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Abstract

This paper shows results, performance and limitations béisblateral control law designs for a large,
flexible blended wing body passenger aircraft. The airaftamics is pre-shaped by a robust inner loop
control law aiming at stabilization, basic response shgpamd flexible mode damping. The presented
designs aim to further improve vibration damping of the nilgixible modes despite significant parameter-
dependent plant variations. The resulting high-dimeradioobust control design problem is addressed
via the DGK-iteration method applied to a parameterizediced-order integrated model of both rigid-
body and flexible dynamics in Linear Fractional Represé@ndtFR). While a high-accuracy LFR yields
a prohibitive problem size for today’s design tools, sirfiptl uncertainty parameterizations result in a
successful control design. fbérent modeling approaches are compared and discussedesjitbat to the
trade-df between achievable control performance, robustness, ratdkn sizécontroller order.

1. Introduction

Flexible aircraft control is by now a widely studied taskgder example [8], [10], [11], [23], or [24]), driven by
potential weight savings and thus potentially increased éfficiency. One particularly interesting concept in civil
aviation are blended wing body (BWB) configurations whichien additional potential of reduced fuel consumption
per passenger, but they also pose new challenges in migtitake control design [13]: potential (cross-)couplirfg o
longitudinal and lateral motion (and low-frequency flegilthodes), possible open-loop instability, as well as a high
performance demands in loads alleviation, vibration rédacand maneuver shaping.

Flight and structural control laws are commonly built usingust control design methods to ensure satisfactory
control performance also in the presence of plant uncdigainThe DK-iteration and more recently the DGK-iteration
or mixedu-synthesis are well-known design tools to generate suctraldaws [2], [20], [25].

This paper presents a state-of-the-art flight control adefsiga novel application: control of the lateral dynamics
of a large, flexible BWB passenger aircraft. A multitude ofrgjent constraints and goals are given in the time and
frequency domain. An initial controller is designed usingust modal control design [12], [18] to achieve some of the
goals most closely related to eigenstructure assignmersedon the pre-shaped plant, a parameterized high-agcurac
parameterized Linear Fractional Representation (LFRYils Wwhich serves as basis for robust feedback control aesig
by DGK-iteration. Due to high-dimensional parameter dejggity and loose bounds in currgntanalysis tools,
this synthesis task faces computationdtidilties given today’s workstation computing performanoée aumeric
properties of the algorithms. Thus, ways to reduce desigmpdexity and improve resulting robust control performance
are tested and assessed in terms of performance, robystaetbility, and problem size. A high-accuracy pararoetr
LFR as well as various simplified LFR formulations are uétizin subsequent design attempts.

A general integrated methodology for multi-objective rstcontrol design has been presented in [15]. Previous,
closely related studies started on a larger BWB passengaatipre-design model: for LQ-based lateral control
designs see [16], the application of a genetic algorithnpémameter optimization of a multiobjectifé,, DK-iteration
design has been treated in [19]. Using a Youla parametenzaf the feedback control loop, a convex controller
synthesis for lateral BWB control has been performed in {#8) a subsequent scheduled feedforward control design
in [17]. Longitudinal BWB control using LPV control conceyltas been studied in [22]. The models of the currently
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studied BWB passenger aircraft are obtained by highly tetanodeling and are expected to yield more reliable results
for control validation.

This paper is structured as follows: Sec. 2 introduces tteeadt model, provides an overview on its open-loop
characteristics, and formulates the envisaged contrésg8ac. 3 outlines the control design variants and attethpts
were carried out to fulfill the control goals. In Sec. 4, thafidesign is validated at all validation cases of the aitcraf
model and its performance is assessed. The main issues fiesign perspective are discussed. Sec. 5 concludes the
paper.

2. System model

Longitudinal and lateral flight mechanics and aeroeladtiectes of a large blended wing body passenger aircraft pre-
design and their coupling were modeled in an integrateddadby the authors’ project partners [21]. These models
consider a redesigned, downsized BWB configuration as credpa earlier studies (see [16], [19], [18], and [17]).

This study only considers the lateral dynamics as well afieixéle structure modes and aerodynamic lag states
to design and validate the lateral control laws. A sek ef30 linearized state space systelfd = 1,. .., kfor various
parameter values of fuel filling level and CG position (atdixeuise altitude and airspeed) is available:

X = Aix+ Bju (1)
y = Cix + Dju. (2)

The state vectok is composed of 4 flight-mechanic states (side slip agglell rate p, yaw rater, roll angle ),
12 elastic states (6 structural antisymmetric modes), isaw@ aerodynamic lag states. The integrator statggaw
angle) ands (horizontal displacement) are neglected in this studys&lsystems are augmented by actuator and sensor
dynamics.

Utilized inputsu for control design are:

e Symmetric rudder deflection and ratgy, Ury
e Combined antisymmetric aileron deflection and rate: middie inner ailerons are deflected equallyj(, Uai)
e Antisymmetric outer aileron deflection and ratg, Uoa)

The actuator dynamidS.¢are modeled via™®-order low-pass filters as a low-order approximation of jxtely mod-
eled control surfaces and actuation system dynamics. Tdesenics model both the actual surface deflection as well

as its ratg[uj, uj]" = Gactj Ucommand )
Utilized outputsy for control design are:
1. Side slip angl@
2. Roll anglep
3. Roll ratep
4. Yaw rater

5. Antisymmetric modal acceleration sen$iatiaw = Nz wingtip — NZ.wingtip Where Nz wingtip aNd Nz yingtip are
vertical accelerations at the right and left wingtips, extjvely,

which are each considered subject to time delays due tolgigoeessing latencies (160 ms for outputs (1-4), 60 ms
for output (5)), modeled via"8-order Padé approximations. Additionall{?rder low-pass Butterworth filters are
applied to outputs (1-4). The sensor dynamics is collecteriGse,s and the augmented systeﬁn: Gsendi Gactis of
order 47.

Additional exogenous input and output signals for validiatare considered - a wind gust disturbance input
(lateral wind speed = viy) as well as a structure load outgUiwing (@ cut moment at the wing).
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2.1 Open-loop characteristics

The uncontrolled lateral aircraft dynamics shows a slowigtable spiral mode for all considered mass cases at cruise
flight conditions. Moreover, a prominent low-damped Dutail RDR) mode between.@ and 09 rads with a damping
between M3 and 006 is present. Six relevant antisymmetric flexible mode$oated between 10 and &@s of which

the first two (at approximately 10 and 28, respectively) are considered critical for structure kadd comfort. Fig. 1
shows the gustia; - wing loadMyuying response for the uncontrolled aircraft at all consideredswases, as well as the
response of the aircraft controlled by an initial robustepelacement controller which robustly stabilizes and asssig
satisfactory rigid-body responses (see Sec. 3.1). Howasesvident in Fig. 1, the low-frequency transfer magnitude
from lateral gust tdMyying is increased as a result of stabilization.
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Figure 1: Bode magnitude plot of lateral wirg; - wing cut momeniyuying for all mass cases (black: open-loop, red:
closed loop with initial stabilizing controller, see Secl)3

2.2 Control goals

The general control goals for lateral inner loop control are

1. stabilize the aircraft
2. obtain high damping of the Dutch Roll mode

3. obtain stficiently fast reaf aperiodic remaining system dynamics to fulfill rise-timgu&ements on roll side
slip responses in 7 and 5 s, respectively

4. maximize damping of the first two flexible modes

These requirements all have to be fulfilled robustly for dliréssible parameter cases in the viewed parameter space.
They will all be addressed, as far as possible, by an initaltol law which is designed through roblissensitive
eigenstructure assignment. However, further improveroktite vibration damping performance (goal 4) is possible
when exploiting knowledge on the parameter dependencys,Tthe focus and main control goal of this work is to
improve on goal 4.
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3. Control design
3.1 Initial controller

In order to dficiently fulfill the requirements on the rigid-body resporgehe aircraft, a robust eigenstructure as-
signment approach is taken. Utilizing the Robust Modal @urfoolbox (see [12]), a low-order output feedback
control law is generated which robustly assigns partiatesructure specifications (as in [18]). An output feedback
controllerK;ni; of dynamic order 1 is obtained. The initial controller isdrdonnected to the aircraft system models,
forming a set of pre-shaped plants (each of dynamic order B@jure 1 shows theffect of this initial control law:

the aircraft is robustly stabilized, hence it cannot be de@dithat the static loads due to the disturbance are inatease
The flight mechanic modes are assigned robustly to theiretbsbcations and the responses are shaped as desired.
Through eigenvector projection it is possible to reducefitisé flexible mode robustly by about6 dB. Fig. 1 shows

the improved flexible mode damping and Fig. 2 shows the ctiyrand robustly shaped flight dynamic response char-

acteristics. Note that it is not possible to directly andustly increase flexible mode damping further with this desig
methodology.

3.2 Linear Fractional Representation of the parameterized, pre-shaped plants

By exploiting the structure of the parameter dependendymptant, the damping of the first flexible modes is attempted
to be further increased, without altering the other congi@dls (rigid-body response, stability). Therefore, an LFR
description of this set of pre-shaped plants in the two patars CG and fuel filling has been generated from the
model grid (1)—(2) and validated by the authors’ projectpens analogous to the procedure in [9]. The aerodynamic
lag states were removed for the LFR generation. A first, lsigturacy LFR has been generated which has 41 states
and aA block size of 406<40 (in which the two real-valued parameters are 9 and 31 tiepesated, respectively). Later,
due to computational fliculties with this level of complexity, a simplified paramtation has been generated which
leads to a reduced-accuracy LFR with 33 states and>a1I3A block (8 and 5 times repeated, respectively).

Fig. 2 shows scaled, typical step responses (as modelee@ imgh-accuracy LFR) for several randomly sampled
parameter values. The rigid-body response is considetisfiesdorily shaped by the initial controller.
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Figure 2: Step responses of the pre-shaped plants from raddeailerons to side slip and roll angles at random CG
and fuel parameter values
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3.3 DGK-iteration results

DGK-iteration is employed with the aim to generate a robostller that fulfils the targeted control goals: to attenu
ate the first and second flexible modes, and thus reduce théngused wing loads. For details on the involved robust
control theory, fundamental definitions of linear fracbtransformgepresentation (LFJsFRS), the structured sin-
gular value f), robust stability (RS), robust performance (RP), or the-@Kd DGK-iteration algorithms the reader is
referred to [2], [20], [25], and [7].
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Figure 3: Design architecture for DGK-iteration (left)puest performance analysis results (right)

The control design architecture for control design via D{B€ation is outlined in Fig. 3 (left). The system
LFR G_rr is augmented by the design weights, W,, Wy, andW, to obtain the augmented pla@tyg andK is the
robust feedback LTI controller to be designed. The modeiguiats are disturbance inpdt= viy;, feedback control
commandsi = [Ururs, UaiL F8, Uoars] ", the performance outputs= [MYuing, NZatiaw] ', the measured outpugs=
(8.0, p. 1, NZatiaw] T With measurement noise, as well as the weighted output signalsand zp. The measurement
noise weightedV, and the additive uncertainty weigiit, serve as problem regularization terms and are chosen small
and constant. The remaining weights are chosen to

e ensure well-scaled inptatutput magnitudes (via scaling insi@ger),
o emphasize thesland 29 wing bending modes in the performance path g, and to

e limit the control input magnitudes to the admissible in@rige (viaW,).

3.3.1 DGK-design attempt with high-accuracy LFR

The results of a DGK-iteration run based on the high-acgut&® are shown in Fig. 3 (right). The robust performance
u value is much larger than 1 at all considered frequenciess—ciearly evident that the closed loop fails to achieve
satisfactory control performance. In further studies tdiaes evident that the bounds of the open loop robust gtabili
u value are very loose. This problem of convergence and thutireg conservativeness in the D- and G-scalings yield
unsatisfactory results of the design. Note that only stat#dings could be utilized in DGK-iteration design due te th
problem size: Tha-block contains 4& 40 = 1600 entries. Fitting these with dynamic G- and D-scalimdjaies the
controller order quickly well above 1000 which is numerigaind computationally infeasible.

One common heuristics to improve mixgdtonvergence is to add small, complex uncertainties to tistiey
real uncertainties. This was attempted first, however naargment inu bound convergence could be observed.

To overcome the encountered computationfilailties two simplification approaches will be taken and com-
pared in the following.
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3.3.2 DGK-design attempt with ad-hoc uncertainty model

Based on the observation that the perturbations of the feexitnde parameters are the main source of uncertainty,
an ad-hoc uncertainty parameterization is attempted &3e[B], and [25] for similar attempts). The aircraft moslel

are close to a modal form [6] in which a low-damped flexible m@&represented by ax22 submatrix of the system
matrix A:

0 1
An=| 0 o | ©)
By replacing the (21) and (22) matrix elements with real-valued uncertain parametérighware confined to the
intervals occurring across the model set, #icient uncertainty representation with a small uncertamatrix A of

size 2x 2 per mode is obtained. Note that no other variations in that@re considered, hence the uncertainty model
is rather crude. The architecture shown in Fig. 3 is reusetthie plant LFR is replaced by its simplified version (with
aA-block of 4x 4). The achieved robust performancealue is 27.

The obtained controller is of dynamic order 117 (due to dyiedda and G-scalings) after few minutes of compu-
tation time on a standardtice PC. This controller complexity is in general too high foplementation, so controller
order reduction is needed subsequently.

Fig. 4 shows the performance singular values of the openclsgd-loop systems with the validation plants.
It is evident that for most models the obtained controllefqrens well and achieves strong attenuation (abeuitiB)
of the first and second flexible modes. However, in two (exé@mparameter cases the second flexible mode of the
respective validation plant is destabilized. No simple nseare available to ensure stability with these plants excep
for enlarging the uncertainty ranges which quickly destrthe obtained nominal performance.

relative magnitudes in dB
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Figure 4: Bode magnitude plots of (von-Karman low-passréltg lateral windvia - wing cut momentMyying and
modal acceleration sign®z, 1y for all mass cases (black: pre-shaped design plant, rededlmop with robust
controller, obtained by DGK-iteration on simplified desigfR)

3.3.3 DGK-design with reduced-accuracy LFR

In order to obtain a computationally manageable problem &iat still to obtain a robustly stabilizing and performing
control law, a reduced-accuracy parameterized LFR has ¢peerated. The weight shapes are chosen as depicted in
Fig. 5 to emphasize the contrdfect on the first flexible mode. After several design iteragjanbecame clear that the
large variation of the second flexible mode is a limiting éxdh the design — therefore the weightings are adapted to
avoid control action at the second flexible mode’s frequenoge.

Fig. 6 shows the unweighted and the weighted performangelsinvalues of the unweighted (scaled) LFR and
of the weighted design plant, randomly sampled in the uageget. The ffect of the chosen weightings is clearly
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Figure 5: Weight shapes &, (left) andW, (right): The control action is focused on the first wing bergdimode
(notch inW,, peak inW,). Additionally the 2nd flexible mode must be attenuated i plerformance path to obtain
robust performance.

visible — the strongly varying second mode is decreased poitance; the control design task focuses on the first
flexible mode.

After the DGK-iteration run (20 iteration®)- andG-scalings up to order 4, grid of 284 frequencies, augmented
design plantP4,g of order 59, 135 min computation time), a robust performanoé 1.44 is obtained (as compared
to an open-loop robust performane®f 2.0), which is still larger than 1, but, as seen in Fig. 7, theusttstabilityu
value is less than 1. The figure shows also the nominal pedocesingular values (single weighted load performance
outputs and all outputs combined) of the nominal closed Ibband thus shows the closed-loop system variation
bounds as gap between the nominal singular values and thistrpbrformance bound. The controller dynamic
order is very high with 253 states. For implementation, @sipcontroller order reduction must be performed, see [4]
for a u-based approach. The high-order control law can be redug@dATLAB’s reduce command [2] with the
option’ErrorType’, 'mult’ to order 30 virtually without performance loss. The undiedyalgorithm is a balanced
stochastic model truncation (BST) via Schur’'s method [14].
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4. Validation, Performance, and Discussion
4.1 Validation of Control Performance and Robustness
The control law obtained in Sec. 3.3.3 is validated with aitlgnodels (1)—(2). All closed-loop systems are stable.
Fig. 8 shows the magnitude plots of the disturbance — pedooa paths: the first flexible mode can robustly be reduced

to 2—-3 dB below the level provided by the initial control law.

K (order 253
( ) Detail: flexible modes

relative magnitude in dB
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Figure 8: Bode magnitude plots of (von-Karman low-passrélt lateral windviy - wing cut momentMyying and
modal acceleration sign&lzqyaw for all mass cases (black: aircraft model with initial cahiaw only, red: closed
loop with initial controller and robust controller, obtaith by DGK-iteration with the reduced-accuracy design LFR)

4.2 Discussion

A highly detailed modeling process yields accurate systexdets for a parameter grid of relevant system parameters.
For high parameterization accuracy, the obtained parametelinear Fractional Representation turns out to be pro-
hibitively complex for curren: analysis and synthesis algorithms. Several ways to sokelélsign task have been
attempted, including well-known problem regularizatieatiniques (“complexification” of the uncertainty desadp)

and simplification of the Linear Fractional Representation

Ad-hoc uncertainty modeling yields simple LFRs and hightomnperformance for the design plant, but it
destabilizes some parameter-extremal validation plesgsi closed loop. No straightforward remedy is found witho
compromising control performance significantly.

Subsequently, a reduced-accuracy parameterized LFR & @ed which leads to a successful, albeit computa-
tionally demanding design. The obtained control law carggeiced to order 30 without performance degradation and
yields stable closed loops with all validation cases. It$qyenance is significantly lower than the nominal perforiman
achieved through the ad-hoc approach, but in turn it prevadeactually robust solution. Considering that significant
damping is already introduced by the initial control lawsitplausible that further improvement comes at high cost —
both in terms of design complexity as well as numeric comipleX the control law.

As an outlook to possible future research, several othero@gpes could be attempted in such high-complexity
designs. To meet the numeric challenges associatgdbtmunds calculation, especially in the present case where a
low number of parameters is repeated often, it seems rebketioeattempt numeric search methods to empirically find
improvedu bounds. Alsou computation algorithms without the need of fine frequendgiding could alleviate the
encountered diiculties [5].

In conclusion, these findings underline the importanceiodient LFR modeling for DK/DGK-iteration-based
control design. The encountered challenges demonsteatetd for algorithms which allow to generafiégent LFRs
whose parameterization accuracy is optimized for the ageid control task, for example through frequency-weighted
error minimization.
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5. Conclusions

This paper presents first results for the robust feedbackaatesign of lateral inner-loop control laws for a large
BWB passenger aircraft pre-design model. Starting withratial control law that already provides basic response
shaping and flexible mode damping, the main design goal beosfurther increase the damping of the flexible modes
robustly despite strong parameter-dependent plant i@rialfhe DGK-iteration synthesis procedure is utilized and
several LFR formulations of the aircraft model parametqresh@lency are utilized. The highest-complexity attempt
involving a high-accuracy parametric LFR cannot be handt@dputationally. A simple, manual ad-hoc uncertainty
formulation leads to quick results with high nominal penfi@nce but fails to provide robustness in validation. Finall
areduced-accuracy parametric LFR is utilized which leadsdomputationally demanding design, but yields a control
law that robustly stabilizes and attenuates the flexibleadyins above the level provided by the initial control law.
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