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Abstract: Highly-flexible aircrafts present high-aspect-ratio wsrtpat introduce nonlinear-
ities into the flight dynamics and make more complex modets@mtrol methods necessary.
In this paper, a loop separation concept is applied to theAXH aircraft, giving rise to a
control system comprising an inner-loop capable of coltigthe shape of the aircraft while
keeping the plant stable, and an outer-loop capable of @ing velocity, altitude, bank an-
gle and sideslip angle. The outer-loop has a decoupledtsteutor longitudinal and for the
lateral-directional axes. The matrices of the compensatere obtained using non-smooth op-
timization. Gain-scheduling techniques are implementelypass stability problems arising
from changes in the plant with flight speed. Nonlinear sirtiafes show promising results for
implementation on the real aircraft.

1 INTRODUCTION

HALE (high-altitude long-endurance) aircraft are well kimofor their typical high-aspect-ratio
wings, which make long-endurance flights feasible. Theiaamt increase in the aspect ratio
introduces high levels of structural flexibility and nomarities to such aircraft, imposing the
need for flight-dynamic models that dynamically couple éangid-body and large aeroelastic
motions [1]. HALE wings can have their shapes significantlyi®d when the trimmed flight
condition changes or when disturbances excite the aircraft

The development of control systems for highly-flexible &ftthen requires more complex
models and control techniques than those adopted for lifbkible aircraft. Classically,
control law design is made assuming a rigid airframe, andedastic interaction effects are only
considerec posteriori, typically through gain stabilization, using low-pass aadch filters [2].
However, as the structural flexibility increases, notclefiitg can become problematic for the
control system performance [3]. With the separation ofdrgody and aeroelastic motions
Impossible, other strategies must be considered in degjgrantrol systems for highly-flexible
aircratft.
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An excellent example to demonstrate these concerns is theidity of Michigans (UM) X-
HALE [4], a flying testbed that behaves itself as a moderatakile aircraft in its 4-meter-
wingspan configuration with aspect ratio 20, but becomdsyitexible in its 6-meter-wingspan
configuration with aspect ratio 30. The vehicle has beert BuilTA in Brazil and is currently
being used for validation of coupled models of flight mechargind aeroelastic dynamics, and
for flight control law design [5].

One alternative to address the airframe flexibility in thetodl law design is to add in the
stabilizing inner-loop a shape control function with feadk of structural behavior [5]. The
idea behind that is to artificially make the aircraft behasaalightly flexible aircraft, so that
rigid-body-based outer-loops for path tracking apply. ldeer, stability margins may decay
as the flight condition changes. For higher flight speedsddmanded deflections of control
surfaces by the shape control function may be excessiveeaaltd instabilities of aeroelastic
modes. A gain-scheduling approach is therefore needed.

In this paper, a flight control law based on the loop sepamnatimncept and a shape control
function is addressed for longitudinal and lateral-diwdl dynamics of a highly flexible air-
craft. The performance of the control law and the decay dfila margins with increasing
flight speed is demonstrated for the X-HALE aircraft. Gaoesduling techniques are discussed
and implemented in nonlinear closed-loop simulations. Reshow that a computationally-
efficient gain-scheduling approach stabilizes the platiénflight speed range of interest, and
its implementation on the real aircraft is promising.

2 MODEL DESCRIPTION AND CONTROL SYSTEM STRUCTURE

The X-HALE wing is built connecting six panels one-meteassipy 0.2 meter of chord panels,
with the external panels having dihedral of 1& igure 1 shows the X-HALEs geometry. The
aircraft has five under-wing-mounted pods for the instalfadf the instrumentation. Five hor-

izontal stabilizers are present, connected to the wing bettms. The central and the two inner
booms have ventral fins for lateral-directional stability.

Deflection Measurements

Reference Point

Figure 1: X-HALE geometry, control surfaces and referermiafs.

A camera system was proposed for measuring the elasticrdafion of the wing [6]. The
cameras are installed on the central pod facing outwardet Afd. ED markers is installed on
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the upper surface of each wing panel. The camera systemableapf detecting the displace-
ment and rotation of these markers. This technique is balagtad for use in real-time control
applications [6].

X-HALEs flight dynamics model is based on the formulationeleped by Guimates Netcet

al [7] for the flight dynamics of slightly- to moderately-flexéaircraft. Small elastic deforma-
tions are assumed. A finite-element representation of ticeadii structure and a lumped-mass
representation of its properties of inertia is availableltaracterize the structural dynamics. In-
cremental unsteady aerodynamics is modeled using theelelaltice method [8] with rational
function approximations [9] and appropriate aerodynamituence coefficient corrections to
take into account viscous effects.

The resulting flight-dynamic model of the X-HALE comprisé&®Xtates, and the basic trimmed
level-flight condition is obtained for the design flight sgex 14 m/s at 700 m ISA altitude. The
linearization of the aircraft dynamics around the equilibr condition produces the matrices
that are to be used in the design of the control system. Thetpe heights for X-HALE goes
from 700 to 800 m, the initial height is the altitude di&Jogé dos Campos (local for the flight
tests). The flying velocities range goes from 12 m/s to 20 raget on the take off speed and
the performance of the engines.

2.1 The control law: stabilizing loop (inner-loop)

The control system inner-loop must ensure that all closeg-poles lie in the left half-plane,
using the lowest possible control energy and leading to @atety-damped aircraft response.
It comprises a stability augmentation system (SAS) for tleba@ motion of the aircraft and a
shape control function, as proposed by Gaezet al [5].

For the stability augmentation of global motion, pitchtatdied and roll angle) and the angular
ratesp, g, andr are measured outputs used in the feedback loop. Elasticalaranslations
of the reference points on the wing tips (see Fig. 1) completenner-loop to enhance shape
control. The inner-loop has 9 gains: 5 for the rigid body #izdtion and 4 for shape control.
The proportional gains were calculated using Linear QuadRegulator (LQR) with output
feedback.

LQR control technique applies to linear systems of the form

T = Az + Bu

— (1)

x € R™is the state vector, € R™ is the control input ang € R? is the measured output [10].
The control signal is the output feedback given by

u=—Ky, (2)

and the close-loop system is defined as
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&t =(A—BKC)x = A.x. (3)

The LQR allows to calculate the feedback gain maitiby minimizing the performance index
J, a cost function defined as

J= % /O (T QO + uT Ru)dt. (4)

() is a positive semidefinite state weight matrix aRds a positive definite control weight
matrix.The pair(Q, R) is required to be detectable, but observability may be ptomstead.
The necessary conditions to solve the LQR are given by twelgav equations and a third
equation to obtairk’. [10]

0=ATP+ PA.+Q— PCR'CTP, (5)
0=AS+SAT + X, (6)
K =R'B"PSct(csc™)™. (7)

It is required to solve these three equations coupled tarohtgain capable to minimizé. If
the system is stablg, could be written as

1, 1
J = 3% (0)Pz(0) = §tr(PX). 8)

Once a stabilizing gain is obtained by minimizing the maxmmeal part of the eigenvalues of
A.. The system of equations (5-7) is solved numerically in arative process to minimizé
in Eq. (8) [10].

In the inner-loop structure, the two inboard elevopsndd,; are actuated symmetrically for the
longitudinal feedbacks @fandg, the outboard elevonsg,(, ¢,.,) are actuated anti-symmetrically
for the lateral-directional feedbacks ¢f p andr. Simultaneously, shape control is achieved
using the aileronsd{,, ¢.,,) of the left and right external wing modules. The describggraach
results in a symmetric and independent decoupled matristiape control and a decoupled
matrix for stability augmentation around a trimmed levagHt condition. The strategy of de-
coupling the gain matrix and ensuring symmetry/anti-syimynen the control commands is
based on a physical consideration that the aircraft is wagrhmetric. It produces lower per-
formance indexes and improves time domain responses.

4
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Commanded References

: Longitudinal Autopilot Vandh e i
é V. o
: ‘ Compensator Contro} dl?trrlb,u or Inner loop -
h . for V, and h il - I
i c | i : < o : y
1 PR R Uy Ry . I@ P RN
B ' Dynamics '
¢ Compensator g — :
b. | for ¢, and p ! [ 04 |
¢ | : D¢ }47 |
' [
| |
dand f |«
Lateral-directional Autopilot

Figure 2: Control system structure, with stabilizing if@sp and tracking outer-loops.

2.2 The control law: tracking loop (outer-loop)

The outer-loop has the structure of a regular tracker alatofdi0]. Two tracking compen-
sators were developed; a longitudinal tracking contrddewelocity and altitude, and a lateral-
directional tracker for bank angle and sideslip angle ragnh. The complete control system
with inner- and outer-loop can be seen in Fig. 2.

The reference input is given by

z=H,x 9

wherez is a vector with the variables to be tracked: velocity) @nd altitudeH, for the lon-
gitudinal motion, and sideslip3) and bank angle¢( for the lateral-directional motion. The
dynamic compensator has the form

v=F G
w w + Ge (10)
u, = Dw + Jee,
with state {v) and output,). The tracking erroe is
e=r-—z, 11

wherer is a vector with references to be trackel, G, D and .. are matrices selected to
include the desired structure in the compensator. The comdsnaf outer- and inner-loops are
the final control input
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u=—Ky— u,. 12)

The whole system could be written in its augmented form as

o) = Lo, | [u] +[0] 2+ [e] @9
m N {—EHG 109] [Z] + m T (14)
2= [H, 0] [Z] . (15)

and the total control input is

uw=—[K I {y} (16)

Uy

In summary, the augmented, closed-loop system has the form

Ly = Az, + Bau, + Gr
Yo = Cxy+ Fr a7)
U= - [K I} Yas

Matrices ', G, D and Jc defining the structure of the compensator were determinadavi
structured non-smootH, synthesis, that is detailed in the following.

2.3 Non-smoothH, Synthesis

The closed-loop system can be represented by the Linear [fvagant (LTI) P; of Eq. (18),
with subscriptz indicating augmented states and matrices. [11]

z = H,z, (18)

Tq = Ax, + Bou, + G,r
Ps =
Yo = Caxa + FaT
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Closing the loop with the control law = —[I]y, = —v,, the closed-loop transfer function
between tracking errar and control (output) is a function of the plant and the augmented
compensator,

Tue:E(PG7F7D7G7 JC) (19)

The objective is to compute the longitudinal and lateral pensators. The compensators must
be able to attain three requirements: performance, comapanstability and global stability
[12]. The performance is attained by finding the matriée®, G, J. that minimize theH
norm of the functiori/,,,

| Tue(Pe, F, D, G, Je)|| oo = sup 0(Tue(jw)), (20)

wherew is the banwidth. The advantage of structuféd is to freeze the control architecture
and the order of the compensator 16fh and 5-¢. [12]. In the longitudinal compensator the
two central elevators control the aircraft speed, mearayhll engines actuate together to attain
the commanded altitude . In the lateral-directional conspéar the sideslip angle is regulated
by the action of the differential thrust of the outer engiaeing a pair minus the other, the
bank angle is controlled with the two outer elevators actiifgrentially. The architecture of
both compensators is

F= F4><47 G = G4><2a D = D2><47 J = J2><2- (21)

A critical factor is decoupling the action of the controfienside the compensators. Equation
(21) shows a system with two inputs and two outputs with twotlers acting and four
controller states. It is important that the action of one pacontrollers have little or no effect
over the other.

RegularH ., synthesis uses semi-definitive programming or algebraiatRequations to com-
pute the feedback controllers [11] . When we fix the struct@itb@controller, i.e. the order of
the controller state-space realization, filg synthesis problem is no longer convex. Normally,
when this problem exists the Bounded Real Lemma is used [13]a Assult theH, syn-
thesis no longer produces LMIs, but bilinear matrix inediesd, which are non-convex. This
approach usually leads to numerical difficulties becausbepresence of Lyapunov variables,
whose number grows quadratically with the number of states.

The non-smooth approach does not use the Bounded Real Lemneav@dd.yapunov vari-
ables. The algorithm presented by Apkarian and Noll [11]eM@s theH . .-norm with the
Hamiltonian bisection algorithm and uses it to compute sadhignts. These subgradients are
used to compute the descent steps. This algorithm is alailalihe Matlab routine Loop-
tune [14].
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Looptune is a function of MATLAB Robust Control System Toollitvat computes the Clarke
subdifferential [11], [15] to solve thé&.-norm problem adapted to a finite number of frequen-
cies. [14]. Requirements of tracking, stability margins aachpensator stability are formulated
in the frequency domain b, constrains of the form

W]l < 1. (22)

T is the transfer function of interested variablés$ s the weighting function describing the ex-
pected performance. For the X-HALE control system, mudtipérformance constraints were
required. The constraints are inserted on the optimizairoblem with the TuningGoal func-
tion of Matlab. First, all compensators poles must be st@lgoles must be negative) and the
performance of the output signal should have a 6 db gain margil 45 degrees phase margin
for all outer-loop feedbacks, as stated in MIL-DTL-94906][1 The procedure in Looptune
leads to finding a stabilizing controller that satisfies téeas /., constrains

IWiTilloo < 1,i=1,...,m. (23)

The weighting functions are filters that define the form of skasitivity functionS = 1 — T..
The weight is defined with

Wy = Mt (24)
5 s+ wA,’

A, is the lower bound and/, the upper bound for the sensitivity. The structuféd synthesis
allows to concatenate thié,, constraints in the generalized form

[Hlloo <1 (25)

where

H = diag[W\Th, ..., Wy, Tyl (26)

Then, the nonsmooth optimization included in the strucute, methods is capable to opti-
mizing the entire constrairfi instead of the global transfer function. An iterative prsse/as
developed to construct a proper controller. The conssaipplied over th&,.(Pg, F, D, G, J.)
functions were set between 0.5 and 5.65 rad/sec to avoictiafiethe inner-loop rigid body dy-
namics @ > 0.01 Hz) while also avoid the first elastic mode frequency<( 0.9 Hz). The
final bandwidth for the longitudinal compensator is [0.9d/sa1.41 rad/s]. The same principle

8
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was used for the lateral-directional compensator, its fiaaldwidth is [1.48 rad/s, 3.53 rad/s].

These frequency settings offered the best time domain nsgpthey also showed low coupling
inside the compensators.

Figure 3 and 4 show the requirements for both compensatoispbssible to see that in both
cases the final compensators are stable. All poles rest defttséde of the imaginary axis.

Poles of the compensator
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Figure 3: Review of the requirements for the longitudinahpensator.

Figure 3 bottom left Bode plot of the transfer function betwége velocity and the central el-
evators and bottom right shows the transfer function betviiee directional control input (en-
gines) and the altitude. It is possible to see how in bothsHeerequirements for phase margin
(PhM) and gain margin (GM) were attained. TuningGoal.Ldugg® of Matlab constrains the
open-loop responsé (Loop gains). The objective open-loop gain profile is transfed into
constraints on the inverse sensitivity function and the glementary sensitivity function

inv(S) =1+ L, 27)
T=1-25.

The green shaded region in Fig. 3 and 4 represents the arga whe much greater than
1. Here a constraint otmuv(S) is the same applied to a minimum constraint on A large
L is associated to good disturbance rejection, good comrf@indving and stabilization [17].

9
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Figure 4: Review of the requirements for the lateral-dimwl compensator.

The red shaded region shows the area were much smaller than 1. Here a maximum gain
constraint on the consensitivity is the same to a maximum ganstraint on’.. A small L is
associated with noise mitigation and small magnitude ofiirgognals [17] .The space between
these two regions is twice the bandwidth set as initial nregmént and specifies the frequency
band were the loop gain is able to cross 0 dB. At the center ddittgular values plot on Fig. 3
it is possible to see that the cut bandwidth limits fowere achieved and the constraints limits
were respected.

The bottom left and bottom right Bode plots show the transfacfion between the directional
control input (external engines) amd and the mixed outer elevators andespectively. Once
again is possible to see how the requirements in terms of RiMGIM were attained. The
plots also shows that the cut frequency bandwidthfevas respected. It is possible to observe
that the constraints are not respected at a high-frequewioy lpy the actual loop gain. Never-
theless, it is at so high frequency that it does not affeciggreeral performance of the lateral
compensator as is shown in the next section.

3 CONTROL SYSTEM EVALUATION

The control system described in the last section was api@dHALE for nonlinear, closed-
loop simulations to assess its performance. The maneuvssists in a climbing turn. The
commands are: an increment of 20 m height, velocity incremit m/s and 20 degrees in roll
angle in 40 s, whiles is regulated to zero. Figure 5 shows nonlinear time domapaeses
to these commands.The increase of altitude was attainédasio percent of error at 40 s.
The increase of velocity was also achieved at 40 s with zeesstwot. Steady state error is
also considered zero. The roll angle reference is reachethansteady state error is 0.06 deg,
meanwhile, the sideslip angle was regulated around zelayial the aircraft to perform a

10
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coordinated turn. The maximum variation of the sidesliplamgas -0.76 degree.
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Figure 5: X-HALE nonlinear response time histories andatan of control inputs for the commanded maneuver.

One of the most interesting phenomena observed in the X-HARHlight-dynamic model is
that the aircraft presents lateral control reversal fordlegons. One can indeed observe in Fig.
5 that the left elevons are deflected upwards and the rigihbeseare deflected downwards for
the aircraft to roll to the right, i.e. the opposite of a camienal aircraft. With the elevons
installed at the tail of rather lengthy booms, an intenssteldwist occurs at the wing when
the elevons are deflected. As a result, deflecting the leforlepwards and the right elevons
downwards to turn to the left has the effect of twisting thagyincreasing local angles of attack

11
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of the left wing sections while the opposite occurs for tightiwing sections. The consequence
is an overall rolling moment to the right, the opposite of tlesired. No control reversal exists
for the ailerons, the closed-loop control system makes ttheftect with the same sign, in order
to reduce the wing bending deformation induced by the irsgeédeft wing lift and decreased
right wing lift. The control surface deflections are far fréine saturation limit oft 25°. Once
the commanded reference is reached the control surfacpskéng to control the shape of the
aircraft.
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Figure 6: Vertical translations of the wing tips.

The variation of thrust is also within the limits of the engi capabilities, as seen in Fig. 5
(bottom right plot). The engines increase thrust to atfagndommanded altitude. The sideslip
angle is regulated by the asymmetric thrust. After the conded roll angle is attained the
thrust remains constant to hold the coordinated turn.
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Figure 7: Variation of SAS poles as a function of velocity.

In Fig. 6, tip translations are displayed for the left andhtigring. Right and left wings react
differently entering the coordinated turn due to differexctl angles of attack resulting from the

12
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twisting moment generated by the elevons. After 60 s, aalnlgty shows up in both responses.

The instability is achieved when the third torsional modeepaross the imaginary axis as seen
in the closed-loop root loci of Fig. 7 for increasing velgcithe form of the mode is presented

on the right side of Fig. 7. Itis possible to see how the innep calculated for 14 m/s keeps

the airplane stable from 12 m/s up to approximately 17.5 @fsce this velocity is exceeded,

the SAS is no longer capable of stabilizing the aircraft. dthen to overcome this problem, the

control system must be adapted to stabilize the aircraftenithole flight envelope.

4 GAIN SCHEDULING

Results of last section have demonstrated that a fixed seiref @was not able to ensure stability
over the entire X-HALE flight envelope. The system is dependa the trimmed shape of the
structure. Gain scheduling (GS) is used to solve this proljli8]. This technique consists in
scheduling the gains of the controller according to chamgesrcraft state [19], for instance
the velocity. A series of inner-loops were designed for therhodels linearized at 12, 14, 16,
18 and 20 m/s. Four approaches were taken to solve this pnolihe first GS solution consists
in designing the inner-loop for each LTI and generating adimfunction to move from one set
of gain to the next one; the second GS solution consists ipikgehe inner-loop constant for
the nearest speed switching every time the aircraft reazinesv linearized point; the third GS
solution is a linear function between the sets of gains ¢ated for 14m/s and 18m/s;the fourth
GS solution consists in a switch at 17 m/s that changes frengdims of 14 m/s to the gains of
18 m/s.
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In the first GS solution, the gains were stored in a lookupetalold with the help of staggered

Figure 8: Variation of SAS poles as a function of velocity &IrGS
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models, the gains were calculated every 0.1 m/s by linearpotation. For a real implemen-
tation, however, a measurement of a 0.1 m/s variation in tgktfspeed is not possible with
the current onboard instrumentation. In the second andifd@e® solutions, an algorithm was
applied to check stability of the inner-loop, the gains wieept constant between a series of
velocity strips of+ 0.5 m/s for the second case. The fourth case switches at 17 @mse
the aircraft passes one of the limits, the inner-loop gaiessaitched to the next set of gains.
In this way, the stability of the inner-loop was granted te #ntire flight envelope. Figure
8 displays the root-loci of the closed-loop system congsidethe four different strategies for
gain-scheduling. The plots show clearly that the poles mpass to the right half plane for
analyzed velocity.

Commanded References
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Figure 9: Control system structure with gain scheduling

The outer-loop was evaluated in order to check stability effidiency. The longitudinal and
lateral compensators were able to take the aircraft to alinoanded references. The controller
is robust enough to not lose significant performance dutiegentire flight envelope. In this
way, the whole flight envelope of X-HALE is attained. Figurst®bws the final control system
for X-HALE with structural shape control and gain schedglimased on the loop separation
concept.

5 RESULTS

The evaluation of the whole controller consists in a clingb@itcelerated turn. Departing from
an initial velocity of 14 m/s to 18 m/s in 40 s, the commandelevariation was 20 m and
the climbing time was 40 s, at the same time the aircraft wasncanded to turn 20 degrees
in roll angle and regulate sideslip angle. Figures 10 to E&@mts the results of the nonlinear
simulations. The continuous lines represent the linear gBaaches1® GS and3®° GS). The
dotted lines represent the switching GS approacte&§ andd® GS).

Figure 10 shows how the longitudinal commands are achiewldwth GS approaches. Never-
theless, it is noted that the variation of the velocity isa®tontinuous as shown in Fig. 5. The
2° GS shows a higher frequency damped oscillation once the @mded velocity is achieved.
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Figure 10: X-HALE nonlinear response time histories andatam of control inputs forl° GS and2°®° GS

The effect of consecutive gain switching is more visible loa lateral maneuvers. Every time
that a set of gains is switched to another, there exists a jartiye control signal. These jumps
are rapidly compensated by the outer-loop to sustain theemaan. Nevertheless, there is no
control saturation during the maneuver. The commandedaragle presents an overshoot of
5 degrees just before attaining the stationary state megeréor2° GS. It is also evident that

these jumps in the commanded signals generate actions air¢haft that increase the control
demand to attain the maneuver. The sideslip angle incresaghe same time that the control
jumps occur. The engines must act in order to try to redtigéhile they are controlling the
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climbing.

Plots ofp andr in Fig. 10 show that the aircraft is no longer unstable at 18. n®dnce the
commanded references are attained, the aircraft is ableldalire maneuver, showing that the
gain scheduling allows the controller to adapt itself towa flght condition. It is also important
to point out that the outer-loop does not loose significapésformance with the changes in the
inner-loop. The outer-loop is capable of compensating timérol variation due to the switching
while tracking the references.
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Figure 11: X-HALE nonlinear response time histories andatam of control inputs foB° GS and4® GS.
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Figure 12: Vertical translations of the wing tips with Gaichgduling. {° GS and®2° GS (dotted) left3° GS and
4° GS (dotted) right)

Despite of that, the commanded references were attainetharsteady-state tracking errors
were small.

Nonlinear simulation results f&° GS and4® GS are shown in Fig. 11. The first remark from
this figure is that the tracking is accomplished more smgpthithout much oscillation during
the transition phase. At 17 m/s the inner-loop switch charfgem the 14 m/s gain to the
18 m/s. This change on the inner-loop generates an incrgasies control command which
deflects the outer elevators to oveB degrees. This causes an increas¢ afgle to 22.38 deg.
This variation is rapidly compensated by the outer-loop stdrns X-HALE to the tracking
reference. The variation of roll angle induces an increagg, this variation is regulated by the
engines without loosing performance during the climbingall variation is observed in thié
GS in the velocity tracking. Thg® GS presents the best response of the four GS evaluated. All
commanded references were attained without any overshiagigoificant steady-state error.
The transition between the inner-loop gains is achievedosinp The coordinated turn is
achieved and stable stationary roll and yaw rates are obderv

Finally, Figure 12 shows the variation of the wing tip of X-HE during the maneuver with
the four GS approaches. It is possible to observe that thaftis stable, and the aeroelastic
instabilities shown in Fig.6 were eliminated. TI38,GS approach is able to take the aircraft
through the entire maneuver without discontinuities inrdsponse, from the initial deformation
condition to a new trimmed one.

6 CONCLUSION

A control law based on wing deformation measurements wagmss and applied to a highly
flexible aircraft. The control architecture was based omp Iseparation concept. The inner-loop
was in charge of stabilizing and holding the trimmed shapéefaircraft. Meanwhile, the
outer-loop was used to track commanded references. Thelomeis decoupled, in terms of
longitudinal and lateral-directional global motions. T8tepe of the aircraft is controlled, with
one half-wing independent from the other. The gains of aitiad surfaces are symmetric. The
inner-loop was estimated by LQR with output feedback, asarithitecture allows the aircraft
to hold the equilibrium condition and wing shape with low ttohenergy.

Decoupling the inner-loop allows the outer-loop to be gplib two independent loops. The
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longitudinal loop controls velocity and height and the tatedirectional loop controls roll angle
and sideslip angle. The optimization of the compensatoesl 13 follow the references was
achieved by nonsmootH,, synthesis. In general, commanded references were attaiitied
no control saturation and small tolerable steady-state®riHowever, since the plant is highly
dependent on flight velocity, large variations on commanaerence velocities resulted in
instability for a fixed gain set.

Gain scheduling of the inner-loop was necessary to ensabdist. Nonlinear results showed
clearly that switching gains may decrease the performamctosed-loop, and additional os-
cillations appear in the response. Gain optimization peeray lead to local minimums that
changes the values of the gains considerably compared g@athe found for subsequent veloc-
ities. This causes the jumps observed in the results.3Tl&S approach was demonstrated to
hold stability while conferring the aircraft smooth respesa throughout the speed range.

Thanks to its simplicity and robustness this control aetttiire shows promising results for
implementation on the real X-HALE.
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