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Abstract: The ever increasing competition on the aeronauiiwdlistry has been leading into major improvements
regarding fuel consumption, engine performance amdlight controls systems, among others. One it istodied
fields is the composite materials usage as, wherectly applied, it leads to major gains regarditite aircraft's
structural weight and consequently into better tmisumption figures. On the other hand, the eveneiasing
composite materials usage has a unique propertyiitgs the structure flexible modes closer tori&l ones.
Therefore, older techniques such as structuradriitty cannot be used anymore. This results on #eel of advanced
filtering techniques, such as the ones provide®blgust Control. On this essay the longitudinal nhodl@ military
aircraft, the Bl-Lancer, is deeply analyzed, intg@ng its structuralmodes into its rigid body dyriasin order to
accurately design stability and control augmentatgystems, through the Hinf Loop-Shaping DynamtwuRpControl
Technique, considering up to three different cantrputs: the tail deflection, which acts as anweltor, the control
vane deflection, that mainly helps regarding gutgséation and the thrust levers, which serves dime-tuning input.
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1. INTRODUCTION

For the last 40 years the aeronautical industrybleas into fierce competition which means that nfecturers have
to be ever improving their products, in order to @déetter cost-to-benefit ratio at all times. Thaist, lined up with the
sudden rises of oil price has been leading intorafits with significantly smaller structural weigfigures when
compared to their predecessors. This happens dilne tatroduction of more sophisticated metallictenials and also
composite ones. But nothing comes without a setbtiik intense usage leads to an ever increasitggaiction in
between the rigid and flexible modes of the aitcraich leads to problems related to flying quahti fatigue and
aeroelastic instability, such as flutter.

On a modern aircraft complex control systems atersively used. They are basically composed froBtadility
Augmentation System (SAS) whose purpose lies opikgethe aircraft on an stabilized condition antlinging it to
the referred condition when it is subjected to &md of disturbance, such as a gust wind; and &tsm a Control
Augmentation System (CAS) which aims at optimizaigcraft's performance when transitioning from adition to
another, such as changing the flight level or taading direction, in order to flight a differenute. These systems aim
only at controlling the aircraft rigid body modes, flying qualities would be severely handicapgetay would affect
the flexible ones. Therefore, when the rigid modes clearly apart from the flexible ones, a simpdatrol signal
filtering procedure is applied, normally generatthg so called “notch filters”.

But when the aircraft presents a fair amount afcdtiral flexibility (due to a series of factors buas the intense
usage of composite materials) notch filters arelemmer enough, as shown by Andrade (2006). Thezeftire
introduction of an integrated model (incorporatimth the rigid and flexible modes) for the contials design is a
highly desirable solution, but it requires some enadvanced filtering techniques. That means that, nehen
designing augmentation systems for aircrafts, wkhave integrated models and will be using tecbagthat will lead
to higher order controllers. And as control systeaysthesis preferably demand a low order contrdliat leads into
the direction that they will probably have to goaiingh an order reducing process (Lamas, 2008).

Taking into account all the control laws requiretsefior designing both the SAS and the CAS we ndgnfadd on
the available literature two major chains, whicke drasically two major research areas on Controliresging:
Adaptive Control and Robust Control. The first oaegn though it is a modern, high performance teglendoes not
feature good performance indications regarding stimss, which is an essential concept when of diegigSAS and
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CAS for aeronautic engineered systems. That hapgeasto the fact that an aircraft is hardly everniified (and
therefore modeled) to its completion and also éoftitt that there are associated uncertaintiesrte ©f the parameters
that cannot even be estimated, as explained by Zhdwoyle (1998). Therefore, the chosen contiaiin@ue must be
robust enough in order to deliver a good perforreanom a flying qualities point of view even if tlsgstem (aircraft)
is subjected to any kind of disturbances, uncetitsgrand identification faults, among others.

On this essay, we will briefly review how a modaircraft is modeled along its rigid and flexible des. Also we'll
try to understand the importance of having theiffliexmodes integrated into the rigid body dynanfithe aircraft.

Additionally, we'll introduce how the K Loop-Shapingalgorithm is generated and will also give a brief
introduction of another K Robust Control Technique, the HIFOO (H-Infinityxéd-Order Optimization) algorithm,
which was first introduced by Burke et al (2006).

Finally, and more importantly, we will evaluate tperformance of some controllers designed (both SAGCAS)
with the Hy; Loop-Shapingalgorithm mentioned above, considering up to thirgmuts into the system and also
introducing the possibility of having the HIFOO ¢t technique into the SAS control loop.

2. AIRCRAFT MODELING

On this session we are firstly going to presentesanmportant considerations regarding modeling &esysiue to be
controlled. After that, we will discuss the simidat model due to be evaluated and present the Bitdraaircraft,
considering the control inputs to be used.

2.1. System M odeling and its Importance

All control systems theory lies on the same basiacjple: accurate modeling must be provided. Tforee
translating the physical reality into differentejuations is as important as designing an effiaentroller. And on the
aeronautical industry case this has become ever mmportant. Nowadays, the aerodynamic designerhehts such
as the wings, fuselage, tails, hyper-lift elemeartd control surfaces is becoming more specifidl dinaes, which leads
into an increasing complexity regarding their mautgl

Also, it must be considered that the competitiortloe aeronautical industry has become as strorey@son the
recent years, mainly due to the entrance of neyeptaon the market and due to economic aspects.|@#ils into the
search for new ways of getting a better cost pat-sgle on any aircraft produced which puts an easgghon every
aspect of the whole process of designing an atrcogitimizing the structure, the aerodynamics andsequently
increasing the modeling and control systems perdoica requirements. For example, as it has beerianedton this
work’s introduction the usage of composite matserfes been leading into the flexible modes of asraft getting too
close to the rigid body ones which makes notclerSltinefficient and therefore requires a more ssiffsited control
technique.

One last aspect that must be considered is regptidénsystem order. A full-order model for an afthas 12 rigid-
body states, each of these described by a firgratifferential equation. When we consider theuefice of the flexible
modes into the model, the system order is goirgréav as each flexible mode is normally describeasgcond order
differential equation. This leads to an extremehportant conclusion: the bigger the number of fiximodes to be
considered, the higher will the controllers ordey Wwhich will get the closed-loop system to an elvigier order.

Considering all the aspects just mentioned it é&acthat the modeling engineer is as responsiblevas he/she
must be able to accurately choose which flexiblel@somust be taken into consideration for eachtgituand the ones
which only need to act as a high-frequency desigitdtion.

2.2.B1-Lancer Modelling

For this essay we will consider the B1-Lancer aiftgiwhich is a high-subsonic military machine dhdt has been
deeply studied. We'll consider its longitudinal sxand will from then work on designing a contrpdtem architecture
which integrates both the SAS and CAS into onectire which will be called Stability and Control gmentation
System (SCAS).

The adopted model for the SCAS design is derivednfthe full rigid body model presented by Waszak an
Schmidt (1988). Additionally we follow the referexis different approach: it presents the naturadjdescy and the
damping ratio for two longitudinal flexible modesdaalso a generalized model which includes theu@rfte of the
flexible modes on the aircraft's motion. Therefome can consider a flexible aircraft model for tloditudinal
degrees-of-freedom with one structural mode ingltahorizontal flight. The equations of motiorear

U=—qw—gsin9+x 1)
W = uq+ cospcosl + Z @)
qg=M )
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where U and W are surge and plunge velocities in the body-refexeaxes, respectively; q is the pitch rgtand &
are the Euler angles of the aircraff;, { and & are the generalized coordinate, damping and freqyuéor the
structural mode, respectively; an¥ , Z, M and Q, are the aerodynamic forces, moment and generafiree,

respectively, whose expressions are given bello&an(5-8):
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where Cxa is, for example, the aerodynamic stability demsvatssociated with the variablg , 5k is the

deflection/variation of control input k,0 is the air densityV/, is the aircraft’s velocity, S is the planform are_ais

the mean aerodynamic chord ahgd, T, and M, are the forces due to the aircraft's traction.

Once we have mathematically presented the modetadbe used, we can determine which control inputson the
B1-Lancer, which are displayed on Figure 1 and wesd bellow:

HOBIFONTATL TATL

T L CP T

Figure 1. The B-1 Lancer and its control surfaces
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+  The horizontal tail deflectiong, , through which it is possible to control the pitttitude of the aircraft;

* The differential horizontal tail deflectior’O_DH , through which it is possible to control the nodjiattitude
of the aircraft;

« The spoilers deflectiond , which helps to control and trim the aircraft'dlirg attitude together with the
horizontal tail differential deflection;

e The rudder's upper and lower deﬂectiodRU and JRL, through which the yawing attitude of the B1-
Lancer is controllable;

e And the control vane deflec:tiomb'cV which mainly helps alleviating loads into the aaftrwhen it is
subjected to disturbances of any kind.

For the aircraft's longitudinal motion we consides controller inputs the horizontal tail deflectiqﬁg and the

control vane deﬂectiorﬁcv. Additionally, as a last control input, we can sioler the thrust levers. By providing

different traction ratings, they can help findingtter flight conditions, so that the aircraft captimize its mission
targets, such as fuel consumption, flight time, agiothers. Also, for military aircrafts they can tged differentially
so that they can help into some maneuvers.

Considering all the aspects mentioned above, werdanthat the approach presented sets a cleaexmemely
important advantage over the previous ones: theyked controllers will consider the influence oétfiexible mode
dynamics that are included on the aircraft moddilictv gives the engineer more freedom when seardointhe best
control law for a given situation. This advantagh lae explored on the forthcoming sections.

3. ROBUST CONTROL

On this session we will briefly introduce the imfaorce of Robust Control, mainly linking it to moithej
uncertainties and verifying how the plant parametgiations problem can be solved through Robustti©busage.
Secondly, we will present the;HLoop-Shapingalgorithm, mainly concentrating on its practicapacts. Finally, we
will take into consideration the HIFOO algorithmdashow how it differentiates from th@op-Shapingne.

3.1. Uncertainties and Robust Control

As we have already stated, controllers are desidrasgd on a mathematical model of a physical systéns
model tries to be as accurate as possible, but@srsby Zhou and Doyle (1998) there is no matherahtnodel that
can represent 100% a physical reality. This leatis & very important conclusion: for control syssedesign, the
engineer must use tools that support the possibéegences in between the real and the mathematiceel.

For some systems these divergences can be neghielt i&/ fact that leads into the Adaptive Contriokdtion, as
this theory allows the controller to adjust itsgraeters in real time in order to maximize contoag performance. But
within the aeronautical industry this is not a materly commonly used technique: aircrafts areraxiely complex
machines and the translation of their dynamics imé&hematical equations is extremely difficult. &\lsve have to bear
in mind that modern aircrafts have to withstandese\certification processes and, for them not s Iperformance
along its operational envelope, a more spread Gboh&chnique has to be used.

Mathematically speaking, as it has been demondtrttieoughout Section 2, the equations that desctilee
aircraft's motion are nonlinear. Therefore we musé linearized models over a set of operating ppitetermine
optimal control gains on each of them, tabulate sattedule them using microprocessors, so that e@laays using
the most adequate control law, no matter where reéngide the operational envelope. This approachldvsolve the
given problem, but the fact that the modeled patarsare subjected to uncertainties leads to anotmsideration: we
must design a controller that will be robust enot@manage all the parameters variation and llvdr a close-loop
response within the specifications. But as it's possible to stabilize the plant for all parametriwertainties, the
control engineer must be able to pick which paransetvhose uncertainties must be considered anddésign a
control law that will be able to withstand theseenainties.

Suppose that the nominal model used for the cdetsotlesign is

x = Ax+ Bu
y =CXx )

which has a transfer function

G(s)=c(sl-A)'B (10)
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However, due to operating point changes the aetivatiaft perturbed motion is described by

=(A+2A)x+(B+ABu

X (11)
y = (C +AC)x
where the plant variation matrices are given &, ABand AC, which represent uncertainties over the

parameters that compose the model of the aircught as its mass, stability derivatives, lift/dragefficients, inertial
moments and engine/thrust model. We can show ltietdsults in the transfer function

G'(s) = G(s)+AG(s)

(12)
AG(s)=C(sl - A)*AB + AC(sl - A)*B+C(sl - A" AA(sl - A)*B
where second order effects have been neglectecceHeve apply the algorithm present by Lewis andvé&is
(2004) and therefore are able to design robustralherts over a range of operating points that do neguire gain
scheduling. Finally, it's important to note thatethlgorithm presented on the given reference doeéxansider the
flexibility of the aircraft structure, which furthéightens high-frequency bounds for the controtlesign, and that we
will consider on this essay.

For the reasons presented above, we will consid@baust Control technique for designing SCAS focraifts, as
it inherits the properties mentioned above.

3.2. His Loop-Shaping

H+ controllers belong to a class which contains thestrrused robust controllers. And one of the mostdus
techniques for the  is theLoop-Shapinglgorithm whose proposal is to design a contro(le(S) so that the closed-

loop system presents a desired transfer funﬁ@(ﬁ) = G(S)C(S), WhereG(S) represents the open-loop system and

G, (S) represents the closed-loop one. This is an extyepwaverful technique because with it almost arpsel-loop

system response is achievable, the engineer orlpdhéo bear in mind the physical realization of dontroller.

The H,s Loop-Shapinglesign technique is essentially a two stage dgsigeess. Firstly, the open-loop system is
augmented by a pre and a post-compensator, in ¢odgenerate a desired shape to the open-loop laingalues
frequency response. After that, the shaped plambsst stabilized using the;Hoptimization. But as the controller
design derives from an augmented plant, the cdetralill tend to have a higher order than if it wéessigned from a
non-augmented one. Therefore, the engineer wilehavbear in mind if the tools that he has at kisitisposal are
enough to make the controller realizable. But,aslWare engineering has significantly evolved tigtwut the last few
years, this problem has come to a lesser extent.

For this essay, we’'ll consider theopsyn MATLAB function which basically puts into practicde algorithm
introduced and detailed by Skogestad and Postlétlit@96) and also mentioned by Zhou and Doyle 899

3.3. HIFOO

As we stated, there is a lot of work and researchhe H, control theory. This has generated many intergstin
results and one of those is the HIFOO (H-Infinityddl Order Optimization) MATLAB package, which wareated by
Burke et al. (2006) and further improved by Milis¢o(2006). This package has been created aimipgoaiding a
powerful and user-friendly tool for computing reddeorder controllers of linear systems. It has bbaift upon
powerful methods for non-convex and non-smoothnoigition and it tries to generate controllers thattonly robustly
stabilize the given plant, but also that provide tbcal optimization on at least one of severalvigled objective
functions.

The fact that the HIFOO algorithm provides a logptimized solution means that for every time thas irun, it
will generate a different controller that even thbumight satisfy the objective functions and thieustness criteria’s, it
may not satisfy other performance requirements¢lvban lead to the engineer having to run an itergirocess.

For this essay, the HIFOO function will be explogsia support algorithm and we will be aiming tedbat to
what extent it can help to fine-tune the perforneagenerated by theJdLoop-Shapindrobust Control Technique.

4. SCASDESIGN AND SIMULATIONS

On this section we will cover the design of the SCeéontrol structures considering the assessmenhh#sbeen
made over the previous sections. Firstly, we’leByi introduce the structures that are due to leeluSecondly, we will
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make some assumptions, regarding the control sydesign, such as control surfaces actuators, famele. Finally
we will present the simulations, already considgtime designed controllers, firstly showing thé tuber SCAS which
will be followed by reduced order structures than cstill deliver the same level of performance atii do have a
lower complexity.

4.1. Control Architectures

As we have been mentioning, this essay mainly deadsit the performance of a SCAS designed withH{hd.oop-
Shapingtechnique; but also we are going to consider theQ® technique, which generates two different aantr
strategies to be taken into account, shown by éig@rand 3 respectively.

&+ Ciutput
| t E: & =
neu -Q - CAS - Loopsyn -J/_\" - G(S) -

S5A5 - L oonsyn

Figure 2. SCAS Primary ArchitectureH;; Loop-ShapingsAS +Hinf Loop-ShapindCAS

=+ Cutput

Input LJ CAS - Loopsyn +m G(S)

F

SAS - HiFOO

Figure 3. SCAS Alternative Architecture —HIFOO SASlinf Loop-ShapingCAS

Having two different control architectures, welwilake some considerations regarding the contrstesys design
and that will follow with the performance evaluatiomainly from the primary architecture, observihg H;,; Loop-
Shapingalgorithm performance and comparing it with the generated by the alternative architecture.

4.2. Design Assumptions

For designing the proposed SCAS based on the doatohitectures shown above, we need to state some
assumptions, in order to be able to compare thiges controllers with each other.

« The horizontal tail deflection has been limitedst degrees £ 25degrees) and its rate of deflection has
been limited to 60 degrees per second. Additiondtifas been considered an actuator which has been
modeled as a first degree low-pass filter with teoastant of approximately 49.5 ms;

« The control vane deflection has been limited tod&@rees £ 25degrees) and its rate of deflection has
been limited to 120 degrees per second. For thesyahhas also been considered an actuator wiaish h
been modeled as a first degree low-pass filter tiitle constant of approximately 49.5 ms;

» The thrust levers have been modeled so that ited@stmg/decreasing rate would be of 10% per second,
which means that they can go from zero to full poinel0 seconds. Additionally, their actuation hagn
modeled by first degree low-pass filter with tinenstant of approximately one second,;

« The first longitudinal flexible mode(1257rad/S) has been integrated into the aircraft model. The

second longitudinal erxibI€(21.17rad/S) has been mainly used as a high frequency bourfdatye
designed controllers;
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» The possible noise and uncertainties derived flemmieasurement sensors have been neglected;

» For the high frequency limitations (considering #ezond longitudinal flexible mode), it has beerdus
the methodology presented by Lewis and Stevens4)200

» For the low frequency limitations (considering tinfuence of gust winds as per the MIL-HDBK-1797
regulations), it has been used the methodologyepted by Lewis and Stevens (2004) and further devel
by Silvestre (2007).

» For the SCAS simulations we have considered thé&@icer to be on straight leveled flight at an adt#
H =1500mand with a true air speed =200m/s=720km/h and a commanded reference input
of a 1 degree/second pitch rate.

4.3. Full Order Controllers

On this session we'll present and analyze ourlyirdesigned SCAS: we’'ll consider the full-order toflers
generated by theoopsynMATLAB function, two of those having been fully signed (both the SAS and the CAS)
with the referred function and two of those haviregn designed with the alternative strategy in otimel SAS with the
HIFOO algorithm (static solution — 0 order) and @&S with the main solution, the,jALoop-Shaping

Each of the mentioned control architectures is gdinbe tested and analyzed on two different séestaone with
two control inputs (the horizontal tail deflectiamd the control vane deflection) and the secondvatte only one
input, the primary horizontal tail deflection. Caivjective with those trials is to check how biglvié the performance
handicap when we design a controller considerirag the plant has fewer inputs, which will generatlwer-order
controller, which is a characteristic of thg:H.oop-Shapinglgorithm. It's also worth noting that althoughad been
initially considered to add a third control inpuat the aircraft, earlier simulations indicated thatluding the thrust
levers into the control-loop wouldn’t give any bétsein terms of performance and/or would allevitie load into the
other control inputs. So, any simulations consitfpthe thrust levers have been omitted on thisyessa

On last note before showing and analyzing the strar results is that the desired closed-loop sysiell be

given byG, (S) = C(S)G(S) =
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Figure 4. Full Order SCAS — Primary and AlternatSteategies — Time Domain Analysis

The time-domain analysis leads us to some integ@stbservations. Firstly, it's quite clear that flll-order
controllers lead to excellent tracking performaaseshow by the pitch rate graphic. And secondbait be observed
that the algorithm when considering two controlutgpleads to an almost null modal amplitude, whschot the case
when the control vane usage is scraped. Heraydish noting that the modal amplitude correspomndhé generalized
coordinate for the first longitudinal structural deg which is proportional to the physical excursafrthe structure.
This result is very peculiar because on differéniasions it will be better to waste a bit more the control cost and
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then have a better response regarding the striictefl@ction. On others, it will be better that umee less input and
compromise a little bit the internal performancesteyn: this is an engineer’'s choice that will needbé analyzed
separately for each application. Finally it's worthting that the usage of the HIFOO algorithm foe SAS design
hasn’t brought any significant advantage/disadvgata terms of performance, still proving itselé@lto be a good
solution.

Singular Yalues
100

Wingd Gust Boundary

SCAS Primary Architecture - 2 Control Inputs
SCAS Primary Architecture - 1 Control Input
SCAS Alternative Architecture - 2 Control Inputs:

SCAS Alternative Architecture - 1 Control Input
Robust Stabilty Boundary

a0 —
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50—

=100 [~

o ‘ O | . N | . PRV |
=~ 3 o
10 10 10 10 40
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Figure 5. Full Order SCAS — Primary and Alternat8teategies — Frequency Domain Analysis

Analyzing the frequency domain performance of ty&tem, it can be verified that the usage of diffietechniques
and the usage of a different number of control isphave not made a significant difference intogtability margins
regarding the wind gust limitations and the robststilities constraints, which puts back an empghadb the time
domain analysis for the full-order controllers. Jleonclusion is pretty important: by choosing tlesiced closed-loop
transfer function through theJHLoop-Shapinglgorithm it has been possible to get a tailor-midguency response
for the given constraints, which gives the enginberfreedom of choosing any of the full-order coltrs, his choice
being only a fine-tuning one, depending on theasitun.

4. 4 Reduced Order Controllers

Now that the full-order controllers have been desty we will be taking a look into reducing the@spective
orders in order to check if it is possible to maintthe very good performance that has been sedheoprevious
analysis while at the same time having a “smalt®mftroller. There, we will take each of the fullder controllers
designed on the previous session in order to véridpe of the architectures has a better perfomaamhen compared
to the other and if the number of control inputs hay influences of the results.
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Figure 6. Reduced Order SCAS — Time Domain Analysis

The original full order controllers had order 1Wdtcontrol inputs) and 11 (one control input), exsprely. Using
the MATLAB reducefunction it has been possible significantly redube order of the originals controllers. The
controllers designed for the 2 control inputs systéhad their orders lowered from 17 to 10, whetbascontrollers
designed for the one input control systems had trelers more than halved, from 11 to 4.

But contrary to what was seen on the full-ordertaglers, the time domain analysis now presents gom
difference in terms of performance can be seeretwéen the primary and the alternative architestufée usage of
the HIFOO on SAS-loop made for a better responsénea domain than when the,HLoop-Shapingechnique was
fully used. It can be seen that the alternative gimes a faster response even if deflects lessdhtol inputs (on the 2
control inputs systems), using less energy. Albe, same faster performance can be seen on thetfolcomputs
systems, which have the setback of introducingllatioins on their response due to the absenceetdmtrol vane
which helps the aircraft to respond more smoothly.

Magnitude (dB)

50l
10

Singular Valuss

wincd Gust Boundsary
SCAS Primary Architecture - 2 Contral Inputs
SCaS Primary Architecture - 1 Gontrol Input
SCAS Aternative Architecturs - 2 Control Inputs
SCAS Aternative Architecture - 1 Cortrol Input
Robust Stakility Boundary

10"
Freauency (radissc)

Figure 7. Reduced Order SCAS — Primary and Altérastrategies — Frequency Domain Analysis
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Now, considering the frequency-domain responsealse observe responses that are different fronoties seen
for the full order controllers, but that corrob@atwith the time domain analysis. It was possiblsignificantly lower
the order of the SCAS and keep the desired closagl-plant when using 2 control inputs. When usungf pne, the
shape of the closed-loop response, could not b kep still provides good margins regarding thbustness of the
system and limitations regarding possible gust wind

Therefore we are now able to get to a few valuabtdributions of this essay. It's possible to comebi

* The H,; Loop-Shapinaglgorithm;
*  The HIFOO (H-Infinity Fixed Order Optimization) agthm:;
* And an order reduction algorithm.

Putting all the strategies above together can afl@rControl Engineer to design a controller treg & high level of
robustness, that has a fast and efficient trackmgormance and that has a lower than usual owdeich is highly
desirable and extremely important contributing tmdgabetter control design techniques.

5. CONCLUSION

Throughout this essay, we have tried to put togett@ny important aspects of Control Systems (SAS @AS)
design for Aeronautical Engineering, coming fromesly introduction which leads to understand h@ec#ic the
referred designs have become.

Section 2 specified the aspects around the impoetah efficiently modeling a system to be contrd]len our case
an aircraft. This was followed by the presentatibthe B1-Lancer, its control inputs and its spieatharacteristics.

Section 3 went into the Robust Control Theory atpeimportance and why it's regularly used for SCfs
aircrafts, as it still withstands an advantage cAgaptive Control. Also, two different techniquesne presented, one
as prime selection for this essay and other astamate one.

And finally, on Section 4 the simulations considgrthe modeled system on Section 2 and the coatsadlesigned
bearing Section 3 in mind, were shown and analyaed. we could come to an interesting set of corichs the hj;
Loop-Shapingalgorithm is an extremely powerful tool as it cagngrate any closed-loop response desired by the
control engineer. But the essay’s main contributtame when the referred techniqgue was combined tvtlHIFOO
technique and applying an order reduction algorithinnas been observed that when they are puthegehey can
generate a fast and robust closed-loop lower omystem, which is highly desirable on modern aerticalu
applications.
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