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PERSPECTIVES IN THE USE OF GENO-FUZZY TOOLS
FOR SPACECRAFT CONTROL SYSTEMS

Guillermo Ortega
European Space Agency
European Space Research and
I‘ﬁ)ordwijk, The Netheriands
e-mail: g.ortega@ieec.org

ABSTRACT

The goal of the paper is to show how and when tools
like Fuzzy Logic (FL) helped by Genetic Algorithms
(GAs) can be applied to spacecraft control. The paper
starts with a review of the use of fuzzy logic and
genetic algorithms in space control. It continues with
the discussion of the applicability of geno-fuzzy tech-
niques to model and implement a spacecraft control
system. Finally. the futwure of the geno-fuzzy tech-
niques in the aerospace industry is discussed.

1. REVIEW OF FL AND GAs IN
SPACECRAFT CONTROL

To this stage, there is no doubt that the industry is
starting to use FL to develop smarter controllers.
Commercial applications in the domestic (“light™)
industry are slowly invading the market: shaving
machines, dishwashers, motor cars, etc. Timidly, the
“hard” industry is starting to invest considerable
amounts of funds to try the FL era: petrochemical
industry, pharmaceutical industry, etc.

While in industrial automation and industrial process
control the upcoming era of fuzzy logic is arriving,
the applications of embedded control are still far
away from being anything than fuzzy.

What makes the aerospace industry a special cus-
tomer of embedded contro] applications is the hard
real-time character of the control laws and algorithms
involved, and the difficulties to model plants and the
environment.

It is not difficult to understand the resistance of the
control engineers to the introduction of FL, analyzing
the components of a spacecraft control system, and
the job they have 1o do 10 make it work. A spacecraft
control unit (figure 1) is composed of several sub-
systems: the navigation (N) block calculates the
actual state of the vehicle; the guidance (G) part cal-
culates the future state of the spacecraft to achieve the
desired trajectory, and the control (C) part calculates
the desired control torques to achieve this trajectory.
Together they form the GNC system. The GNC reads
data from the sensors and commands the actuators.

The control objectives are to maintain the vehicle
within a prescribed orbit and attitude, having fuel
consumption and maneuver time minimized.

Additional constraints are the modeling of the space-

craft itself and the modeling of its environment. This
means to model the spacecraft uncertainties like total
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Figure 1. Spacecraft control system

mass, moments of inertial, center of gravity, etc., and
to model the varying external forces acting on the
vehicle like solar pressure, gravity gradient, atmo-
spheric drag, Earth triaxiality, etc.

One of the alternatives for the modern aerospace
industry is the robust control theory. Robust control
offers a technique to develop controllers for multi-
variable systems, and allows to cover a big amount of
control design points without a huge design effort and
complexity.

Within the robust control theory, several control
design technigues can be applied: robust eigenvalue
assignment, Linear Quadratic (LQ) method, predic-
tive Control, Hee control. [ -analysis and synthesis,
Lyapunov method, Non-Linear Dynamic Inversion
(NLDI), etc. Fuzzy Logic is also a design technigue.
Each design method has a different siructure, and
therefore different design life cycle, associated cost,
advantages and disadvantages.

Out of the survey conducted in several space agencies
and research institutions only one was currently
declaring the use of FL techniques to develop space-
craft controllers: the American National Aeronautics
and Space Administration (NASA). Other agencies
contacted were the European Space Agency (ESA),
the German Deutsche Forschungsantalt fur Luft und
Raumfahrt (DLR), the french Centre National
d'’Etudes Spatiales (CNES), the Canadian Space
Agency (CSA), the italian Agenzia Spaziale Italiana
(ASI), the British National Space Centre (BNSC), the
Japanese Space Agency (NASDA), and the Russian
Space Research Institute (IKI). ESA [18] and DLR
declared the use of artificial intelligence in the devel-
opment of tools for robots based on FL. This research
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did not include the production of articles, theoretical
work, or computer simulations in the feasibility
stages of a-project {1][17].

NASA is seriously studying the use of FL as alterna-
tive and complement to other control design methods
in several fields: attitude control, navigation, and
spacecraft mission planning.

In the field of satellite attitude control, NASA is
developing FL based controllers for several missions:
the Fast Auroral Snapshot Explorer (FAST) {10], the
Upper Atmosphere Research Satellite(UARS) [8],
and the Minerva small satellite project. The FAST
mission will study the Earth auroras and improve the
understanding of our near-Earth space environment.
The purpose of UARS is to study the upper atmo-
sphere, and provide a better understanding of the
effects of natural events and human activities. The
Minerva project concerns with the construction of a
small satellite for educational purposes.

In the field of navigation, NASA/Ames is developing
the Generalized Approximate Reasoning-based Intel-
ligent Control (GARIC) architecture. This system has
fuzzy control rules and learns to refine these rules by
on-line learning from experience. NASA is studying
the application of GARIC to several projects: STA
(the NASA's flyable training vehicle that mimics the
Shuttle), the Shuttle control (translations and rota-
tions), and the deployment and retrieval of tethered
satellites from the Shuttle.

For satellite mission planning, the NASA Autono-
mous Orbit Control System (AutoCon) employs
fuzzy logic control for resolving potentially conflict-
ing constraints in planning and executing satellite
maneuvers. AutoCon will help in the maneuvering of
the UFO-1 satellite. Also, the Advanced Mission
Planning Tool (AMPT) is another initiative to auto-
mate, satellite mission planning tasks.

In all the above mentioned projects, the control engi-
neers were looking for particular characteristics of FL
based control: robustness, flexibility, and what is
very important in space projects, simplicity.

Genetics on the rescue

Soon or later, the designer of FL based controllers
realizes that some kind of mechanism must be applied
to optimize the brand new build control law. For a FL
based design, the linguistic nature of the knowledge,
as taken from human expertise, makes difficult to
achieve directly an optimal control.

The optimization of the fuzzy controlier parameters is
one of the most investigated subjects in the research
of fuzzy expert systems. In general, the simple heu-
ristic design of overlapping 25% the membership
functions do not produce a priori the best solution {9].
Basically, to optimize the fuzzy controller two
approaches can be followed: manual optimization
(using common sense and quite a number of iterative
refinements), or automatic tuning: with adaptive
fuzzy control methods (self-organizing concepts
[13]), or by means of genetic algorithms [5][16].

A genetic algorithm is an optimization tool based on
the Darwinian concept of natural selection. The tool
creates a set of possible solutions which are modified
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by an algorithm using several operations. After a
number of iterations, the stronger or fitter solutions
will survive while the weak ones will die. The prob-
lems associated to this technique are among others:
the coding of the potential solutions, the generation
of the initial set of possible solutions, the codification
of the fitness condition, etc. Mainly, the advantages
of the method are the global search for a solution, the
simplicity of its implementation and, its operational
speed (faster by far in comparison with methods of
dynamic programming, etc).

GAs are widely used in a variety of optimization
problems. However, its application to flight control is
still reduced. Furthermore, only theoretical papers
and study case articles have recently appeared about
the possibility to optimize FL based spacecraft con-
trol systems with GAs.

2. APPLICABILITY OF GENO-FUZZY
TECHNIQUES TO SPACE SYSTEMS

The modern control theory allows to create analytical

models of control systems. Analytical models for

spacecraft guidance, navigation and control systems

are difficult to obtain, mainly due 1o several factors:

¢ The non-linear behavior of the plant represented in
the analytical model.

¢ The high complexity of the data involved in the
description of the inputs and outputs of the system.

+ The unavailability of quantitative data to the control
engineer.

System Modet -
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Figure 2. Spacecraft control system design life cycle

For a relative small spacecraft, the control require-
ments can demand a high degree of uncertainty in
critical vehicle parameters like total mass, feed-for-
ward thrust impulses, moments of inertia, centre of
mass, etc.

These requirements are translated into a big complex-
ity for the design phase: the navigation block is based
on complicated Kalman filtering schemes, the guid-
ance block relies on considerable size parameters
tables with contingencies recovery situations, and the
control block must be designed using multiple input-
output techniques for a six degrees of freedom vehi-
cle.

Much of this complexity in the design of a control
system comes from the way the variables of the sys-
tem are represented and manipulated.



If FL provides a method for reducing system com-
plexity while providing enough control performance,
why is it not widely used in spacecraft control? Is it
not applicable? And, if so, why somebody is doing
research and developments in this area?

Figure 2 represents the cycle followed by the control
engineer to design a spacecraft control system. This
design is the so called classical one. This type of
design cycle is used with the control methods
explained in the section 1: robust eigenvalue assign-
ment, Linear Quadratic (LQ) method, etc.

Figure 3 represents the cycle followed by the control
engineer when using FL.

Study . Define 1/0
The physicsof 10> varjables 3\\ b
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Figure 3. FL-GAs based control system design cycle

Comparing figure 2 with figure 3 is possible to see the
matches between both techniques.

The mission requirements part can be compared to
the study of the physics of the problem. In both cases
the control engineer has to study the problem.

Next, the engineer has to come up with a model of the
plant and the corresponding control architecture, This
necessary step in all the robust control techniques is
not necessary when using FL based design. FL has
proven to be adequate in occasions when the plant is
not static but changes with time (or differs slightly
among very similar systems) or when the characteris-
tics of the plant are not totally known or understood
at the time when the controller was decigned or when
the control actions and goals were not precisely
defined. Fuzzy logic has been proven to be adequate
to solve control problems not in the best way but just
in a suitable way within the required limits, and giv-
ing satisfactorily performance [6][11].

The analysis of the stability of the controller is an
important step in the robust control techniques
scheme. While robust control theory provides a good
solid mathematical foundation for the study of the
stability of controllers, today FL lacks of a complete
and coherent theory on this subject. Several articles
have been written about the issue showing that FL
based controllers stability can be studied in several
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ways: Energetic Criterion (EC) [4], Lyapunov func-
tion [4], etc.

The simulations are a well proven tool for the design
and soft testing of controllers: this step can be applied
to both, classical robust control techniques and FL
based techniques. There is no question about the
added value of computer simulations and-animations.

The testing on ground is the ultimate integration, val-
tdation, and verification tool for control design.
Again, this step can be applied to both, classical
robust control techniques and FL based techniques.

Nowadays, the computer code generation and the pro-
duction of the associated documentation are steps
which required the help of a computer. Most robust
control design techniques are helped by Computer
Assisted design Tools (CSDT). While there are tools
on the market to assist in the design with robust con-
trol methodologies, for the design using FL they have
not yet arrived.

Applicability to MY problem

If the design cycle is similar, the tools are available,
and the project is viable, the control engineers would
ask the following question: can 1 apply FL-GAs to my
particular problem?

Most of the spacecraft control systems in our days
will fall under the following category: they are
embedded, multivariable, 6 Degrees of Freedom
(DoF), robust-to-plant-changes control problems.

For the majority of them, the design drivers are
safety, security, and cost. And for all of them, the
constrains are maneuvering time and fuel consump-
tion.

Now, the question to the applicability of FL-GAs to
spacecraft control leads to the query: would a FL
based controller optimized by a genetic tool satisfy
all this demands?

Against FL.

In spite of all this, some voices have been raised
against FL. Haack [15] states that FL is not necessary.
Haack maintains that manipulation of data, numbers,
statements, etc. is not simplified with the use of FL.
One of the hardest attacks to FL came from Elkan [2].
Elkan has investigated the question of which aspects
of fuzzy logic are essential to its practical usefulness.
Elkan recognizes that FL is simpler than other knowl-
edge based techniques, but he claims that it has tech-
nical limitations. Pease [12] attacks hardly FL based
system claiming that many of the so called advan-
tages in its use are simply not true.

3. THE FUTURE OF GAS-FL SYSTEMS IN
SPACE MISSIONS

What is needed for success? The future success in the
application of FL-GAs tools to space control systems
can be seen from two different points of view: scien-
tific and management.

From the scientific point of view, we need the devel-
opment of a cultural change, together with the devel-
opment of methods, tools, and standards to



automatize the design and development cycle. From
the management point of view, we require the possi-
bility to easy the design life cycle, and to allow a cut
down in development costs and time.

Most of the senior experienced control engineers
would admit that a technical report containing in the
title the keywords “‘covariance matrix” is more seri-
ous (they are more inclined to believe what is written
there) than another one containing the keywords
“fuzzy logic”. The cultural change requires control
engineers to understand that FL-GAs methods also
belong to the science: FL is mathematically well
based, suitable for the most demanding control envi-
ronments, and GAs have well proven reputation in all
kinds of optimization problems, delivering perfor-
mance and speed. The cultural change would allow us
to accept the possibility to build up a complex control
system using a different controller type, while main-
taining the required performances.

Several key cornerstones have to be worked out
before FL-GAs techniques become a fact in the
spacecraft control arena:

¢ Methodology. By methodology is understood a col-
lection of methods and procedures to design, con-
struct, verify, and test a spacecraft control system.

+ Tools. By tools is understood a set of computer rou-
tines to aid and help in each of the tasks mentioned in
the previous point.

s Standards and conventions. This is defined as a
group of rules and regulations to apply when design-
ing, building, and testing the controller. The stan-
dardization helps when different engineering groups
must share a common frame work.

Figure 4 shows the key cornerstones of methods,
tools, and standards in the FL-GAs control design and
development technique.

Tools:
- Computer asssted design
- Code generation

- Toolbox t

Methods: S
- SW engineering
- Quality assurance )
- Project . ——

' Fuzzy

: Logic :

v Genetic

Algorithms | - \
Standards:

- Units and symbols
- Glossary and thesaurus
- Conventions

Figure 4. FL-GAs technology cornerstones

A methodology to design and build FL-GAs control-
lers should include among others, the following ele-
ments:

¢ Guides to requirement management, analysis,
design, and verification of FL-GAs based systems.

s Guides to apply software engineering standards to
the coding phase (easy if automatic code generation
is possible).

s Guides for quality assurance and test procedures.
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Software tools have to be made available to the user
community: although there are now some commercial
and freeware packages available, they do not repre-
sent reliable tools to accomplish a big design. A good
tool for FL-GAs controller development would
include the following elements:

o Creation and modification of universe of discourse,
fuzzy sets and membership functions graphically.

* Automatic generation of rules data bases based on
state variables.

s Available library for most partial common control
problems; the user can pick up some building blocks
and construct a bigger controller from them.

* Automatic optimization of membership functions
and rules data bases based on parametric probabilis-
tic problem characteristics; the user can select the
probabilities of crossover, mutation, and reproduc-
tion, and change them if necessary.

+ Automatic generation of a fitness function to match a
particular problem.

s The automatic generation of code in C, FORTAN,
Ada, etc.

¢ The generation of documentation, and the control of
the revisions of the documents.

The goal of standards and convention is to facilitate
trade, exchange and technology transfer among engi-
neering teams across the planet. The standardization
and the establishment of conventions would allow,
among others: the unique labelling of designations,
units, and symbols used, and the production of glos-
saries and thesaurus of FL. and GAs terms.

Finally, from the management point of view, two
aspects should be considered: development time, and
cost to completion. Today, science managers are
interested in what is becoming nearly an obsession:
cost reduction while keeping performance. This trend
represents a driver force for the selection of tools and
techniques in the next coming years.

FL-GAs systems will be chosen as alternative control
design technique if they can prove that are less expen-
sive, while maintaining the controller within the pre-
scribed requirements.

A design control technique is less expensive than oth-
ers when it keeps the development team size small
and the development and validation time short. By
opposition, a design control technique become expen-
sive when there are few or none existing tools avail-
able to help in its implementation, when the
technique is difficult to understand, and the learning
curve is pronounced, or when the output of the design
does not meet the specifications, and multiple itera-
tions are needed.

FL based systems have already demonstrated its suit-
ability to control tasks for domestic and industrial
uses. In most applications, control engineers claim
the development time has been reduced in 40% (shav-
ing machines, video cameras, etc.), and the develop-
ment team size has been reduced by at least 20%
(petrochemical, pharmaceutical industries, etc).

For flight embedded control applications, control
engineers are rather conservative. Apart from costs,
safety and security aspects play also an important
role.



4. CONCLUSIONS

In the search for an easy, efficient, cost effective,
control design and development technique, fuzzy
logic seems to provide a method for reducing system
complexity while keeping control performance.

Since the publications of professor. Zadeh [7][8],
many researchers have introduce fuzzy logic tech-
niques to solve different types of control problems.
The ability to model problems in a simple and human
oriented way, and the ability to produce smooth con-
trol actions around the set points makes the fuzzy
logic a specially suitable candidate for space applica-
tions.

While it is possible to design and develop a spacecraft
controller system based on fuzzy logic, in all of the
occasions the control system must respect constraints
about fuel consumption and maneuvering time. Fuzzy
systems have two parameters which can be opti-
mized: a rules data based and the fuzzy sets. The opti-
mization can be accomplished by means of Genetic
Algorithms tool.

Spacecraft program managers will not employ FL-
GAs techniques in their projects unless they are
proven to be cheap, safe, and able to satisfy the
agreed control specifications.

Spacecraft control engineering teams will not employ
FL-GAs techniques unless they are proven to be effi-
cient, easy to use, and secure.

To reach such levels of confidence, methods, tools,
and standards must be provided.
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