. Also, 

in other critical and short in time operations, as landings, the system may be capable to react in real 

time to eventual changes in the surrounding conditions. One example of this is the Hazard Avoidance 

Technique, which is capable of pinpointing new safer landing sites along a descent trajectory. Howev-

er, in order to have autonomous systems, they should be capable of doing their calculation in situ and 

almost in real time. In the example of the pin point landing, it would be necessary to calculate the new 

trajectory of the designated landing site in few seconds and with a high reliability on the safety of the 

operation. The future of the exploration missions is to have autonomous systems which also manage 

its resources optimally. 

Optimization methods have been always applied to the design of the mission and the spacecrafts, in 

order to achieve the minimum cost with the maximum performance. Also, the research in optimal tra-

jectories, in order to save fuel for space missions, has boosted the development of the field of Optimal 

Control. Nowadays, thanks to the powerful computing capabilities of systems onboard and the mature 

methods on optimization, the Spacecrafts and Robots for the space missions have become more intel-

ligent to solve problems in situ.  

The aim of this paper is to study the application of the new methods in optimization for the space ap-

plications, in order to have systems in space more autonomous and with higher performance. One ex-

ample of how can optimization theory improve the human space flight is the Zero-Propellant Maneuv-

er that was done in the International Space Station (ISS) in 2006. Usually, Cold gas thrust is the regu-

lar propulsion system used to reorientate the attitude of the ISS, for example, for docking operations. 

The CMG (Control Moment Gyroscopes) are capable of readjust the orientation but in few degrees. 

However, thanks to the advance techniques in optimization, it is possible to generate a control profile 

for the CMG, without saturating them, that permits to turn the whole station 180 degrees without the 

use of any propellant. This maneuver has shown how new mathematical approaches may change the 

perspective and design of space systems. 

More precisely, in this paper, trajectory optimization techniques for asteroid landing are tested, in or-

der to have more secure and better navigation estimations for the descent operations in small bodies 

exploration. 
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2 Technical Context 
In most of engineering problems, the aim is to find or design the solution with the best performance 

subject to a group of constraints. To measure this best solution or its optimality, there is always a 

method to define a performance index or figure of merit, which takes into account one or more 

factors. The most used factors to define the performance of an engineering solution are:  

� Time required for the operation   

� Energy required 

� Security of the System 

� Cost  

These factors, or an aggregation of them, are called the objective function. Often, the optimal solution 

may not be easily obtained. It makes necessary the use of Optimization Theory that allows the 

engineers to accomplish it. 

Especially in space applications, concerning mechanical and dynamic maneuvers of space vehicles, 

these factors are extremely constrained. The energy and time requirements are associated to fuel 

consumption and consequently to the final mass of the vehicle, which impacts on the cost of the 

mission.  

The main scenarios in space where the optimization is applied for GNC are: 

� Launch/Ascent Trajectory  

� Landing without Atmosphere (Moon)  

� Landing with Atmosphere (Mars)  

� Re-entry  

� Rendez-vous  

� Formation Flying 

� Interplanetary journeys 

As it may be noticed, each mission case here above has its own specifications, in terms of objectives, 

expected performances, constraints (both from environment and design). Hence, the methods to find 

the optimal guidance for each differ enormously. In order to introduce the different problems, some of 

the scenarios are described along this chapter with a commentary about the method to calculate the 

optimal solution. 

2.1 Launch  
This is the earliest spatial application that needed using new mathematical tools and methods to find 

the optimal guidance laws. The objective function that defines the optimality is the maximum 

weight of the payload that may be launched in to orbit or to the desired trajectory out in space. Thanks 

to the work of the mathematicians like Hamilton, Jacobi, Bolza, Weierstrass, or Legrendre, the 

calculus of variations evolved enough to be applied for the first time during the 1950s to exo-

atmospheric rocket trajectories by Derek Lawden, inventor of the Primer Vector Theory. Later, the 

work of Pontryagin, Bryson, Kalman, Bellman on optimization of trajectories gave as a result a well 

refined new Optimization field, called Optimal Control Optimization[1][2]. 
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Launch and the injection into orbit of satellites is expertise area in continuous evolution, since it is one 

of the most critical phases in space missions, in terms of financial cost. New guidance systems and 

laws are capable of reduce the amount of fuel needed to launch spacecrafts to the space, decreasing 

significantly the price of each Kilogram of Payload sent to space.  

2.2 Landing 
This is referred, in most of the cases, to planets or massive spatial bodies, as moons. If the object 

where the landing takes place does not have a strong gravitational field, like comets and meteorites, 

the case is classified as another type of maneuver. When landing is required for the mission, it is 

maybe the most critical phase. The kinetic energy of space traveling vehicles is huge and it needs to 

be dissipated. Two scenarios can be distinguished, depending on the existence or not of atmosphere 

around the target planet or body. 

2.2.1 Landing without Atmosphere (Moon) 

Due to its proximity, the moon has been the first body to be visited and is still today attractive in order 

to develop experiments in situ, take samples and to test future technologies to visit other planets (as 

Mars).  

 

Figure 1. Descent phases for Apollo mission  

During the landing operation, the reduction of kinetic energy must to be done through the impulse of 

thrusters, since there is no atmosphere to slow down the vehicle. In the early, but effective, Apollo 

Missions, the optimization of fuel was not the most important criterion, but the safety of the operation. 

Since then, the descent taken in the Apollo mission has been taken as reference for later landing 

studies [3]. The operation is divided in four different stages:  

� Coast Phase: Initiated from a circular Parking orbit around the moon (50-100 km from the 

surface), an initial and instantaneous thrust is ignited to deviate the circular orbit into a 

Hohman-transfer-orbit, which perigee is around 15 kilometers above the Moon surface.  
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� Braking Phase: A continuous horizontal thrust slows down the horizontal velocity of the 

vehicle. It ends with an altitude of 12km. The trajectory is shallow regarding the planet 

surface.  

� Approach Phase: The landing area is maintained within the Field of View (FOV) of the 

navigation camera or the crew. Within the landing area, a safe landing site must be chosen on 

board during the approach phase via Image Processing techniques. Here are applied the 

Hazard Avoidance Techniques, in order to recalculate trajectories to new landing sites, if it 

were necessary. The trajectory is much steeper, compared to the braking phase trajectory.  

� Final Descent: 100 meters above the surface, the vertical descent is initiated. This phase 

should commence with no horizontal velocity. A continuous thrusting poses the vehicle on the 

surface. The maximum touch-down velocity must not overpass 2.5 m/s in order to keep safe 

the vehicle.  

The optimization of the trajectory and the controls must consider all the phases, since all of them 

concern the fuel usage. From the APOLLO missions, several methods have been developed to 

calculate the necessary braking forces profile, as open-loop control for the vehicle. Most of them 

consider the starting point in a parking orbit. 

The earliest method is the Quadratic Guidance Equations [4], developed precisely for the APOLLO 

lunar descents. Those equations were approximated by terms up to 4
th
 order in the position, and 2

nd
 in 

the acceleration. Thanks to a Newton-Rhapson iteration technique, the Time-to-Go and an 

Acceleration command could be obtained. 

Similar techniques in later studies in lunar landing have suggested to simplify the methods, with the 

consequent loss of thrust efficiency. As referenced in LULA studies [5], some simplifications may be 

applied to the Bilinear Tangent Law. Taking into account the Pontryagin’s principles, explained in the 

next chapter, and keeping the thrust module constant on its maximum value, it is possible to solve 

analytically a control profile that obtains the optimal thrust control. As a drawback, no visibility 

considerations are taken into account in the input of the problem but they are considered as a output of 

the simulations. Tuning some parameters, it is possible to select the best trajectories, i.e. these with the 

better visibility angle in relation to the landing site along the operation.  

Gravity Turn guidance law is another method to simplify the controls and obtain a relatively fuel 

efficient trajectory [6]. It consists in applying the thrust vector in the opposite direction, antiparallel, 

of the instantaneous velocity. Moreover, the resulting last part of the trajectory is a vertical descent 

with slow velocity. 

In the most recent studies, the optimization methods are applied in the Approach phase, introducing 

the concept of Hazard Avoidance Technologies. The new criteria for safe and soft landing in hazard 

surfaces demands a high proficiency of the GNC system. Not only is the fuel consumption taken into 

account, but also the Visibility of the Landing Site and the relative motion of the spacecraft towards it.  

2.2.2 Landing with Atmosphere (Mars) 

The operation requires decreasing the relative speed of the approaching probe towards the planet. The 

friction of the vehicle against the atmosphere of the planet converts the kinetic energy into heat, 

slowing down the vehicle. It is therefore necessary to protect the vehicle with a shield for the entry 

into the atmosphere. 

The angle of attack is crucial, since the vehicle could disintegrate due to the huge temperatures 

reached. There are 2 ways to transfer the excess of heat: 
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�  Ablation. The shield has an external layer which melts and absorbs the excess of heat. The 

melted parts fall from the shield. It is the preferred method for Mars. 

� Radiation. The shield is prepared to radiate big amounts of heat through infrared-emmision. 

On one hand, there are studies of Optimization about the heat transfer and the materials chosen, since 

all the structure must be prepared to withstand such harsh conditions. The materials and the structure 

affect the final mass and therefore, the cost of the mission. On the other hand, new studies in 

optimization are in the same line as Hazard Avoidance Landing in environments without Atmosphere 

(as Lunar Landing), since the most important phase, the Approach phase, is constrained mostly by the 

strong gravitational force and the requirements of safety. 

2.2.3 Landing on Small Bodies 

The consumption constraint is no longer as critic as in the case of big bodies, since the gravity force 

on comets and asteroids is quite low, which standard gravitational parameter maybe be 13 orders of 

magnitude lower than the one of the Earth’s gravity. The optimization of the trajectory is affected by 

new external forces like the solar pressure, comparable to the gravity force of the asteroid, and the 

influence of the irregular gravity field, due to the strange and angular shape of asteroids. 

Even when the thrust power of the vehicle is higher than the environmental forces, as gravity and solar 

pressure, some other parameters are to be considered to generate a trajectory for a soft descent. Since 

the preferred Navigation technique is based on Images processing, the illumination of the site along 

the approach plays a crucial role. Therefore, the period of rotation of the asteroid, and its movement 

around the sun, need to be taken into account for the calculation of the safest and softest descent tra-

jectory 

2.3  Re-entry 
The atmospheric re-entry of a space vehicle causes a huge heat flux at the body surface that needs to 

be controlled. The fraction of energy absorbed by a vehicle body depends on three aspects: body-

shape, materials and the trajectory. Shape also has a severe impact on the stability and controllability 

of the vehicle. Therefore, it is necessary to model the environment and to calculate the optimal re-

entry operation, taking into account the bodyshape, the material and the most important aspect, the 

trajectory profile. The optimization parameter may be modelled by the cost of the vehicle, dependent 

on the weight of the protection shield and its materials. At the same time, the required performance 

parameters of the shield protection are determined by the trajectory chosen and the bodyshape of the 

spacecraft. An example of protection shield for re-entry operations and its attitude parameters is 

shown in figure 2. The drawback of this optimization process is the difficulty on find a compromise 

solution between the heat requirements, the weight and the final cost of the vehicle.  
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Figure 2. Example of Shield protection for Re-entry operations 

2.4 Closed Loop Guidance Systems 
Most of the operations described are quite complex and they are quite demanding in computational 

load and time. For that reason, the guidance scheme for most of these applications is based on open-

loop controls, where the control profile is not calculated onboard. On the other hand, the natural 

evolution of the Guidance scheme is the Close loop form, that allows establishing a new optimal 

trajectory in case that the vehicle is in a different state than expected in the open-loop trajectory. In 

other words, the system should be capable of recalculate the new optimal trajectory based on its 

navigation estimations within a short time, compared to the total time of the operation. 

The complex nature of the optimal control problems requires the use of sophisticated Non Linear 

Programming methods and usually with Collocation methods, which needs a high computational 

power due to the processing of thousands of internal variables. The advances in the processing speed 

of microprocessor and a well adapted software to solve the trajectory are making possible to design 

the first prototypes of Close-loop Guidance Control Systems.  

If the trajectories are long enough, and the delay produced by the long distances is not significant 

compared to the time of the trajectory, the new optimal trajectories maybe calculated in on-ground and 

then they may be reprogrammed in the spacecraft via radio communications. This is the case of 

interplanetary journeys. 

On the other hand, there are several cases where significant advances may be done if the trajectories 

are recalculated onboard in short time. This is the case of Landings, where important information is 

received in the very last of the approaching phases, as in the Hazard Avoiding technologies. Since the 

details of the landing site are discovered in the last minutes, it is important to be able to calculate new 

trajectories in almost real time, especially in case of non-manned missions.  This increase of 

autonomy would lead the future missions to land on more hazardous but potentially scientifically 

rewarding sites. 
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3 Optimization Theory 

3.1 General Optimization 
The aim of the optimization, in general, is to maximize or minimize a specified criterion. This 

criterion is referred to as a cost function, which is a function of the parameters over which the 

optimization takes place.  

Let 
nx ℜ∈  be a vector of parameters and let ℜ→ℜnxJ :)( define a cost function. The aim is to 

find the value of *x  that minimizes )(xJ . The global minimum is defined as:  

)(*)( xJxJ ≤  for all admissible x  

Whereas a local minimum is defined as: 

)(*)( xJxJ ≤  for all x in the neighbourhood of x* 

In case we have a globally convex problem (which monotonically in every direction from the global 

minimum), any local optimum found is also de global minimum. In case of a non convex problem, a 

local minimum does not imply to be the global minimum solution. This idea is illustrated in the 

following figure: 

 

Figure 3. Different Optimization Problems 

In general, trajectory optimization problems are non convex. Therefore, in the procedure to find the 

optimal solution it is necessary to apply some mechanisms to avoid the local minima and to find the 

real global minimum (Figure 3). 

3.2 Optimal Control 
In case of Optimal Control, the problem is focused on finding the control parameters, which are 

defined by the function u(t). This function minimizes or maximizes the performance index, which is 

function of these parameters:  

 

The necessary condition for a minimum is:  

)()...( 1 uJuuJ n =
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0=
∂
∂
u

J
 

And the sufficient conditions for a minimum are:  

0=
∂
∂
u

J
   and  0

2

2

>
∂
∂
u

J
 

Under these assumptions, it could be possible to solve simple problems analytically, but in most of the 

cases, iterative methods are required to find a solution searching over a feasible region of u. The 

Newton’s method, based on the gradient and Hessian information of the current solution, is the most 

popular and a great number of optimization techniques are based on it. 

3.3 General Problem for Optimal Control 
The following variables and functions are involved: 

� states x(t): Describes the state of the system 

� control u(t): External control function which influences on the behavior of the system 

It is required to define the following functions: 

� )),(),(()( ttutxftx =&  Mathematical model of the system dynamics. 

� ∫+=
tf

t

dtttutxLtfxuJ
0

)),(),(())(()( ϕ  Specification of the performance Index. It has a first 

component, called terminal cost function, dependent only in the final state, and a second 

component, called intermediate cost function, dependent on the states and controls along the 

whole interval of time 

� 00 )( xtx = , ff xtx =)(  The boundary conditions, initial and final values of the state and 

control variables. As it may be noted, the final time is fixed. 

In this first problem, it will not be assumed any path constraints on the states or control variables, and 

the initial and final times are fixed. The problem then may be stated as follows: 

- Find the control vector )(tu , defined between ],[ 0 ftt , which minimizes the cost function: 

∫+=
tf

t

dtttutxLtfxuJ
0

)),(),(())(()( ϕ  

Subject to: 

� )),(),(()( ttutxftx =&  , which describes the behavior of the system 

� 00 )( xtx = , ff xtx =)( , initial and final states of the system 

The first step is to adjoin the constraints to the performance index with a time –varying Lagrange 

multiplier vector function λλλλ (t) , also known as the co-state function, to define a new performance 

Index: 

{ }dttxtuxftttutxLtfxuJ

tf

t

T

∫ −++=
0

)](),,()[()),(),(())(()( &λϕ  
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3.4 Pontryagins Minimum Principle 
Here, the Hamiltonian function H is defined. It was developed by L. S. Pontryagin as part of his 

minimum principle. It is inspired by the Hamiltonian of classical mechanics, but not the same. 

Pontryagin demonstrated that a necessary condition to find the minimum in an optimal control 

problem is to chose the controls u(t) so as to minimize the Hamiltonian The Hamilton function 

definition: 

)),(),(()()),(),(()),(),(),(( ttutxftttutxLtttutxH Tλλ +=  

Such that, )(uJ can be written as: 

{ }dttxttttutxHtfxuJ

tf

t

T

∫ −+=
0

)()()),(),(),(())(()( &λλϕ  

Considering infinitesimal variations in u(t), denoted as )(tuδ , there are variations in the state 

function )(txδ and variations in the cost function )(tJδ : 

dtu
u

H
x

x

H
xx

x
uJ

tf

t

T

tt

T

tft

T

∫








∂
∂++

∂
∂++−

∂
∂= ==

0

0 )()(][])[()( δδλδλδλϕδ &  

Here, the Co-state function may be chosen as to make the coefficients of )(txδ  and )( ftxδ equal to 

zero, as follows: 

tft

T

f

T

x
t

x

H
t

=∂
∂=

∂
∂−=

ϕλ

λ

)(

)(&

 

The constraints applied to )(tλ results in the following expression of )(uJ : 

dtu
u

H
uJ

tf

t

∫








∂
∂=

0

)()( δδ  

To have a minimum, it is necessary that )(tJδ = 0, which returns the following stationary condition: 

0=
∂

∂
u

H T

 

Grouping all the equations, the necessary conditions to have a candidate u(t) are already stated. They 

are considered as the first-order necessary conditions for a minimum of J:  

)),(),(()( ttutxftx =&  

tft

T

f

T

x
t

x

H
t

=∂
∂=

∂
∂−=

ϕλ

λ

)(

)(&

 

0=
∂

∂
u

H T
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With these necessary optimality conditions, which define a two point boundary value problem, it is 

possible to find analytical solutions to some kind of optimal control problems. Also, these conditions 

may be used to check the extremality of solutions found by other methods ,such as computational 

methods. On the other hand, they are necessary but not sufficient conditions.  

Therefore, with the Pontryagin’s minimum principle, it is intended to find: 

)*,*,,(* minarg txuHu
Uu

λ
∈

=  

Where u* is the optimal control function, and U is the set of all possible controls. Also, this argument 

u* is the one which minimizes the Hamiltonian along all the values of t. 

For non linear problems, sufficient conditions are needed to check the solutions and classify the type 

of minimum achieved (local, global…). 

3.5 Numerical Methods 
Along the last 35 years, two different methods have been developed to solve control and trajectories 

optimal problems, and both are based on finite-dimensional approximations: indirect and direct 

methods. 

3.5.1 Indirect Methods 

In the first method, referred as indirect, the necessary conditions for optimality are derived using 

calculus-of-variations techniques and the Pontryagin’s minimums principle. The resulting Two Points 

Boundary Value Problem (TPBVP) is solved numerically using Numerical Methods based on 

discretization techniques.  

Some of those techniques are: neighboring extreme methods, the method of gradients, 

quasilinearinzation, finite difference methods and collocation techniques. The main problem of those 

methods are the requirement for an initial guess for the adjoint variables of the TPVBP, as the co-state 

functions or sensitivity functions which appear in the Lagrangian function. Furthermore, these co-state 

functions do not have any physical meaning. That fact makes more difficult to have good initial 

guesses to solve the TPBVP, since the space of convergent solutions is quite reduced.  

Another drawback is the frequent appearance of discontinuities in the optimal controls, which are 

problematic for the Numerical Methods mentioned above. 

3.5.2 Direct Methods 

Optimal control problems may be solved through the parameterization of intermediate values of the 

state function, the control function or both. In case of trajectory and in most of the GNC operations in 

space, the nature non linear of the cost function yields a Non Linear Programming (NLP) problem. It 

may be solved numerically using many sorts of well-established optimization methods.  

The Direct Methods have become recently very popular due to several reasons. First, there is no need 

to derive the first-order optimality conditions, necessary for indirect methods. Second, the solution of 

the TPBVP that appears in the Direct Methods is not as sensible to initial guesses as for Indirect 

Methods. Also, Direct Methods require much less mathematical derivation and the resulting NLP can 

be solved with much greater ease as compared to the TPBVP established by Indirect Methods. 
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Figure 4. Collocation over X(t) 

There exist a broad number of direct methods, in particular concerning what kind of parameters are 

discretized and how is the continuous-time dynamics are approximated. The most common methods 

are “control parameterization” and “Control and States parameterization”. In the first one, only the 

control function is parameterized and the states are solved via numerical integration, as Shooting 

methods and Multiple Shooting methods. In state and control parameterization methods, both 

functions are discretized, and the resulting time differential equations of the system are converted into 

algebraic constraints. After, inside the NLP formulation, these constraints may be imposed to avoid 

the sensitivity problems of the shooting methods. As drawback, the computational expense is much 

larger for the new NLP [7]. 

Regarding the state-of-art in trajectory optimization, stands out the “Pseudospectral”, or sometimes 

called “orthogonal collocation” methods. In the Pseudospectral method, special sort of polynomial are 

used to approximate the state and the control, and two different sets of points: 

� Nodes or discretization points, used to discretize the states.  

� Collocation points, used to discretize the control and to collocate the differential equations to 

ensure the dynamics to be met. 

These sets of time points are also wisely chosen and in fact, the collocation points are chosen to be 

roots of an orthogonal polynomial Since pseudospectral methods are usually implemented with 

ortoghonal collocation, both terms are generally interchangeable.  

One of the most important characteristics of pseudospectral methods is the fast convergence for 

smooth problems. If there are some discontinuities in the problem, it is possible to divide the problem 

in more segments and apply the pseudospectral methods in each. 

Regarding the nodes chosen in time and the collocation points, the different pseudospectral methods 

yield different properties. The most common pseudospectral methods, in relation to its collocation 

points and the nature of the polynomial used, are: 

� Gauss Pseudospectral Method 

� Legendre Pseudospectral Method 

� Radau Pseudospectral Method. 

For instance, the Gauss Pseudospectral Method has the advantageous property of having the 

mathematical equivalence between the Karush-Kuhn-Tucker (KKT) conditions of the NLP and the 

discretized optimality conditions for the TPBVP, resultant from the first optimality conditions 

(Pontryagin’s minimum principle) in the Legendre-Gauss points. Therefore, the solution of the NLP 

will satisfy the first-order conditions of optimality, as if it were solved by indirect methods [8].The 

following figure explains the idea: 
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Figure 5. Equivalency of KKT Conditions in the Direct method with First order conditions in 

the Indirect Method after Discretization  

 

Where: HBVP, is the Hamiltonian Boundary Value problem, a Two points BVP; KKT corresponds to 

Karush-Kuhn-Tucker Conditions; NLP, Non Linear Programming program. 

3.5.3 Conclusions on Numerical Methods 

To summarize the Methods involved in Control Optimization: 

 Advantages Disadvantages 

Indirect Methods High Accuracy 

Solution satisfy Optimality Conditions 

Necessary optimality conditions must be derived 

analytically 

Small convergence space. Need of a good initial 

guess 

Need also a guess for costate functions, with no 

physical meaning 

Direct Methods Avoid the disadvantages of the Indirect 

Methods 

Not completely optimal solutions(less accurate) 

In most of the cases, costate information is not 

produced 

 

3.6 Genetic algorithms 
Thanks to the increase of computer processing capabilities, especially since the 90’s, new 

optimization algorithms have been implemented. This is the case of Genetic Algorithms, which has 

been recently introduced for the Space applications. The basic idea behind this kind of algorithms is 

the mechanics of natural genetics. The different candidate solutions for a problem are coded into a 

“string of binary number” as if they were genetic codes written in ADN. Then, an initial population, of 

arbritary size, is generated randomly and introduced into the problem. Thus, each candidate solution 
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will be marked with certain efficiency for the solution. Afterwards, a second population may be 

generated via 3 different options: 

� Selection. The best individuals from one generation propagate directly to the next. 

� Crossover. Each new individual will be generated by two parents, and its genetic string will 

be composed by a combination of parts of its parents. 

� Mutation. Between generations, some parts of the genetic strings will change randomly. 

Repeating this process continuously, it is possible to arrive to a good solution of the problem, as in 

natural selection process of nature, where only the best solutions will contribute for the next 

generations. That means that having more generations in-between will provide a better solution, 

but not necessary the optimal one. Then, on the one hand, this method has the great advantage of 

being simple to implement and there is no need of initial guesses, since the initial population may 

be generated randomly. Also, no gradient information is needed. But maybe the best feature is the 

capacity to find the global solution over a large search space with lots of local minima. On the 

other hand, the technique’s quality performance is limited, since there is no guarantee to arrive to a 

solution close to the optimal one and there is no way to check the optimality with the costates 

functions, since they are not calculated along the process. Furthermore, regarding space 

trajectories optimization methods, it will be necessary to implement some extra numerical methods 

like explicit numerical integration. Another drawback is the difficulty to introduce some interior 

point constraints. 

One of the most interesting areas to apply genetic algorithms is for optimal mission planning for 

interplanetary journeys, where a set of operations need to be chosen, as continuous low-thrust arcs, 

coast arcs, planets flybys, impulsive velocity changes or impulsive capture by the gravity of 

another planet. Since there are infinite combinations, the genetic algorithms are suited to find the 

optimal trajectory checking as few combinations as possible. That kind of problem, which joins a 

discrete system (combination of operations) and continuous systems (calculation of the trajectories 

parameters to join each of the operation) are called Hybrid Optimal Control Problems. To solve 

them, the strategy could be to have an: 

� Outer loop, based on a Genetic Algorithm for selecting the best solutions. It determines the 

strategy in the planning of the mission. 

� Inner loop, which finds the best way to solve the inner operations, i.e. finding the optimal 

coast arc that joins Mercury with Mars. They are usually based on Collocation Methods 

combined  with NLP techniques, as described in the before in the section “Direct Methods” 

To sum up, genetic algorithms play an important role in the planning of really complex missions 

which are composed by dozens of internal processes. But at the same time, those internal processes 

need to be calculated separately with other methods of optimization, like the Indirect and Direct 

methods. Therefore, genetic algorithms are not a good technique to solve continuous and non linear 

problems, since they are adapted to discrete problems. Even if it is possible to use the genetic 

algorithms strategy to solve continuous problems, the huge quantity of combinations and variables 

yields a quite inefficient method.  

3.7 Software packages 
Most of the optimal control problems related to engineering applications are quite complex in 

practice, i.e. with a huge number of constraints, variables and complex dynamic equations. In order to 
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avoid the development of specialized software to every engineering research group, Software 

packages offer the best performing Methods to solve optimal problems. Depending on the nature of 

the problem, different optimization software is required, depending mainly on the convexity or non-

convexity of the problem, the linearity or non-linearity of the performance function, the number of 

constraints and the mathematical procedure to find the solution of the optimal control. 

The most popular methods correspond to Direct Methods, since they offer a good versatility and are 

able to find solutions even without initial guesses.    

The most popular software products for optimization, especially in the domain of trajectory 

optimization, are SNOPT and SOCS. They are software packages that includes several internal 

methods to solve a given optimization problem. Based on them and offering an extended utility, there 

exist many other software products which have a more specific method of resolution or special 

performance, as DIDO, GPOPS, POST or GESOP. 

The applications of this software are oriented to trajectory and GNC optimization problems, such as 

lunar and meteorite landings, reentry angle profiles, low thrust orbit transfers, interplanetary transfers, 

rendezvous, etc.  

 

Figure 6. Optimization software packages 

3.7.1 SNOPT 

It is one of the most used solvers for non linear programming applications [8]. This software package 

has been developed by the University of California and the Stanford University. 

The key feature in the mathematical resolution method is the Sparse Sequential Quadratic Program-

ming (SQP), which allows it to be used for problems with thousands of constraints and variables.  

Based on SNOPT, the main software packages are: DIDO, TOMLAB and GPOPS. 

3.7.2 SOCS 

The SOCS product, developed by BOEING, is based on the Sparse optimization for control systems. 

The sparsity allows the solver to be fast, in comparison with other methods and also allows the use of 

thousands of variables and constraints. There are two main solvers inside: SPRNLP and BARNLP, 

oriented to non linear optimization problems. 
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Based on SOCS, the main software packages are: OTIS, ASTOS and GESOP. 

3.7.3 DIDO 

This software package is an extension of SNOPT [9].The main feature is the use of Pseudospectral 

techniques, based the Legendre-Gauss-Lobatto polynomials. Another key feature is the friendly inter-

face for Matlab, which yields a minimalistic approach to the optimal control problem definition, since 

the input of the program resembles the Theoretical formulation of the problem, as written in a paper. It 

allows Interior point constraints, predefined segments and transition conditions. As a direct method, 

the final solutions obtained may not be totally optimal, but yields a good guess for another indirect 

method to complete the calculation of the real optimal solution.  

As an example, NASA used DIDO to conduct a zero-propellant torquing, or spin, manoeuvre of the 

entire space station and a similar manoeuvre was successfully performed in November of 2006, saving 

NASA close to a million dollars per manoeuvre. 

DIDO is capable of solving a broad class of smooth and non-smooth hybrid optimal control problems 

defined over a time interval [t0,tf] that may be fixed of free. 

As for other Direct Methods, there is no need of initial guesses or requirement of input files corre-

sponding to the necessary conditions of optimality, which need to be calculated analytically. On the 

other hand, it could be really beneficial for the user to obtain this necessary conditions of optimality 

before the execution of the DIDO program, since in the outputs of DIDO are available the costates 

functions, which is unique of this program, and therefore, it is possible to check the optimality of the 

produced solutions. These tests are substantially useful for debugging complex codes based on practi-

cal problems. 

Then, the correct way to use DIDO is as a tool for generating candidate solutions to optimal control 

problems. The aim is not to use DIDO as if it is some “direct” method. Both the Pontryagin and Bell-

man test can be easily performed for the candidate optimal solution generated by DIDO. 

3.8 Conclusions about optimal control theory and methods 
Regarding the characteristics of the calculation of optimal trajectories and landing operations, which 

are the operations of biggest interest in this paper, it is straightforward to state that it consists in a con-

tinuous nonlinear optimal control problem. In that case, genetic algorithms are out of question for this 

study. Hence, any of the other two strategies should be taken: indirect or direct methods. 

Since the interest of the study is to observe and understand the performance of new techniques for 

landing, indirect methods may be hard to study, since they need to develop singular studies for each 

case of the conditions of Pontryagin and the costate functions. On the other hand, Direct Methods al-

low trying new strategies for landing without the mentioned disadvantages of indirect methods. 

Another question arises for the following issue: Is it worthy to use a software package for optimal 

control? Or maybe it is more accurate and flexible an own implemented solver for Optimal Control? 

The aim of this study is focused on the applications for the space operations, and the possible benefit 

for the studies developed in the department of Advance Studies in AOCS/GNC of EADS Astrium. 

Since the aim of the department is not the development of new optimization techniques, the use of 

Software Packages and the study of their performances in the calculation of trajectories seem more 

adequate to the porpoises of the group. 
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To make do the election of specific software, a complete surveillance of dozens of papers about opti-

mization for space application has been developed. Each problem has been studied and classified, and 

the strategy chosen for its solution has been noted. From this study, it can be stated that there is no 

favourite solution among the research groups. Half of them implement their own numerical methods 

to solve the TPBVP, based on the already mentioned indirect or direct methods, and the other half 

profits the Software Packages. Among the software packages, the SNOPT software seems to be more 

popular, at least in the number of studies.  

The software DIDO has been finally chosen for the study in optimal control guidance problems, since 

it may be used directly in Matlab, the great performance shown in other guidance problems [10] and 

for license reasons (do not need to get the SNOPT license). 
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4 Methodology 
The aim of this chapter is to describe the process and the steps followed to develop the opti-

mal trajectories for different cases. 

4.1 Formulation of the problem 

4.1.1 Election of the Scenario: Landing on asteroids 

The idea behind this stage is to support the work developed in the department “Advanced Studies for 

AOCS/GNC” of EADS Astrium. There are several studies about spatial operations in the department 

that are susceptible of optimization, such as landing with Hazard Avoidance systems, Reentry in Mar-

tian atmosphere, formation flying or exploration on asteroids. The cases of ascent launches or inter-

planetary journeys are not present at the moment in the working plan of the group, because they are 

studied more into detail in other research groups inside the company, as in the Space Transportation 

branch. 

After the discussion in the chapter 2, the most suitable environment to develop new techniques in the 

trajectory definition is in the asteroid landing. The mechanics involved in asteroid landing or in moon 

landing are not so different, having a lot of common specifications. In both cases there is a vehicle 

with a propulsion system that must describe its own trajectory to touch down a certain point on the 

surface of the body.  But there is one big difference; the gravity force of the asteroid is much weaker 

than in other cases of landing on the moon or mars. Thus, the trajectories are not that heavily con-

strained by the fuel consumption and consequently by the final mass of the spacecraft, and resulting in 

a much more interesting field to study. 

4.1.2 Description of the scenario 

Now, the different agents and forces that play in the optimization process are described. In the defini-

tion of the problem, two main bodies will be taken into account: 

� Spacecraft. Regarding the Near Earth Asteroid Rendezvous (NEAR) mission of NASA, or 

Hayabusa mission of JAXA, the spacecraft consist in a massive vehicle able to explore effec-

tively asteroids and to land on them, performing in situ measurements or exploiting resources, 

and in case of Hayabusa, even return to Earth after the collection of samples. One of the future 

missions to explore asteroids is the Marco Polo Mission by ESA. Taking this mission as refer-

ence, the model of the spacecraft will have an initial mass of 1000 Kg. The spacecraft is 

equipped also with low-thrust electric propulsion systems, which allows a maximum force of 

10 Newtons.  

� Asteroid. The body is characterized by the absence of any atmosphere and the weak gravita-

tional force. For the trajectory optimization problem, it will be initially supposed spherical and 

its gravitational field will be considered homogeneous. This assumption is not realistic, since 

asteroids usually present irregular shapes. For this study, it will be initially neglected, since 

the optimization process is really complex, and it needs to increment the complexity of the 

model step by step. About the gravitational field, a standard gravitational parameter of µ = 23 

m
3
s
-2
, which is 13 orders of magnitude smaller than the one in Earth. Finally, the radius of the 

asteroid will have 500 m, taking as reference the size of the asteroid Itokawa, the satellite cho-

sen for the Hayabusa Mission. 
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Spacecraft Asteroid 

  

Mass: 1000 Kg 

Thrust Max.Power: 10 Newton 

Standard Gravitational Parame-

ter: 23 m3s-2 

Radius: 500 m 

Figure 7.Main Data for the Formulation 

There is a third body involved, the Sun. Initially, it will not be taken into account to make easier the 

calculations and the model, but there are several reasons to not forget about the influence of the Sun. 

First, the asteroid and the spacecraft will be pushed by the solar light in radial direction from the sun. 

This force, named Solar Pressure, has a magnitude high enough to not to be neglected in comparison 

to the force of gravity of the asteroid. Second, the illumination of the surface of the asteroid plays a 

very important role for the navigation systems base on image processing. Therefore, the sun position 

in relation to the landing site may not be ignored for a realistic descent operation. 

4.1.3 Formulation of an optimization problem 

The aim of an optimization problem is to find the controls 
*u that: 
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With the expressions of the cost function ( , , )J x u t
r r

, dynamics ( , , )f x u t
r r

 and constraints 

( , , )np x u t
r r

and ( , , )n fe x u t
r r

to be determined hereafter. 

4.1.4 State and Control Variables 

In the formulation of an optimal control problem, the problem must be defined with 2 main functions: 

� States 1( ... )nx x x=r . These variables or functions, describe the physical state of the system 

for any instant of time. In classical mechanics, to describe a dynamic system is required at 

least to define 3 variables: position, velocity and acceleration. Since the acceleration is pro-

portional to the effect of certain forces, and the forces of the problem are determined by the 

position (gravity) or the controls (thrust), there is no need to have a redundant state variable to 

describe the acceleration. It is important to remark that the software used for this study is lim-
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ited to 4 state variables. If it is needed to use the position and velocity as state variables, then 

there is a limitation to describe the problem in 2 dimensions.  

In the study, the frame of reference taken is inertial and centered in the asteroid. Therefore, the 

state variables will describe the position and velocity of the spacecraft in relation to the aster-

oid, without regarding the orientation of the spacecraft. The state variables are: 

� (X,Y) Position 

� (Vx, Vy) Velocity 

 

Figure 8. Frame of reference inertial and centered in the Asteroid and representation of  the 

State variables. 

� Controls 1( ... )nu u u=r . The control variables, represented as u
r
(t) in the control theory, are 

the influences or forces that we can apply to a physical system to change its state, preferably 

in the benefit of a certain goal. In the case of this study, the control is a Thrust profile. It is as-

sumed that the spacecraft propulsion system may change its thrust module and direction in-

stantaneously and with no limitation on the angles. Since the problem is limited to 2 dimen-

sions, the most straightforward formulation of the thrust may be done with 2 scalar parame-

ters: the module and the direction (or angle). Also, there is another possibility to define a force 

vector in a scalar way, as force in X axis and the force in Y axis. To sum up, the most simple 

strategies to define the controls are: 

� Polar parameters: (K,θ ), where K is a scalar value which defines the thrust module 

and θ  is the angle of the vector direction. Thanks to the scaling of the parameters by 

the maximum thrust, the force is defined as follows: 

max (cos sin )tF T K i jθ θ= +
r r r

 

where i
r
and j

r
 are the unit vectors in X and Y axis and K would have a maximum 

value of 1. 

� Cartesian: (Kx, Ky), where the values are the orthogonal components of the thrust in 

each of the axis directions. Adding the scaling by the maximum thrust, it results the 

following expression of the thrust force: 

max ( )t X YF T K i K j= +
r r r
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4.1.5 Initial and final States 

In the problems of optimal control, the Initial state, corresponding to the position and speed in the 

moment t = 0, is always programmed. But, on the contrary, the final time and corresponding states 

may be free. For most of the optimization problems in landing subject to the consumption of fuel, the 

final time (tf) is free. It could be also restricted to have a certain value, but the trajectory will not be as 

optimal as the one with free final time tf.  

 

Figure 9. Initial and Final States and acting forces (Gravity and Thrust) 

4.1.6 Dynamic of the system 

Inside an optimal control problem, it is necessary to define the rules of the behaviour of the system: 

the relation between the state variables, its derivative and the controls. In the main scenario of body 

landing, there are two main forces involved: 

� Gravity. Attracts the spacecraft to the center of the body. To formulate it in the program, it is 

necessary to decompose it in Cartesian components: 

2 3 3 3
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Where:   

G = Gravity Constant; M = mass of the Asteroid; d
r
 = position vector of the asteroid in the 

spacecraft frame of reference; d ′
r

= position vector of the Spacecraft in the Asteroid frame of 

reference = - d
r
; µ = Standard gravitational parameter of the Asteroid = GM 

Here is a simplification of the expressions, in order to leave the accelerations of 

both coordinates X and Y in the Asteroid frame: 
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� Thrust. Pushes the Spacecraft to the desired direction. It is involved the Max Thrust, the mass 

of the Spacecraft and the control variables. Also, it could be defined by polar or Cartesian 

controls:  

max ( )t x yF T K i K j= +
r r r

 or max (cos sin )tF T K i jθ θ= +
r r r

 

o There are two modes of control variables:  
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Thus, the dynamic of the system is related with the derivative of the state. As described above, the 

states variables are ( , , , )x yx x y v v=r , and the derivative is presented as ( , , , )x yx x y v v=r& & & & & , ex-

pressed in terms of the states and control variables: 
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These expressions are later required as part of the formulation of the optimization method. 

4.1.7 Cost function 

The definition of the performance index has a strong impact on the solution of the optimal trajectory, 

since the optimal control solver will find the trajectory that return the minimum value of it. The type 

of function (linear, not linear, polynomial…) has an important influence on the convergence of the 

optimal problem. The cost function is defined as follows: 

0

( ) ( ( )) ( ( ), ( ), )

tf

t

J u x tf L x t u t t dtϕ= + ∫
r r r r

, where the first term ( ( ))x tfϕ r
is the cost value associated 

with the final state of the system, and the term in the integral ( ( ), ( ), )L x t u t t
r r

is associated with the 

values of controls and states along all the trajectory.  

For the landing problem, the first term ( ( ))x tfϕ r
 is not taken into account because it uses only infor-

mation about the last instant of time, which provide no information about the trajectory. Thus, the 

term ( ( ))x tfϕ r
is fixed to zero. Regarding the second term, this will have different definitions, de-

pending on the type of optimization desired. The main types of cost functions are: 

� Time optimization: ( ( ), ( ), ) 1L x t u t t =r r
. As it may be seen, the L value will be always con-

stant for all the time along the trajectory. Then, the optimal solution is the one that minimizes 

the time of the trajectory. 

Fuel Consumption: ( ( ), ( ), )L x t u t t K=r r
, where K is the normalized modulus of the Thrust in rela-

tion to the Maximum Thrust allowed. There exist others criteria that uses
2K , but they are demon-
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strated in ref.[11], to be less fuel efficient than the first one. It can be also expressed as: 

2 2( ( ), ( ), ) x yL x t u t t K K= +r r
if cartesian controls are used. 

� Other Cost functions. In fact, to evaluate the security, the financial cost or the accuracy of any 

space operation, lots of complex operations and calculations are to be done. For example, to 

ensure the security of a landing trajectory is necessary to take into account a huge number of 

factors, as the visibility of the landing area, the agility of the Spacecraft, the type of terrain, 

etc. Maybe here is the point where the study of this paper gets in to the research, since there is 

no evidence of similar studies. Also, it has to be considered the combination of many kinds of 

criteria, and the use of weight factors, to tune the performance criterion. 

4.1.8 Constraints 

The formulation of the optimization problem must supply the proper space of allowed state and con-

trols values. The program to solve the optimization must have some limit values to not extend the 

search of possible solutions up to the infinite. Therefore, there are limitations on the values of: 

� States ( , , , )x yx x y v v=r . Limits on (x,y) to the possible positions where the spacecraft could 

fly through, i.e. not to find  optimal trajectories that fly further than 10 km away the asteroid. 

And also, they are some limits on the maximum and minimum velocities on each of the axes. 

� Controls ( , )x yu K K=r  [Cartesian case] The possible values of the cartesian controls must 

be inside the interval [-1,1]. But as commented on the section of Controls, the maximum value 

of the module of the thrust must be lower or equal to one. Therefore, an extra path constraint 

must be formulated (see Figure 10) 

� Controls ( , )u K θ=r .[Polar case]  The module of the Thrust is limited to the interval [0,1], 

and the angle to the interval [0,2π]. 

 

Figure 10. Limit values for Cartesian controls 

� Time. Here there are several options, concerning the kind of solution desired and its duration. 

The initial value of time will be as usual fixed to zero. But regarding the final time, it may be 

fixed to a certain value, i.e. the final time must be inside the interval [tf_expectec, 

tf_expected] and therefore, only solutions with a duration of “tf_expected” will be found. On 

the other hand, some solvers are capable of solving problems without a fixed duration. If the 

final time is limited to the interval [0,T-Inf], assuming T-Inf as a certain value of time much 

higher than the expected time for the optimal trajectory,  two things could happen: 
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� The final time of the optimal solution is found at the limit, ie. T-Inf, and therefore, 

the optimal solution will be more “optimal” as long as we increase the trajectory 

time. 

� The final time of the optimal solution is found in the middle of the interval. Having a 

greater upper limit of time will not interfere in the calculation of the trajectory. Also, 

this is the case of trajectories optimal in time, where the preferred solution is the one 

with the shortest time. 

Therefore, for free final time, it is recommended to leave a big value but not to set an 

exaggerated one, since it increments the size of the space to search the optimal solu-

tions. 

� Path constraints. It consist in generate functions as ( , , )p x u t
r r

, and for each instant of time, 

where the scalar result of this function must be always inside an interval [min_value_p, 

max_value_p]. For the formulation of the problem, there are two extra path constraints: 

 -
2 2

1( , , )p x u t x y= +r r
, where 1( , , )AsteroidR p x u t HighValue≤ ≤r r

 , avoiding 

all the trajectories that crash on the surface of the planet. 

-
2 2

2 ( , , ) x yp x u t K K= +r r
, only in case of Cartesians controls, 

where 20 ( , , ) 1p x u t≤ ≤r r
. This path constraint assures that the module of the 

Thrust will never be greater than the Thrust Max allowed by the Propulsion system 

on the spacecraft. In that way, the problem of the spaces presented in the section is 

solved, as seen in the Figure 10. 

4.2 Optimization Problems on DIDO software 
The software chosen to solve the optimal control problems on trajectory is DIDO. There are two fea-

tures that differentiate it from other software: the programming of the problem formulation and the 

information of the costates functions to check optimality. 

4.2.1 Programming the problem formulation 

The file organization in DIDO for the optimization problem is simple. In the figure X, it may be seen 

how the files are distributed: 
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Figure 11. File organization for DIDO 

As an input of the program, DIDO uses Matlab interfaces, and the scripts in M-language. There are 4 

files to describe the different parts of the formulation of the problem (dynamics, cost, path and events) 

and a main file (or script, Problem.m) to setup the values of the limit values for all the variables and 

the initial and final conditions. 

4.2.2 Nodes 

DIDO software uses the Legendre-Gauss-Lobatto (LGL) polynomials for the distribution of nodes 

along the trajectory. This type of nodes has a great advantage for the implemented Pseudospectral 

method within DIDO, since many convergence theorems have been proven on it [12]. Also, the solu-

tion yielded by this method may be treated in terms of a rigorous application of the Pontryagin Mini-

mun Principle and accept or reject solutions based on the optimality conditions. The LGL distribution 

is an irregular distribution along the time of the trajectory, where the extreme values are included, 

initial and final times, as it may be seen in the Figure 12.  

The DIDO software version used for the research is a Test Version, and consequently, the number of 

nodes is limited to a maximum of 30. This number is high enough to work on simple trajectories, but 

for complex operations or multi-phase trajectories, this number is quite limited. Since the aim of the 

study is to research on simple trajectories, this number is suitable, but it will not be enough to yield a 

highly precise solution. 
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Figure 12. Legendre Quadrature nodes: Legendre-Gauss(LG), Legendre-Gauss-Radau (LGR) 

and Legendre-Gauss-Lobatto (LGL) grid points 

4.2.3 Scaling the problem 

To avoid the use of huge numbers in the optimization problem, it is recommended to scale each vari-

able. Also, the performance of the optimization process will depend on it. The units chosen for the 

scaling are:  

� Position state variables: (x, y). Scaled by 500 m (Radius of the asteroid) 

� Velocity state variables: (vx, vy). Scaled by 0.1 m/s (orbital velocity at 1300 m above the sur-

face) 

� Time. Scaled in minutes 

� Thrust. Scaled by “Tmax” Newtons 

� Angle in radians. Scaled by π 

4.2.4 Results on DIDO 

DIDO software takes some time to calculate the candidate optimal solution, varying between some 

seconds to several minutes. Also, an advice about the optimality of the solution is displayed, catego-

rized as: extremal optimal solution probably found, sub optimal solution or infeasible solution. Then, 

a solution will be displayed with the following results: 

� States and control variables. In the case of the landings, the position and velocity information 

is displayed as a result. Also, the information about the necessary control profile to apply is 

displayed, as thrust power and its direction. 

� Dual functions. As a special feature of DIDO, it produces automatically an approximation of 

the costate functions , , ,x y vx vyλ λ λ λ , the costate functions associated to the path constraints 

and controls 1 2, , ,p p Kx Kyµ µ µ µ  and the Hamiltonian function. With this information, it is 

possible to validate the solutions produced by the solver DIDO. 

4.3 Experiments 

4.3.1 Experiment 1: “Standard Landing” with Polar Controls 

Description  

On this kind of trajectory, the state (position and velocity) at the initial moment of departure ti is actu-

ally known.  
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There are several trajectories optimal in fuel consumption, but with different maximum time limita-

tions. The aim of the experiment is to compare the consumption of the different trajectories in terms of 

deltaV. There is one trajectory, which is the optimal one among the others, with no time limitation. As 

well, there is another trajectory optimal in time, having the most expensive fuel usage, in order to 

compare the times of each trajectory and its deltaV. 

An illustration of the initial and final states of the problem of the problem may be seen in the Figure 9. 

Initial/Final Conditions 

The initial and final states of the problem are: 

 x y vx vy 

Initial 2(Eq.1000m) 2(Eq.1000m) 0 1 (Equivalent to 0.1 m/s) 

Final 0 1 (Surface) 0 0 

 

Control 

Polar 

Cost Function 

Based on Consumption. The formulation is ( ( ), ( ), )L x t u t t K= , since it is the polar control case. As 

an special case, one of the trajectories is limited on time, with ( ( ), ( ), ) 1L x t u t t = . 

Resulting trajectories 

There are 4 trajectories restricted to a certain final time (tf =100, 200, 300 and 400 minutes), another 

trajectory with a free final time (resulting 316 minutes) and the last trajectory is optimized in time (t = 

12.5 minutes), and not in consumption. In that way, it is possible to compare the resulting deltaV of 

each trajectory. 

Regarding the shape of the trajectories (Figure 13), it is possible to remark how they do become larger 

and curve as long as the final time is forced to be higher. The initial velocity is 0.1 m/s in the direction 

of the Y axis, therefore, the optimal strategy to save fuel is to describe a longer and more elliptic tra-

jectory proj  ected in the same direction. 
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Figure 13. Trajectories with fixed initial state. Spatial units are presented is scale with Asteroid 

radius (500m) 

Regarding the consumption between different trajectories (Figure 14), the optimal time for the trajec-

tory is 316 minutes. This result is expected, since the calculation of the trajectory was not constrained 

in the final time, and the optimization software DIDO will yield the optimal trajectory in terms of 

consumption. 
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Figure 14. DeltaV against Duration of Trajectory 

4.3.2 Experiment 2: “Standard Landing” with Cartesian Controls to Compare with Polar 

Solution 

Description 

The Cartesian control, based on calculating the controls in 2 perpendicular components, has several 

differences with the polar control in the solution of the optimization. 

The aim of the experiment is to compare the performance of the Cartesian/Polar controls. Then, four 

trajectories with durations of 100,200, 300 and 400 minutes are to be calculated in Cartesian controls, 

and to be compared with these calculated in the experiment 1 in Polar Controls. 

Initial/Final Conditions 

The initial state and final state of the problem is: 

 x y vx vy 

Initial 2(Eq.1000m) 2(Eq.1000m) 0 1 (Equivalent to 0.1 m/s) 

Final 0 1 (Surface) 0 0 

 

Control 

Cartesian. 

Cost Function 

Based on Consumption.The formulation is
2 2( ( ), ( ), ) x yL x t u t t K K= + , for the polar control. 

Resulting trajectories 

The shape of the trajectories in Cartesian control is almost the same as in experiment 1, as shown in 

the Figure 15. At first, the trajectories should be identical, since the formulation of the problem is the 

same, but the differences on the constraints yields not identical results. 
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Figure 15.  Trajectories with fixed initial state calculated with Cartesian Control 

Regarding the consumption (Figure 16), the same conclusion may arise as in the polar case. The Op-

timal trajectory time lies between 300 and 400 minutes. The deltaV resulting from the solution in op-

timal control by means of Cartesian control is slightly higher than the polar solution of the experiment 

1. 

 

Figure 16. DeltaV of Cartesian solutions depending on the trajectory time 

 

Comparison of several trajectories 

The time of convergence is the feature that varies the most between both methods. The complexity of 

the cost function and the extra path constraint in the Cartesian method contribute to the long time of 

convergence of the solution. There is an order of magnitude between the required times to obtain the 

optimal solutions, as presented on the Figure 17. 
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Figure 17. Run Time for Cartesian and Polar trajectories 

Concerning the consumption achieved in each method, the differences are almost negligible (Figure 

18). The best performance on deltaV of the trajectory in 100 minutes is the polar Cartesian one, but it 

is not the case for the rest of the trajectories. The performance is similar in both methods. 

 

Figure 18. DeltaV for Cartesian and Polar Trajectories 

 

Comparison of particular case 

The trajectory of 200 minutes has been taken as an example to compare the Cartesian and Polar solu-

tions. There are minimal differences, but still remarkable. In Figure 19, there is a plot of the evolution 

of the state variables, position and speed in x and y axis. Position data are relatively close, but the dif-

ference in velocity is more visible. Therefore, even when the formulation is the same, the “optimal” 

solution is just an approximation of the real optimal solution. 
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Figure 19. Example of states on Cartesian and Polar solutions 

Regarding the Thrust, both profiles are quite easy to distinguish. The Cartesian control information 

has been transformed also to Polar Controls, to make easier the comparison. More specifically, the 

profile of the modulus of the thrust is presented in the following figure (Figure 20). The solutions ob-

tained are type BANG-BANG, since it corresponds to the optimal solution of using the thrusters at its 

maximum power just in the beginning and at the end of the operation. The polar solution seems to be 

more close to this ideal bang-bang profile, and therefore, should be more optimal. But as the figure 

Figure 21 shows by means of the Hamiltonian, both solutions seem to be similar in terms of optimal-

ity. There is not a notorious difference between them. Also, it is possible to check the similarity of the 

solutions in the Figure 22, where the traces of each solution are almost identical. 
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Figure 20. Comparison of Thrust on Cartesian and Polar Solutions 

 

Figure 21. Comparison of Hamiltonian and the Trajectories in Cartesian and Polar solutions 

Some conclusions about this example of Cartesian and Polar solutions are: 

� They are not exactly identical, but both show a good approximation to the ideal optimal solu-

tion, as it may be seen in their Hamiltonian functions. 

� Cartesian method is more computing demanding than the polar one, since the cost function is 

more complex and there is an extra path constraint to limit the modulus of the thrust below its 

limit. Therefore, the polar solution is in general much faster. In this example, the required 

time to compute the solution was: 50.85 seconds for Cartesian, 3.32 for Polar Solution.  

� The consumption is almost the same for both cases in terms of delta V (Polar 0.3713, Carte-

sian 0.3790 m/s), being a slightly lower the Polar one. 

 

4.3.3 Experiment 3: Landing from parking orbit 

Description 

One of the possible scenarios in the exploration of an asteroid is the descent to the surface starting 

from an stable orbit around the asteroid. Actually, the stable orbits around the asteroids are not easy to 

obtain, because of the irregularity of the gravitational field of the asteroid. In addition, the solar pres-
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sure incident on the spacecraft is comparable to the gravitational force, and therefore it must be taken 

into account for the calculation of the orbit. In any case, this kind of orbit is interesting as an scenario 

for an exploratory descent. (See figure below) 

 

Figure 22. Descent from parking orbit 

 

Initial/Final Conditions 

The problem will be time reversed, which facilitates the formulation of the initial/final conditions. 

That means that the trajectory will begin in the landing site, and the final position will be on the park-

ing orbit. 

In the formulation of the problem, the spacecraft will be orbiting at 2000 meters above the asteroid 

surface, with an orbiting velocity
23

0.0959 /
2500

orb

orb

v m s
R

µ= = = . To be orbiting implies 

the following 3 conditions: 

� The distance to the centre of the asteroid is equal to the radius of the parking orbit. 

� Instantaneous velocity is perpendicular to the position vector from the centre of the asteroid. 

� The instantaneous modulus of the velocity must be 0.0959 m/s. 

Control 

Polar, faster convergence. 

Cost Function 

Based on Consumption. The formulation is ( ( ), ( ), )L x t u t t K= , since it is the polar control case. 

Results 
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The trajectories obtained by this method vary depending on the duration of the trajectory. The less 

constrained trajectories in time have a longer track, and consequently, an smaller consumption, as it 

may be seen in the Figure 23 and Figure 24. 

The minimum consumption, given by a pseudo Hohmann’s transfer, is calculated as 2 impulsive 

thrusts. The second thrust differs from the Hohmanns one, since the second thrust must completely 

stop the spacecraft.  The ideal impulses are calculated as: 

1
1

2 1 2

1
2

2 1 2

2
1

2

r
V

r r r

r
V

r r r

µ

µ

 
∆ = −  + 

 
∆ =   + 

 

The sum of both impulses, calculated with r1 = 500 m, r2 = 1000 m and µ=23 m
3
s
-2 
, is equal to 

0.3174 m/s. This ideal deltaV is much smaller than the one obtained with the optimization problem, 

equal to 0.53 m/s in the best case (Figure 24). Therefore, all the estimations done with DIDO are far 

from the true optimal solution. 

 

Figure 23. Trajectories from parking orbit 

About the shape of the trajectories, there are a set of them which circumvent the asteroid just next to 

the surface. These solutions are not valid for safe trajectories. 

The consumption tendency is to achieve a better performance with longer trajectories in time, as ex-

pected. In any case, the performance limit obtained with DIDO (around 0.5m/s) does not get close to 

the ideal one (0.31 m/s). 
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Figure 24. Consumption of Radial Orbits 

4.3.4 Experiment 4: Visibility for Orthogonal vision 

Description 

To improve the safety of the landing, it is possible to generate trajectories that are beneficial for the 

navigation system. Since most of the autonomous landing systems are based on image processing, the 

aim of this experiment is to calculate the optimal trajectories that maximise the observability. The 

definition of the observability depends on the image processing algorithms involved.  

The navigation system involved for this experiment is inspired in the one of Hayabusa Mission by 

Jaxa. Several reference images are taken during a previous phase of reconnaissance, where the space-

craft orbits around the asteroid. During the characterization phase, images of the landing area are 

taken and registered. During descent, images will be taken by the spacecraft camera and matched to 

the previously elaborated images database, thus providing better position measurements. The match-

ing process provides more accurate results when the two images are taken from similar conditions 

(perspective angle, sun phase angle, etc.) In the Figure 25, there is an example where the reference 

images are taken with 90 degrees of perspective angle. 

The aim of the experiment is to describe the performance of trajectories depending on a special cost 

function, where visibility and consumption criteria are involved. Then, a set of different performance 

cost functions will be introduced in the optimization to compare the different resulting trajectories.  

Also, in this experiment, the time of the trajectories will be always fixed to a certain value, in order to 

make easier the comparison. 
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Figure 25. Angles of vision for the Reference and Landing  Images 

Initial/Final Conditions 

To have a better perspective to compare trajectories, the same initial and final conditions from ex-

periment 1 and 2 have been taken. The following initial and final states have been used for the calcu-

lations: 

 x y vx vy 

Initial 2(Eq.1000m) 2(Eq.1000m) 0 1 (Equivalent to 0.1 m/s) 

Final 0 1 (Surface) 0 0 

 

Cost function  

The cost function is composed of 2 terms. The fist one is the consumption, which has the weight fac-

tor β and the visibility factor, with the factor α. The formulation is: 

( , , ) ( , , ) ( , , )

where:

( , )

( , , ) ( , )

Visibility Consumption

Consumption

Visibility Vision

J L x u t dt L x u t L x u t

L u t K

L x u t Angle x t

α β= = +

=

= −

∫ ∫

 

Where, K = module of thruster, AngleVision = elevation angle to see the Spacecraft from the landing 

site. 

The term VisibilityL is negative because we want to maximize that term. Since our optimization program 

searches for the minimum, it is necessary to change the sign of the expression to have the maximum. 

For the set of calculations, the value of α, related to the visibility, is fixed to 1 and several values of β 

are used to obtain different trajectories to compare. The values tried are: β= 400 (more importance of 

the consumption), 200, 100, 50, 10 and 1 (less importance of the consumption). In that way, the 

weight of the consumption will model the shape of the resultant trajectories. 

Results 

There are 6 different trajectories, determined by the weight of the consumption in the performance 

index (Figure 26). It is important to remark that all of them have a fixed time (450minutes) to finish 
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the trajectory. All of them, influenced by the importance of the visibility, tend to get in the area above 

the landing site as fast as possible to maximize the segment of vertical descent.  

 

Figure 26. Trajectories with visibility cost function with different importance on the consump-

tion 

They may be categorized in 3 behaviours: 

� The most influenced by the consumption (beta = 400, 200) have curved trajectories, as ob-

tained in previous experiments. Also their thrust profiles correspond to a Bang-Bang solution 

(See Figure 27.A) 

� The following trajectories (beta = 100, 50, 10), with a more expensive use of thrust, tend to 

get to the vertical line above the landing area to its top part, and as high as possible. Later, 

they descent along this vertical line. (See Figure 27.B) 

� The last of the trajectories (beta = 1), with the smaller influence of the consumptions, starts 

the trajectory following a path oriented  to the vertical space above the landing site. After 

reaching it, it does ascension and a final descent. In that way, it maximizes the time of being 

just above the landing site. (See Figure 27.C) 
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Figure 27. Different strategies to improve visibility. 

Regarding the consumption against the Visibility Performance, there is an expected tendency. As 

much importance given to the Consumption (higher Beta), less visibility performance is obtained. 

(Figure 28) 

The visibility performance is based on the integral of the elevation angle along a fixed time. Also, this 

criterion is to be maximized, and that means, to spend as much time as possible above the landing site, 

since the elevation angle will be close to 90 degrees. And since the time is fixed for the experiment, it 

is reasonable the different type of trajectories obtained, where the spacecraft tends to get to the verti-

cal line above the landing site as fast as possible.  

 

Figure 28. Visibility Cost against Consumption 

4.3.5 Experiment 5: Visibility for Lateral Movement 

Description  

Soft Landing on a-priori unknown terrain requires different image processing algorithms. The method 

currently studied by ASG64 makes use of extraction and tracking of image features along an image 

sequence to determine the vehicle velocity. As the 2D dataflow (measurements of features motion 

across images) is transformed in 3D information (vehicle velocity), the spacecraft state is not evalu-

ated equally accurately in all directions and the velocity direction is somehow the “blind spot” of vis-

ual measurements. 
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Other techniques based on image flow can be used to characterize the area around the Landing Site, in 

terms of hazardous features such as slopes. Such techniques (with among them “Stereo from motion”) 

suffer from lack of observability in the velocity direction. As this velocity happens to be directed in 

most cases toward the landing site, the trajectory can be designed to counteract this effect. See Figure 

29 and Figure 30. 

 

Figure 29. Relative motion towards the landing site yields the "blindspot" or "epipole" in the 

same point 

 

To increase the observability around the landing site, it is better to put the blindspot as far as possible 

from the landing site. 

 

Figure 30. A relative motion towards a further point may yield better observability of the 

landing site 

 

Initial/Final Conditions 

 The same initial and final conditions from previous experiments have been chosen to compare after-

wards. The initial and final states for the calculations: 
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 x y vx vy 

Initial 2(Eq.1000m) 2(Eq.1000m) 0 1 (Equivalent to 0.1 m/s) 

Final 0 1 (Surface) 0 0 

 

Cost function  

In the cost function, now there are 2 terms. The fist one is the consumption, which has the weight fac-

tor β and the lateral visibility factor, with the factor α. The formulation is: 

( , , ) ( , , ) ( , , )

where:

( , )

( , , ) ( )

Lateral Consumption

Consumption

Lateral

J L x u t dt L x u t L x u t

L u t K

L x u t v r

α β= = +

=

= − ×

∫ ∫

r r

 

Where: K = module of the Thurst vector, normalized by Tmax; v = instantaneous velocity vector ; r = 

position of the spacecraft from an Asteroid frame centered on the landing site; 

The value of the Lateral Vision component is to be maximized along the trajectory. The best situation 

is to have orthogonality between the vectors v
r
and r

r
. A trajectory that flies over the landing site in a 

circular motion, maintain this perpendicularity and yields a better performance for the estimation of 

the navigation parameters. Also, no information about the distance, r
r

, have been included in the 

expression 

 

Figure 31. Position and Velocity vectors for Lateral Vision Calculation 

For the set of calculations, the value of α, related to the lateral visibility, is fixed to 1 and several val-

ues of β are used to obtain different trajectories to compare. The values tried are: β= 400 (more impor-

tance of the consumption), 350, 250, 100, 50, 10 and 1 (less importance of the consumption). In that 

way, the weight of the consumption will model the shape of the resultant trajectories. Also, the dura-

tion of the trajectories is fixed to 300 minutes. 

Results 

As in the experiment 5, there are 6 different trajectories, determined by the weight of the consumption 

in the performance index, as shown in the Figure 32. The duration of the trajectories is common and 
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fixed to 300 minutes. All of them, influenced by the importance of the lateral visibility, tend to fly 

describing arcs with center in the landing site and the descent is composed of several of these arcs.  

 

Figure 32. Lateral visibility trajectories 

The shapes obtained maximize the effect of the Lateral Visibility component on the Cost function. 

The arcs provide an instantaneous velocity (v) almost perpendicular to the relative position (r). These 

arcs will be as wide as possible depending on the Consumption component of the Cost function. If the 

Consumption component (proportional to Beta) is high, the arcs will be shorter, and the trajectory will 

be more similar to the parabolic arcs described in experiment 1, where only consumption was taken 

into account. If the Beta is lower, the arcs will tend to be wide and several sub arcs will be described. 

To figure out this explanation, see Figure 33. 

 

Figure 33. Trajectory cases by importance of the Lateral Visibility Component in the Cost func-

tion 

As experiment 4, the improvement of the Visibility Component as long the Cost function increases 

has an exponential relation. Like that, there is a point where is inefficient to increase the DeltaV to 

gain lateral visibility (see figure 34). 
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Figure 34. DeltaV against Lateral Visibility. 
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5 Simulation Process 
After obtaining the optimal control profiles u*(t) in DIDO Software for a certain scenario, the results 

must be checked with an external engine which reproduces the conditions and dynamics of the scena-

rio. In  other words, it would be desirable to introduce the obrained control profile as input to the si-

mulator, to check the differences between the trajectories predicted by DIDO and the obtained in the 

simulation environment. 

As it is described along several experiments, the results in DIDO and in the Simulator differs. De-

pending on the different cases, the precision of the results may vary enormously. 

5.1 Simulator engine 
The MatlabWorks programming environment offer the Simulink Tool, designed to offer a friendly 

interface to reproduce simulations in time, or other domains, and a set of predefined toolboxes to help 

the development of complex simulations. 

The input of the simulations have been a simple matrix with information about the u1,u2 functions 

along the time. For the simulations, the input has been linearly interpolated, as recommended by DI-

DO guidelines. Also spline interpolation is recommended. 

The scheme of the simulations is in the Appendix. As it may be seen in the figures, the engine is basi-

cally a loop of accelerations-velocities-position signals and linked between them with integrators and 

linear function boxes. The blue boxes describe the dynamics equations, which yield the acceleration 

information in each of the axes to latterly be integrated and to obtain velocity and position informa-

tion. 

The simulation time depends on the trajectory, and in the registered scenarios it varies between 10 and 

400 minutes. The output is registered in another file, to be afterwards compared with the states pre-

dicted by DIDO. 

5.2 Inaccuracy of results 
Most of the optimal control profiles introduced into the simulator do not provide the expected trajecto-

ry. Some of them are less affected, depending of the profile of the control function. The resulting tra-

jectories are not only inaccurate, but also far away from the usability. An example of this may be seen 

in the Figure 35, where the trajectory in pink is the result of the DIDO control in the simulator and the 

blue one is the ideal trajectory.  
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Figure 35. Landing Scenario: Ideal (blue) and Simulated Trajectory(pink) 

 

Figure 36. States of the ideal (blue) and the simulated (pink) trajectories 

The sources of inaccuracy may be categorized in two: insufficient number of nodes and the interpola-

tion issues for the direction. 
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5.3 Simulation 1: Number of Nodes on Thruster Modulus 
Since most of the control profiles needed for the landing trajectories have a Bang-Bang profile, the 

initial and final Thrust must be correctly defined. An ideal Bang thrust should have a perfect square 

shape to start in a certain moment in time, but the limited number of nodes in the Optimization solver, 

changes its shape to a little modified version of it. In the Figure 37 may be seen this modification. 

 

Figure 37. Modified Thrust profile differing from ideal 

To illustrate this case, an experiment has been carried out. The proposed case is a free fall example, 

where the optimal solution is to have a continuous thrust just before the touch-down, which switches 

from zero to the maximum value of the thrust. As long as the initial velocity increases in the direction 

of the ground, the energy required to have a zero velocity touchdown will increase as well. Therefore 

the Thrust impulse needs to be longer. The longer impulse, less affected by the interpolation effect, 

since the interpolation only affects the interval between the two first nodes.  

To prove this effect, several straight descents (with no angle changes) have been calculated and simu-

lated. As presented in the Figure 38, the initial position is just above. To provide impulses with differ-

ent lengths, they have been set with different initial velocities in the Y Axis: -10, -4, -2 m/s. 

 

Figure 38. Straight  Descent Trajectory 

The following results have been obtained for the case of -10m/s  and shown in the figure 39: 
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Figure 39. States of straight descent. Initial velocity in Y axis : -10 m/s 

There descent is approximately the same as the ideal. There are small errors in the position at the end 

of the X position (30 cm) and Y position (1 meter). Since this is the case with the longer thrust along 

its trajectory, it is the less affected by the interpolation errors in the switching ON of the Thruster. 

For the different cases, the errors obtained are: 

Initial Velociry Vy Error X Error Y Error Vx Error Vy 

-10 m/s 2.5 cm 0.9 m 0.0002 m/s 0.003 m/s 

- 4 m/s 2.8 cm 1.1 m 0.00025 m/s 0.011 m/s 

- 2 m/s 6.22 cm 1.35 m -0.0007 m/s 0.02 m/s 

For the descents with -4 and -2 m/s the errors are a slightly higher, but on the other hand they are still 

acceptable. In the following figure, it may be remarked that the thrust profile of the first case (10m/s) 

is much longer than the others. Since the optimal thrust profile must be totally squared (switch from 

zero to one with instantaneous transient time), those thrust profiles much shorter are more affected by 

this imperfection (see figure 40). 
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Figure 40. Comparison of thrust profiles for vertical descents. Initial velocities = 10, 4, 2  m/s 

direction to ground 

To conclude about this source of error, the accuracy of the results show that this effect, the slow tran-

sient, do not affect the results enormously. The errors obtained are small enough to be acceptable to 

generate useful trajectories and it is not possible to ascribe the malfunction of the regular simulations 

to this effect. 

5.4 Simulation 2: Polar interpolation - Thruster Angle 
Another issue resulting from the discrete controls yielded by DIDO is the jump between angles. The 

interpolation of the phase, or angle, of the thrust vector is not trivial, since there are two possible di-

rections to rotate the vector from one state to another. It is true that there is always one unique shorter 

path between 2 certain angles, and that could be a solution. In Matlab, the function “Unwrap” do cor-

rection of the angle information, extending the info from the interval [-π,π] to an infinite interval, 

where the jumps in phase are shorter, presented in the figure 41 
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Figure 41. Phase Jumps corrected by Unwrap function 

To study the effect of the angles, here there is an example of trajectory affected by the angle chosen. 

The initial position is x=2,y=0, in Cartesian coordinates(remember the scaling by 500m, radius of the 

asteroid) to position x=0,y=1, on the surface of the asteroid. To check the importance of the correct 

interpolation of the angles in case of a low number of nodes, two different simulations have been run: 

with and without the correction of the control phase by the “Unwrap” Matlab function. The results are 

the following: 

- The control phase has been corrected as shows the Figure 42. Regarding the small thrust impulse 

between the minutes 18 and 25, there is a big difference about the thrust directions (see angle of the 

thrust signals: blue for the original and the pink for the “unwrapped” one). 

 

Figure 42. Controls (blue) and controls with "unwrapped" phase (pink) 

- As result of the different angles, the obtained trajectories are also different. In the Figure 43, both 

trajectories are compared with the ideal trajectory expected. The results show how the angle interpola-

tion plays an important role, since it changes completely the shape of the trajectory.  
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Figure 43. Trajectories obtained.Blue: ideal trajectory. Pink: Simulated trajectory. Left case: 

without Unwwap. Right Case: with Unwrap 

In any case, with or without the unwrap function, the results are catastrophic. The simulated trajecto-

ry, guided by the DIDO’s control profile, does not match with the expected trajectory at all. 

5.5 Simulation 3: Cartesian Interpolation 
In previous chapters, the Cartesian and Polar Controls have been compared with the convergence time 

and the optimality of the estimated control profiles. But they must be also compared in the simulator, 

since the linear interpolation the control profile in Cartesian coordinates yields a different result from 

an interpolated control in Polars, where the phase changes are very important. 

For the same experiment as in Simulation 2, an optimal control, in terms of consumption, has been 

calculated in Cartesian coordinates, with the same initial and final states. In the Figure 44 and Figure 

45, the similarity of both trajectories may be checked, but still the errors are too high to use the ob-

tained Control profiles as tools for precise landing generator. 

 

Figure 44. Trajectory simulated with Cartesian Controls. Blue: Reference trajectory, Pink: Si-

mulated Trajectory 
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Figure 45. States of Reference and Simulated Trajectory (blue and pink) 

5.6 Conclusions about simulations 
The Control profiles calculated by DIDO Software in the presented cases of asteroid landing do not 

have enough precision. In some cases, as in the polar coordinates control, the problems for the phase 

interpolation of the controls yield disastrous results; the trajectories simulated are far away from the 

expected ones. 

It is important to remember that the available software had a limited number of 30 nodes for the whole 

time of trajectory. This lack of nodes produces results not accurate and favors the incorrect interpola-

tion of the controls, especially affecting the phase command in the polar control, which is critical for 

the accuracy. 
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6 Conclusions and future work 

6.1 Conclusions 
In the domain of the space applications, and more specifically in GNC, all the operations as Landing, 

Re-entry, Rendezvous, Launch, Interplanetary journeys and Formation Flying are suitable to apply 

optimization techniques to be more efficient in fuel-mass and security, critical aspects on space opera-

tions. But among all of them, landing was the preferred to be studied in depth, due to the current work 

in the department about different technologies on this domain. 

Initially, genetic algorithms were the first subject in optimization to be studied. However, it is more 

related to other kind of operations like mission planning (i.e. exploring different asteroids in a single 

journey) or structural design for vehicles (i.e. re-entry structures) where there is a discrete nature in-

side the problem. Thus, for trajectory related problems (landing, rendezvous, formation flying, etc.) 

other methods are actually used: optimal control theory. It is divided in two categories: indirect and 

direct methods, and thanks to the advance in computer capabilities, the second method has become 

really popular among the new studies in trajectories and space operations. 

After studying the problematic of the new landing technologies, including Hazard avoidance tech-

nologies, and regarding the state-of-art of the optimal control software, a decision about the optimiza-

tion tool was taken: use DIDO Software for the study, based on the SNOPT optimization software. 

The new objective was to study the suitability of this software for the trajectory definition in landing 

scenarios. To test the functionality of the software, a Test version of DIDO was used for this study, 

thinking a-priori that the limitations were comfortable enough to develop the study rigorously.  

DIDO has shown great performance in terms of short required calculation time for landing trajecto-

ries, even when complex cost functions of optimality have been used. The method to program DIDO 

is also advantageous, since it only requires to have clearly defined the analytical expressions of the 

problem. 

Using a simplified version of an asteroid landing, several trajectories have been calculated in order to 

provide more information about the performance of the solver and its resulting trajectories. Also, the 

optimized trajectories based on visibility criteria have shown that DIDO is capable of calculating 

complex trajectories, even with hard constraints in time, controls and using complex cost functions. 

Moreover, two paradigms on control formulation have been studied, polar and cartesian defined con-

trols. Polar controls have shown a fast convergence, but the simulated results were not accurate due to 

interpolation issues with the phase command. Alternatively, the cartesian controls have more prob-

lems to converge into a solution, but the results in the simulator, even when they were not completely 

accurate, presented better performance than the polar method. 

On the other hand, the obtained control profiles did not satisfy, after simulation, the accuracy of the 

trajectories in all cases. That fact suggests that using 30 nodes for the calculations, due to the limita-

tion of the Test Version of DIDO, is not enough to define satisfactory controls. 

To conclude, DIDO has a great potential to find optimal solutions in complex scenarios, but the result-

ing control profiles were, in some cases, far away of yielding acceptable trajectories.  
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6.2 Future Work 
The asteroid landing operation is actually a quite complex scenario. For this study, several simplifica-

tions have been made, in order to set the first steps in the way of optimal trajectories, but it should not 

be forgotten that the real environment for landing on asteroid has additional and critical factors, espe-

cially concerning the Sun influence.  

The first improvement in that way is the integration of the solar pressure in the dynamics of the sys-

tem, which effect may not be completely neglected compared to the magnitude of the gravitational 

force of the asteroid and the electrical low-thrust propulsions systems in the spacecraft. Secondly, the 

effect of the illumination of the sun is critical for the performance of vision-based navigation systems. 

In that sense, the asteroid motion (especially rotation) in relation to the sun plays also an important 

role to define optimal trajectories Hence, introducing sun illumination constraints and the asteroid 

rotation can lead to more complex problems. Also with an extension of the problem to 3 dimensions, 

the scenario for the calculation of optimal trajectories would change. For instance, the parking orbit 

would not be in the equatorial plane. 

Concerning the mission design, the introduction of segments inside the trajectories, or hold points, 

would yield more appropriate studies concerning space operations, which are formerly sequenced in 

several phases. For this improvement, DIDO software is able to proceed with optimal control prob-

lems that have internal hold points. 

After concluding this work, one remarkable problem of the study is the lack of accuracy of the simu-

lated trajectories. The most evident source of error has been the short number of nodes of the test ver-

sion of the solver DIDO. Therefore, the first improvement to be done is to develop the future studies 

with the complete version of the program. 

Since the solver DIDO implements a Direct method, in some cases is recommended to use later an 

Indirect Method. The solution of DIDO is a perfect guess for Indirect Methods, and the solution, if 

finally the method converges, would be the true optimal solution.
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7 Annex 

7.1 Simulation Tools 
The following simulation schemes have been developed with Matlab Simulink. The aim is to simulate 

trajectories that follow a control signal in 2 Dimensions. The classification of the signals is: 

� Input signal. This is the control signal for the spacecraft movement and contains the 

information of the Thrust magnitude and direction along the time. It consists in a file 

“guidance.mat” that contains a matrix of dimensions 3x30. There are 3 rows: Thruster 

Information (2 rows) at each time (1row). The number of columns is limited to 30, since the 

DIDO optimization software available was a Test version. Depending on the presentation of 

the controls we have: 

♦ Polar Control, given in Module(K) and Angle(Theta) 

♦ Cartesian Controls, given by the component in X axis (Kx) and Y axis (Ky). 

The controls are linearly interpolated by Simulink as default. Since there are only 30 nodes for 

the whole time of simulation, this fact plays an important role. 

� Output signal. The data to be registered are the states, which means, the position X and Y and 

the velocities in each of the axis Vx and Vy. They are saved into a file “output.mat” 

The architecture of the simulator consists in a closed loop, where the velocity, position and 

acceleration of the dynamic system interact continuously along the time of the trajectory. 

7.1.1 Scheme for Polar Controls 

The Scheme for the simulation with Polar controls is presented in the following figure: 
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Figure 46. Simulation Scheme for Polar Controls 

 

The blocks in blue contain the following functions: 

 

vxdot = -((x*mu)/((x^2+y^2)^(3/2)))+((k*Tmax*cos(theta))/mass); 
 
vydot = -((y*mu)/((x^2+y^2)^(3/2)))+((k*Tmax*sin(theta))/mass); 
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acce = k * Tmax / mass; 
 
The blocks in orange represent the constants, set to the specifications: Tmax = 10 Newton, Mass = 

1000 Kg, mu = 23 m
3
s
-2
. The green blocks show the final trajectory plotted on XY plane and the del-

taV applied along the simulation. 

7.1.2 Scheme for cartesian Controls 

The Scheme for the simulation with Polar controls is presented in the following figure: 
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Figure 47. Simulation Scheme for Polar Controls 

The blocks in blue contain the following functions: 

vxdot = -((x*mu)/((x^2+y^2)^(3/2)))+((k*Tmax*cos(theta))/mass); 
 
vydot = -((y*mu)/((x^2+y^2)^(3/2)))+((k*Tmax*sin(theta))/mass); 
acce = k * Tmax / mass; 
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The blocks in orange represent the constants, set to the specifications: Tmax = 10 Newton, Mass = 

1000 Kg, mu = 23 m
3
s
-2
. The green blocks show the final trajectory plotted on XY plane and the del-

taV applied along the simulation. 

 


