S54th International
n&?tronautlcal Congress

w4 September 29 = October 3 2003
- Bremen, Germany £

[ nem.opportunities@sb@cé :




Jundi 19 mai 2003

Last

Amorosi

Bertachini Alimeida Prado

Huaura Solorzano

Karp

Kemble

Konstantinov

Ravindra Babu

Sheptun

Xiao Yelun

Amorosi
Biard

Caramagno

Gil-Fernandez
Giron-Sierra
Graesslin

Jianjun Luo

Juliana

Lavagna

Dufour

Fischer
Gill

Kemble

First

Lucia

Antonio

C.
Konstan

Stephen

Mikhail

T.

Anatoly

Lucia

Arnaud

Augusto

Jesus
Jose M.
Michael

Sinar

Michelle

Francoi

Cheriss
Eberhar
Stephen

Cat

W W W w

w

Symp

> > > > >

> >

> >

Sess

N

N NN

ACCEPTED PAPERS LIST (ORAL AND POSTER)

Final no Oral/poster Paper

05 O  Full Successful ARTEMIS Salvage Mission Overall

02 O A Numerical Study of the Gravitational Capture in the Bi-Circular
Restricted Four-Body Problem

04 O Third-Body Perturbation using Single Averaged Nonsingular

07 O Flight Definition of the Space Vehicle Mass

01 O Interplanetary Missions Utilising Capture and Escape Through
Lagrange Points

06 O Analysis of Trajectories of the Insertion into Geostationary Orbit of a
Spacecraft with the Chemical and Electric Propulsion with Using of
Moon's Swingby

03 O Taking Advantage of Inclination Variation in Resonant Remote
Sensing Satellite Orbits

08 O The Method of Consistent Measurements for Determination of
Spacecraft Motion

09 O The Dynamical Equations in Terms of Relative Orbit Elements for
Satellite Formation Flying

03 O  Four Arcs Strategy Optimization for the ARTEMIS Rescue

01 O INS/GPS Navigation System: a Solution to Improve Expendable
Launcher Competitiveness

04 O  G&C Algorithms for future Formation Flying and Automated
Rendezvous Missions

08 O Guidance Scheme for Autonomous Electric Propelled Spacecrafts

09 O Overview of Advanced Control Trends for Aerospace Missions

07 O Ascent and Reentry Guidance Concepts Based on NLP-Methods

02 O A New RLV Navigation System Based on Intelligentized Information
Fusion

05 O Re-Entry Flight Clearance with m - and Polynomial based Analysis

06 O State Tracking and Control of a lifted Autonomous Space Vehicle
during the Atmospheric re-Entry Phase: a Lyapunov Approach

02 O Coverage Optimization of Elliptical Satellite Constellations with an
Extended Satellite Triplet Method

06 O Improved MARS Telecommunications Trajectories

03 O Tight Formation Flying for an Along-track SAR Interferometer

09 O Mission Design Options for a Small Satellite Mission to Jupiter

Country

ITALY
BRAZIL

BRAZIL
RUSSIA
U.K.

RUSSIA

INDIA

UKRAINE

CHINA

ITALY
FRANCE

SPAIN

SPAIN
SPAIN
GERMANY
CHINA

NETHERLANDS
ITALY

FRANCE

USA
GERMANY
U.K.



IAC-03-A.2.09

54th International Astronautical Congress of the International Astronautical Federation,
the International Academy of Astronautics, and the International Institute of Space Law
29 September - 3 October 2003, Bremen, Germany
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Abstract- The new future missions, such those devoted to planet exploration, require more safe control, with more
autonomy, capable for different regimes. There is the need of optimisation. Difficult stages of the mission, such
far from Earth rendez-vous, aerocapture, entry and launch, etc., must be achieved. In view of such challenges for
the control design, new solutions are being proposed. For instance H-infinity and H2 (mixed) approaches,
eigenstructure assignment, dynamic inversion, linear parameter varying control, predictive control, etc. The paper
is an overview of these contemporary approaches, with a practical orientation. Advantages and purposes, main
technical aspects, and illustrative examples are considered in the paper. The main objective of the paper is to give

criteria to judge the applicability of each approach for different aerospace control problems.

GENERAL PERSPECTIVE

The present status of automatic control offers several
techniques, each one having a main kind of
application. There are methods focusing on
regulation: to maintain certain variables at a target
constant value, within a specified error. Other
methods aim at good transient characteristics; such is
the case of a manoeuvre, going from an initial system
state to another state with minimum fuel
consumption. And there are methods to make the
system follow a prescribed trajectory (trajectory
tracking). Each method excels in its main purpose,
but degrades out of it.

It is clear that all means for a safe, reliable system
behaviour along the missions must be established.
This is why the word “robust” is attractive. It should
be pointed out that the control theory distinguishes
two uses of this word, namely,

- Robust stability: the system is able to remain
stable even though the model used for the design
is very different to the plant model which exists
in practice.

- Robust performance: the system is able to
maintain a good performance measured, for
example, in terms of its tracking accuracy given
that modelling errors exist when designing the
controller.

It is important to note that given a stable closed loop,
formed by the plant and the controller, variations in
plant parameters may originate instability. On the
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contrary, noise (external perturbations) cannot
originate instability. This is the reason of the interest
of modern control theory on robustness against
uncertainty about the plant parameters.

A quick overview of the control theory development
along time is useful to get a preliminary idea of what
we can expect from control methods.

HISTORICAL TRAITS

Control theory shows very interesting origins, with
emphasis in the frequency domain framework
(transfer functions). This domain offers intuitive
visual techniques to assess the good properties of the
control: stability, gain and phase margins, rejection
of undesired frequencies, etc. However, the study
was centred on single-input single-output (SISO)
plants. The advent of computers and the beginning of
the space era motivated the development of a new
control methodology, the state-space approach. In
this context, the control of multiple-input multiple-
output (MIMO) plants can be easily studied. The
systems representation in terms of matrices and
vectors agree very well with computer capabilities.
Actually, important methods and algorithms were
developed, such the Linear Quadratic Regulator
(LQR), and the Kalman filter. Optimization
objectives were put into practical control design
consideration. However, the state-space is a time-
domain framework. In this domain we do not have
intuitive graphical analysis tools (except eigenvalue
maps).



The research continued with several topics in
parallel. The basic state-space feedback strategies,
such pole placement and LQR, require the access to
states (its real-time measurement). However, what
we can usually measure are the outputs of the plant.
The development of observers came to solve this
difficulty. This is also the purpose of the Kalman
filter, for stochastic conditions (noise in states and in
output measurements). These solutions are based on
models of the plant, and require some transient time
to converge from their initial state to a reliable
estimation. When there is no knowledge of the plant
model, or the parameters of the plant vary along time,
an identification method can be used in real-time to
deduce the model from input-output data. This topic
—identification- constitutes a research field which,
along time, had developed several methodologies.
Like the estimation of states, the estimation of
parameters requires some transient time to converge.
Indeed, the transients of estimation systems must be
fast enough in order to track states or parameters
changing. Notice that we want certainty in the
estimations: if the information we get from the plant
is poor (no excitation richness), more time should be
allowed for estimation transients. This kind of issues
is related, for instance, with Linear Time-Varying
Systems.

Another line of research was to extend the frequency-
domain methodology to MIMO systems. It was
noticed that eigenvalues are a poor measure of gain.
Instead, singular values (obtained by the singular
value decomposition), arc a better measure. As
quoted in [Glad, Ljung, 2000]: the counterpart of the
amplitude Bode plot for SISO systems is to plot all
the singular values as a function of frequency. A
source of difficulty for multivariable control is the
cross coupling between inputs and outputs. A
simplistic approach to control of multivariable
systems is to disregard cross couplings and treat one
loop at a time. In this case, a decentralized controller
is designed. This approach requires pairing: to select
which input are connected to which output. Another
approach is decoupled control, based on matrix
diagonalization.

The research on nonlinear systems may be
considered as a quiet stream, from old roots. The
famous work of Lyapunov about stability took place
in 1896. From this origin to present, the interest on
Lyapunov functions, to ensure stability, is steadily
growing. Also, the linearization approach is of
regular use in acrospace control applications.

The basic context for LQR control is state feedback
in linear plants. In this case, LQG has excellent

properties: infinite gain margin and a minimum phase
margin of 60°. It is interesting to note that the finite-
horizon discrete-time version of LQR, is a time-
varying feedback. For many real cases, states must be
estimated. This is the origin of Linear Quadratic
Gaussian (LQG) control, where we have Gaussian
noise. In this approach, the Separation Theorem or
Certainty Equivalence Principle is  invoked
[Skogestad and Postlethwaite, 1996], so the
controller structure is a Kalman filter, estimating the
plant states, and a LQR using the estimated states.
Supposing this structure is used, it is advisable to
study the robustness of the result. In 1978, Doyle
showed, by example [Doyle, 1978], that there exist
LQG combinations with arbitrarily small gain
margins. This paper was a definitive impulse to
return to fundamental issues. It was seen that the
theory was focusing on performance optimization, at
the risk of robustness problems. The line of research
maintained by Zames and Sandberg (for example,
with the small-gain theorem, in 1963), around plant
uncertainty attracted the attention of the control
community. It is interesting to note that as soon as
1979, Doyle and Stein, in the article “Robustness via
Observers”, proposed a method to obtain robust
properties with an LQG. The method is denoted
“Loop Transfer Recovery” (LTR), and is an example
of the new way for control design: frequency-domain
techniques combined with state-space mathematics.

In 1981, Zames, established the terms of a new

optimization problem [Zames, 1981]. It is a problem

of sensitivity minimization, using H-infinity norms to
measure gains. Once the problem was proposed (the

H-infinity control), a lot of research, with many

people involved, was consecrated to develop several

solution approaches. The book of Lin, with many
aerospace control examples [Lin, 1994], list four
main approaches:

- The 1984 approach: it is based on a factorization
and an approximation in the frequency-domain. It
tends to give high-order controllers.

- The 1988 approach: it was originated by an article
[Glover and Doyle, 1988], the solution was given
by two Riccati equations. In this way the
controllers obtained are simpler.

- Quadratic stabilization: a quadratic Lyapunov
function is built, accommodating uncertainties, and
a control design associated to this function is
developed. This can be done in terms of Riccati
equations, or Linear Matrix Inequalities (LMIs).

- Structured singular value synthesis (mu-synthesis):
it is a more intuitive design procedure based on
singular  values; it, considers  structured
perturbations and it can combine stability and
performance robustness.



Apart from these four alternatives, there are other
methods for robust control design, related with loop
shaping. An analysis of feedback properties leads to
a series of conditions in the frequency domain that
the control loop must accomplish to be robust. The
“Quantitative Feedback Theory” (QFT), introduced
by Horowitz in 1982, is a relevant example of such
techniques. Another example is the “Robust Loop
Shaping” introduced by Glover and McFarlane in
1989.

To complete the overview of robust control design,
we must cite the polynomial approaches based on the
Kharitonov theorem (1978), and game theory
approaches with two competing equations related to
stability robustness and performance [Frutcher, et al.,
1992]. The books [Bhattacharyya, et al., 1995]
[Barmish, 1994] present extensive control design
developments based on Kharitonov.

A typical strategy for control design is to start from a
certain control structure or concept. For instance to
take a PID, or to use an “Eigenstructure Assignment”
[Liu and Patton, 1998] approach (which can be
considered as an extension of the pole-placement
method). The tuning of the PID, or the specification
of parameters in other fixed structure controllers, can
be made considering robustness criteria. The results
will be more or less satisfactory according with the
capabilities of the controller structure. In some cases,
for instance, it may happen that the integration or
prediction abilities and/or the degrees of freedom of
the controller fall short for the application needs. In
particular, pole placement only fixes the poles (which
determine stability characteristics); however, zeros
are also important for other aspects, like the shape of
transients. Also, there are cases where adding a
notch filter (for example) could be a good idea; in
such cases, a higher order controller (with more
degrees of freedom) could be better.

Concerning the particular case of trajectory tracking,
this is a case with several interconnected aspects. Let
us consider an intuitive example: our control
strategies when driving a car. Before a bend it is
good to adjust speed: that means a predictive action.
Driving with no visibility -no prediction- forces to
use brakes, to react immediately to present errors:
this is pure feedback with no prediction. Less
prediction means more control efforts and a bad
driving with brisk manoeuvres. In order to predict,
some idea (model) of the car dynamic behaviour is
important; if we start using a truck, instead of a car,
the driving style changes. Another aspect is that not
every trajectory can be easily tracked. In the case of
ships or airplanes, it is clearly not possible to take a

sharp bend. In general it is a matter of control
authority of the actuators and the dynamic
characteristics of the plant. Slow closed loop
transients make difficult to track trajectory curves.
Finally, it is interesting to know if the road (the
trajectory) is narrow and it has steep borders, so a
small deviation has bad consequences; the
characteristics of the trajectory must influence the
control requirements.

In this context, it is pertinent to notice that the PID
has a limited short-term prediction capability. Its
main purpose is regulation. Consider the case of
temperature regulation in a room; somebody opens a
window and the control must react (to unpredictable
events) from this moment. Many control design
methods are regulation-oriented. In case control
authority is limited, transients can be slow.

An important observation about control systems is
that the perfect transfer function for a controlled
system is the unity. This would mean that the output
follows exactly the reference input (good for
tracking). In consequence, if we have a plant with a
certain transfer function, let us take the inverse of
this transfer function and use it as a feedforward
controller. However this idea excludes feedback, and
there will be problems with disturbances rejection. In
addition, the inverse of a causal system may be non-
causal, and the inverse of a stable plant could be an
unstable controller. Anyway, it is interesting to have
in mind to approximate the unity with controller
structures ensuring robustness. In the case of having
nonlinearities, inversion is useful to cancel them.

Apart from inversion, other control design methods
could lead to pole-zero cancellations. This is
considered as dangerous. There are interesting
examples of harmless pole-zero cancellations in the
book [Glad, Ljung, 2000], when dealing with
internal stability of closed loops.

There are some fundamental limitations of control. In
particular, non-minimum phase plants present
important difficulties. The article [Chen, et al., 2000]
on maximal tracking accuracy points out that non-
minimum phase zeros will limit tracking
performance. In his recent papers, K.J. Astrom takes
as example of non-minimum phase plant with serious
control limitations, the X-29 craft. The consequence
of fundamental limitations of control is that
requirements must not exceed these limitations.

In general, the main body of control theory deals
with linear systems. With linear systems one always
has enough control authority. However in reality,
actuation is limited; for instance: do not try to feed a



6 volt .DC motor with 1000 volts, to get a faster
transient. If linearization methods are employed in a
practical control application, it is important to look at
the possible saturations of actuators. Only recently
the robust control techniques are considering the case
of nonlinear systems.

In addition to the H-infinity norm, there is also the
H2 norm to contemplate quadratic criteria. LQR and
LQG can be considered in the H2 optimal control
context. In general, H-infinity optimal designs may
be too conservative, with not very good
performances. Part of the research is now studying
H2/H-infinity  methods to  combine  good
performances and robustness. This is connected to
the present high interest on multiobjective
optimization.

Recently an article of Keel and Bhattacharyya (1997)
has called the attention to the problem of fragility. It
may happen that the translation to computer code of a
robust controller may end up with a non-robust or
even unstable loop. This is due to numerical effects.
In some cases, the robust control method can lead to
high-order polynomials, sensible to small changes in
the coefficients, and rounding may originate those
changes. There is a recent book [Istepanian and
Whidborne, 2001] on that topic, highlighting that
some attention must be paid to digital
implementation issues.

An important source of information pertaining the
aerospace control alternatives, is the public domain
documentation of the GARTEUR project. In
particular, it is useful for atmospheric flying. It is
also interesting the article of [Steinberg, 2001] with a
comparison of several nonlinear flight control laws
(including Dynamic Inversion, Model Predictive
Control, and others).

Today, any control design alternative wishing to be

of practical use, should be offered in the form of a

MATLAB toolbox. It is always useful, before

considering any control alternative, to see if there is a

MATLAB toolbox to pave the way for its study.

There are MATLAB tools of general interest for the

control design:

e The LMI Control Toolbox, important for many
modern approaches, it supports combined LQG,
H-infinity and pole placement objectives.

e  The Polynomial Toolbox, including functions for
LQG, H2, optimal H-infinity, pole placement,
etc.

e The Linear Fractional Representation Toolbox,
important support for the representation of
uncertainties.

e The MVTOOLS: Multivariable Systems
Toolbox for interactive control design,
comprising H-infinity, H2, mu, LQG,

LQG/LTR, Eigenstructure Assignment.

e Nonlinear Synthesis Tools, including feedback
linearization.

e RaPID: Robust Advanced PID Control, which
can be used for optimal tuning.

o System/Observer/Controller ID Toolbox, for
large dimensional MIMO systems.

e Acrospace Blockset to be used with SIMULINK.
It includes reference models.

A brief practical review of control design techniques
will be presented below, with emphasis on aerospace
applications.

LINEAR QUADRATIC REGULATOR

The key idea is to take advantage of the state-space
representation. In principle, the access to states offer
powerful perspectives for feedback (state feedback).
This mathematical context fits well with the abilities
of computers. The optimisation of certain
performances can be considered, to calculate a state
feedback. This is LQR control.

The state-space system is:

x(t)= Ax(t)+Bu(?)

y(@0)=Cx(1)
And the state feedback is:

u(r)=—-K(@)x(?)

So the structure of the control loop is the following:

u Plant X
(A,B,C)

-K <

The quadratic criterion to be optimized is:

J:% f(xT(Z)Qx(Z)+uT(Z)Ru(t)) dr

In many cases the states are not directly accessed,
and an observer must be used. The design of this
observer can be also subject to optimisation. For the
case with state and measurement noises, the
estimation of states can be optimised, by means of
the Kalman filter.



u Plant y
(A,B,C)

Observer

2

The state-space equations considering state and
measurement noises are the following:

x()= Ax()+Bu(®)+T' @ ()
y()=Cx()+v(1)

The equation of the Kalman Filter is:
x(t)= AX(1)+Bu()+L(y(1) - CX())
Where L is calculated solving a Riccati equation.

The optimal state feedback can use estimated states;
for instance from a Kalman filter. This combination
is the LQG control. Robustness is not guaranteed for
LQG designs. However, using Loop Transfer
Recovery (LTR), the design can be improved,
leading to robust results.

" Plant y

(A,B,C)

KALMAN
FILTER

Iprgll

Nowadays, the LQG problem is embedded in the
H2 optimal design, which considers an augmented
plant, to include disturbance attenuation and stability
margins in the optimisation.

The basic purpose of LQ control is regulation,
focusing on the characteristics of the transients, It
admits variations for trajectory tracking.

Properties and Design Support

The method usually gives satisfactory results. In
cases where the optimal feedback is constant, the
controller is of low computational complexity (if the
problem of optimisation is solved off-line, before the
controller is implemented). When feedback is not
constant, and it must be calculated along time, the

computational load increases. The explicit handling
of criteria to be optimised helps for trading of design
compromises.

The official MATLAB Control Toolbox contains
many functions for the LQG approach. In addition,
there is a contributed MATLAB Toolbox for the
Kalman Filter, by K. Murphy.

Examples

In [Tewari, 2002] the control of the longitudinal
motion of a flexible bomber aircraft is considered
several times, along several chapters of the book.
The example is well detailed, with an initial study of
the mathematical model and the aircraft behaviour.
The LQR control is applied with a tutorial purpose
on adequate selecting of the matrices Q and R: two
different specifications of Q and R are done, and the
results are compared. The example is re-considered
for output weighted LQR, obtaining better
robustness. Noise is added, and a LQG structure is
studied; a Kalman filter is designed, to recover the
LQR performance (the magnitudes attained are quite
similar to the LQR case), and it is noticed that the
LQG design is more robust with respect to
measurement noise, than the LQR. Finally, the
robustness with respect to parameters variations of
the plant is studied, using singular values. It is
noticed that the LQG is much less robust than the
LQR. In the context of LQG/LTR, the Kalman filter
is successfully re-designed for stability robustness,
loosing performance. There is a contradiction in
recovering both performance and stability robustness.
It is explained that the plant is non-minimum phase,
and since the perfect loop transfer recovery requires
placing some of the poles of the Kalman filter at the
zeros of the plant, it implies, in this case, that the
Kalman filter should be unstable. To avoid that, there
is a compromise: the bandwidth for the LTR must be
limited.

There is another example in [ Tewari, 2002] about the
LQR control of a flexible, rotating spacecraft. The
plant is unstable and uncontrollable. However, the
LQR design is successful in getting stability and all
performance objectives. A singular value analysis of
the LQR control shows that the gain and phase
margins are quite small. Next, the LQG/LTR design
is considered, limiting the LTR bandwidth. The result
is fairly satisfactory with respect to LQR.

In [Lin, 1994] the case of a missile autopilot is
considered, including detailed models. First a pitch
autopilot is successfully designed with LQ
techniques. Then a roll-yaw autopilot is also
designed, also with good results. And finally, the two



autopilots are combined. The results meet the design
specifications. This example serves also as reference
for a comparison with an H-infinity design.

[Glad and Ljung, 2000] present an example of wind
gust disturbances on an aircraft (the Gripen aircraft).
There is an interesting discussion on the values of the
weighting matrices. For a particular selection of these
matrices, results are shown, comparing the responses,
without control and with control, to a wind gust. The
Gripen aircraft is a non-minimum phase plant, but the
unstable zeros are far from the imaginary axis,
outside the loop bandwidth.

[Maciejowski, 1989]  explains with detail an
LQG/LTR design example, for the vertical plane
dynamics of an aircraft. In this case, the plant is
minimum phase and the recovery is more than
enough. Interaction between modes is removed.

Also in [Tewari, 2002], a LQR tracking control
example is presented, concerning the lateral
dynamics of an aircraft. It is desired to execute a
steady turn with a constant yaw-rate. After
experimenting with R and Q matrices, a good result
is obtained, obeying to all specified objectives and
constraints.

Finally, in [Tewari, 2002], the LQR control for
docking of a spacecraft is considered, with terminal
time weighting. The results are acceptable.

EIGENSTRUCTURE ASSIGNMENT

Like LQR control, the idea is to take advantage of the
state feedback possibilities. The assignment of
eigenvalues is the classic pole placement, but the
eigenvectors assignment extends the influence
exerted by feedback, which, for instance, can be used
for decoupling.

The state-space system is:

x()= Ax(t)+Bu(?)

y(=Cx(1)
And the assignment feedback is:

u(t)=—K(@)x(r)

The basic structure of the control loop is:

u Plant X
(A,B,C)

- K <

The assignment can be made according to many
different criteria, including  robustness aspects.
Optimisation methods can be used to obtain best
assignments.

The main purpose of the method is stable regulation.
Transients can be easily shaped.

Properties and Design Support

Once the design is accomplished, the result (the
controller) is usually of low complexity. In case an
observer is needed, the complexity increases. The
book of [Liu, Patton, 1998] do not mention any use
of the Kalman filter in this design method.

The book [Liu, Patton, 1998] is a fundamental
support for the design methodology. Liu and Patton
are also the authors of an official MATLAB toolbox
for Eigenstructure Assignment, explained in the
book.

A more advanced book is [Magni, 2002] on modal
control, with emphasis in aerospace applications. It
includes a MATLAB Toolbox.

Examples

In [Lin, 1994] there is a detailed design example,
concerning the lateral control of a L-1011 aircraft. A
first, reasonable eigenvalue assignment is done. In a
further step, some undesired feedbacks (from bank
angle and roll-rate to rudder) are suppressed with a
modified assignment. Finally, the design is
robustified, decreasing eigenvalues sensitivities so
the allowable perturbation level increases.

There are several examples in [Liu, Patton, 1998].
The case of a small remotely piloted aircraft is
considered for robust control A robust control
performance index is used to be optimised by making
use of the freedom provided by  Eigenvalue
Assignment. Singular values are employed to
visualize the results. Another case, the Ilateral
dynamics of the L-1011 aircraft (for certain flight
conditions) is considered in the context of
multiobjective optimisation of the Eigenvalue
Assignment; there is an interesting discussion about
simultaneous eigenvalues sensitivities minimization.

H-INFINITY

The main concern of this method is plant uncertainty.
The design is done wusing frequency-domain
visualization tools, and reasoning with transfer
functions (filters).

The basic structure of the control problem is



G(s)

v

H(s) |

The matrix transfer function can be decomposed into
four blocks, corresponding to 2 inputs x 2 outputs

G(S):{Gn (5) Gz (S)}

G (s) Gp(s)
The control loop is:
U(s)=H(s) Y(s)

There is also an error e and exogenous input w,
which are related by:

e(s)=F(s)w(s)

Where F(s) is, in Linear Fractional form:

F(5)=[G 1y (9) + Gz (5)H(5) 1~ Gy () H(3) ™ Gy ()]

The H-infinity problem is to find a stabilizing
controller H(s), such that the H-infinity norm of F(s)
is minimized. This H-infinity norm is:

[FGW|,, =sup, [0y (FCw)]

Where omax F(jw) is the largest singular value of
FGw).

Weighting matrices should be used to allow for
simultaneous optimization of sensitivity S and
complementary sensitivity T. So frequently the
problem to be solved is of mixed-sensitivity
minimization, where the H-infinity norm of
following matrix M must be minimized:

Wi (W) S(jw)
M(s)=| W, (jw) H(jw) S(jw)
W; (W) T(jw)

The main purpose of H-infinity control is stable
regulation. However the H-infinity norm can be used
in other control areas, such observers, modelling and
identification, tracking, etc.

Properties and Design Support

Stability robustness usually pays the price of
conservative performances. The tendency of some
methods is to obtain high-order controllers. Methods
of order reduction are available.

There are several official MATLAB Toolboxes
concerning Robust Control:
o The Robust Control Toolbox, by R.Y.
Chiang and M. Safonov.
e The mu-Analysis and Synthesis Toolbox,
by G. Balas, A. Packard, J. Doyle, K.
Glover and R. Smith.

The book [Battacharyya, et al. 1995] includes
MATLAB tools corresponding to the Kharitonov
based method.

Examples

There is an example in [Tewari, 2002], with the
design of an active flutter-suppression system for a
flexible aircraft wing. The weighting matrices Wy,
W, and W3, are chosen and the MATLAB’s Robust
Control Toolbox function hinfopt is used. The same
example is re-considered for mu-synthesis, with a
different selection of Wi, W, and W3, two different
W, expressions are separately studied, using the
MATLAB’s  Robust Control Toolbox function
musyn, and the results are compared by visualizing
the singular values against frequency.

In [Skogestad, Postlethwaite, 1996] there is a
detailed case study, about the robust control of the
West Land Lynx helicopter. There is a  long
explanation of how the weighting matrices W, W,
and W; were chosen. Results obtained on a non-
linear simulation are presented, with good rejection
of wind gusts.

In order to compare with the LQG/LTR design,
[Maciejowski, 1989] continues with the example of
the vertical plane dynamics of an aircraft. Now, he
uses the Glover-Doyle algorithm for robust control
design. It is an iterative method, making decrease a
bound. The author compares results, with an
interesting insight into a possible problem with H-
infinity, related to pole-zero cancellations (the
LQG/LTR approach had not this problem).

Also, [Lin, 1994] continues with the case of a missile
autopilot, for comparison with the LQG techniques.
Both pitch and roll-yaw autopilots are re-designed,
obtaining more robust stability.



[Sanchez-Pefia, Sznaier, 1998] deal with the robust
stability analysis of the lateral-directional controlled
dynamics of the NASA’s X-29 aircraft. Also, they
analyse the robustness of the attitude control of a
satellite (the SAC-C).

[Liao, et al, 2002] propose an LQG/H-infinity
multiobjective optimization method, and apply it to
the reliable robust flight tracking for a F-16 aircraft
in the presence of actuator faults and/or control
surface impairment. This is a long, detailed paper.

OQUANTITATIVE FEEDBACK THEORY (QFT)

QFT is a frequency domain method that determines
quantitatively the amount of negative feedback
required to satisfy stability and performances
requirements, so the closed loop response lies inside
the desired bounds even when there are disturbances
and plant uncertainties.

Usually, QFT uses a conventional 2-DOF controller.
The feedback controller is normally of diagonal
structure. Cross couplings are used in the
feedforward compensator.

F(s)

K(s) G(s)
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Properties and Desing Support

The basic context application for QFT is regulation.
It has been extended to deal with nonlinear systems.
A great advantage is the use of graphic frequency
domain tools to handle the robustness issues.

There is an official MATLAB Toolbox of
Quantitative Feedback Theory, by Y. Chait, C.
Borghesani and O. Yaniv.

The book [Houpis, 1999] is an important reference
for methodology details.

Examples

There is a chapter in [Lin, 1994] devoted to explain
QFT. The chapter ends with a short example of the
QFT design of a missile autopilot.

[Wu, et al., 2000] apply QFT to enhance the robust
stability and tracking performance of the pitch flight
control system for a remote pilotless vehicle, within
its full flight envelope. The design considers the
influence of control surface loss or damage to the
dynamic derivatives of the aircraft model. The paper

constitutes a good explanation by example of the
QFT method.

[Fonterose, Hall, 1996] deals with a problem similar
to [Wu, et al., 2000]: the QFT pitch rate stability
augmentation system. This work is related with a
research supported by the Air Force Res. Lab. of
Wright-Patterson Base at Dayton USA, which has
culminated with a successful flight testing of the
QFT controller.

In [Snell, Stout, 1998] there is an example of flight
control design, combining QFT and Dynamic
Inversion.

PREDICTIVE CONTROL

By using a model of the plant, the input signal
needed to obtain a desired behaviour of the output
(for instance, to follow certain trajectory) can be
optimally synthesized (predicted). The optimisation
occurs on-line, considering a certain future time
horizon.

The state-space system, considering state and
measurement noise, 1is:

x()= Ax()+Bu()+T & (?)
y(6)=Cx(t)+v(?)

Using the system model, the estimated future states
can be obtained:

K(t+k+1|)= AR+ k) +Bu(t+k), k=0,1,..
And the predicted outputs are:

§(t+ k) =C R+
In principle we can write:

Y, =D, U()+D, x(¢

1)
Where Dm and Dx are known matrices and where:

[§(+ M| fu(+N) |

RGN L u@)
Usually a quadratic criterion is chosen:

V(Ut):YtT Q,Y, +UtT Q, U,



And this criterion can be minimized analytically,
obtaining a solution in linear form:

u(n)=P ()

An important application field is to impose output
profiles. In particular it is an appropriate technique
for tracking.

Properties and Desing Support

An important advantage is that the method can
consider constraints. The computational complexity
can be high.

There is an official MATLAB Toolbox of Model
Predictive Control, by M. Morari and N.L. Ricker.

Examples

In the monography on predictive control of
[Maciejowski, 2002] there are two examples related
to aerospace application. One of the examples is the
longitudinal control of the Cessna Citation 500
aircraft. The model is linearized for an altitude of
5000 m. and a speed of 128.2 m/s. Some
manoeuvres consisting in changes of altitude are
considered, to demonstrate the good behaviour of the
predictive control. Later on, the book explains the
advantages of softening the constraints, to allow for
disturbances and plant uncertainties. In this context,
the example of the Cessna aircraft is used to
demonstrate this design concept. The other example
of interest in the book, is the case of an helicopter: in
particular, the transfer function from rotor angle to
the forward speed. The plant is unstable and non
minimum phase. Generalized Predictive Control
(GPC) is used, and good stable results are obtained.

In [Crassidis, et al., 1997] there is a well structured
description of the nonlinear predictive control for
large angle manoeuvres of a spacecraft.

[Myung, et al., 2002] present an extension of the
work of [Crassidis, et al., 1997] to include robustness
against external disturbances.

[Mease, et al., 2000] present a paper with the 3-D
predictive entry guidance for the Space Shuttle. The
problem is centred in the planning of the trajectory,
to make it feasible for a given a tracking control law.

[Powell, 1998] describes the development and
evaluation of a numerical roll predictor-corrector
guidance algorithm for the atmospheric flight part of
the Mars Surveyor Program 2001.

DYNAMIC INVERSION

The dynamic inversion basic structure is a non-linear
block performing a feedback linearization (the
inversion) and a controller block as compensator. A
lot of research has been devoted to feedback
linearization, as a method to deal with nonlinear
systems.

+

Q(s) G(s)

Inversion |e

Since inversion is a way to approximate the ideal
unity transfer function, an appropriate use of the
technique is for tracking applications.

Properties and Desing Support

Depending on how good is the linearization, the
validity range of the control can even avoid gain or
controller scheduling. The order of the controller can
be high. Efforts of control should be examined
(possible saturations). There could be problems with
stability robustness, due to the inversion.

There is a third-party MATLAB Toolbox, the
Nonlinear Synthesis Tools, which includes tools for
feedback linearization.

The designer should refer to the scientific literature,
in journals and proceedings, to get useful examples.
Some chapters in books such [Lin, 1994], [Glad,
Ljung, 2000] , [Slotine, Li, 1991], explain the main
theoretical aspects.

Examples

In [Looye, Joos, 2001] the example of attitude
control of the ATTAS aircraft is detailed. The main
ideas of Dynamic Inversion are explained. A problem
of Dynamic Inversion is that robustness can be poor.
To solve this problems, a multi-objective
optimisation method is proposed, based on best
possible tuning of free synthesis parameters in the
linear, as well as the nonlinear control laws. A
MATLAB Toolbox for Multi-Objective Optimization
(MOP) is used. A worst-case analysis is conducted,
to assess the robustness of the results.

The example of re-entry flight control of the Lifting
Body Re-entry Vehicle (LBRV) is considered by [da
Costa, et al., 2001]. A Nonlinear Dynamic Inversion
control is designed for the attitude control. The main
body of the paper is devoted to the inversion of the
equation of motion and the inversion of actuators.



[Lin, 1994] presents a detailed design example, using
inversion: the nonlinear autopilot design, for the
HAVE DASH II missile. Another complete design is
devoted to the case of CLOS guidance, involving a
problem of tracking.

[Bharadwaj, et al. 1998] present an entry guidance
law for 3-D trajectory tracking of the Space Shuttle,
based on feedback linearization. It includes a detailed
derivation of the tracking law, and some simulations
showing satisfactory results.

[Al-Hiddabi, McClamroch, 2002] propose a
controller for tracking and manoeuvre regulation for
nonlinear nonminimum phase systems, with
feedback linearization. The method is applied to a
vertical takeoff and landing (VTOL) aircraft.

LINEAR PARAMETER VARYING (LPV)

The Linear Parameter Varying design method has the
objective of finding a gain-scheduled H-infinity
controller, with reference to time-varying scheduling
parameters.

w(s) e(s)
G(s)
|
U(s) I Sched. Y(s)
I var.
!
HIpv(S)

The main purpose is the control of time-varying
plants. It can be extended to consider fault-tolerant
and reconfigurable control applications.

Properties and Desing Support

This is a promising framework for the control of
time-varying plants. Frequency domain tools can be
used for result analysis. The complexity of the
controller is likely to be large.

This is a recent technique, with not much support.
There are some papers, in journals and proceedings,
with interesting examples that can help for design.

Examples

In [Bennani, et al., 1999] there is an explanation of
the LPV method, taking as design example the case
of longitudinal dynamics of the Research Civil

Aircraft Model (RCAM), the model employed in the
GARTEUR project. In this paper, the case of the
tailplane suffering degraded control effectiveness is
considered. The LPV control is capable of achieving
the desired performance objectives for all
degradation levels, while maintaining robustness to
system uncertainties.

[Papageorgiu, et al., 1996] describes the real flight
application of robust LPV control, in a VAAC
Harrier.

In [Lim, How, 1999] there is an example of an
improved LPV design, for a missile autopilot.
[Barker, Balas, 1999] use LPV design for the flight
control of a tailless aircraft.

[Ghersin, Sanchez-Pefia, 2002] present a detailed
paper with the LPV design of a 6-DOF flight control
of a missile. This paper can be taken as a guide to the
LPV method.
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