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This paper presents an automated tuning of a longitudinal baseline load factor flight
augmentation system (FAS) and a maneuver load alleviation (ML A) controller. The FAS is
representative of those employed in modern fly-by-wire civil aircraft (regarding the pull-up
maneuver loads) and the MLA function reduces sizing loads. These control laws are applied
to a flexible and energy-efficient aircraft. During the iterative aeroelastic optimization of
the preliminary aircraft design, the evolution of the aircraft design and structure call for an
adjustment of the control system tuning. An optimization-based procedure is proposed to fully
automate the multi-objective control tuning process, which would allow considering their load
reduction performance in an automated multidisciplinary optimization loop of the aircraft.
The parameters of the active control functions are scheduled over the equivalent air speed
and Mach number using a candidate function to capture the change of the elevator authority.
The closed-loop FAS shows good tracking of the pilot command over the entire flight envelope.
The MLA function effectively alleviates the worst case maneuver vertical bending moment
throughout the wingspan as well as the entire flight envelope. Adding an input filter and a

center of gravity scheduling law decreases the wing root bending moment further.

Nomenclature

= Local chord length

= Aerodynamic moment coeflicient derivative with angle of attack
= Deflection

= Change from trim-value

= Tuning requirement performance

= Dimensionless deflection time

= Sampling time
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To—g = Transfer function from o to O

Voo = Undisturbed onflow velocity

xcg = Longitudinal center of gravity position
X = Analysis point

Subscripts, Superscripts

mig = Error

of = Integral

of = Proportional
o"¢/ = Reference

Of = Elevator

Ocma = Command

Oco = Crossover

Onr = High frequency
O;r = Low frequency
O,.r. = Liftredistribution
Opig = Trigger

I. Introduction and Motivation

The aeroelastic design process of modern aircraft concepts involves sizing the aircraft based on ultimate or design
loads plus a safety factor (typically 1.5 or less, cf. for instance [1, Appendix K]). Ultimate or design loads of wings are
partly defined based on the limit loads for specific load cases (e.g., gust, turbulence, and maneuver loads). Alleviation
of the gust and maneuver loads offers potential for lightweight construction and/or improved aerodynamic efficiency via
higher aspect-ratio wings. The Sustainable and Energy-Efficient Aviation (SE>A) Cluster of Excellenc investigates
numerous technologies for sustainable and eco-friendly air transport systems. Among the cluster’s research activities
are concepts for load reduction in conjunction with tools for the (pre-) design of aircraft.

Usually, for the inboard (and heaviest) portion of the wing, sizing loads are defined by the gust and maneuver
loads [2]]. Without specific control functions, the maneuver loads tend to dominate the other loads. However, it is
straightforward to reduce them by deflecting wing surfaces (ailerons, spoilers) upward to shift the lift distribution
inboard when the load factor in the fuselage exceeds a certain threshold. This way, the maneuver loads can be reduced
below the peak load levels of open-loop gust encounters. Numerous studies have investigated the potential for mass
savings through the use of active maneuver load alleviation control in the last fifty years. Early works by White [3l],

Allison et al. [2]], and Johnson et al. [4] have shown this potential as well as the trade-off between reducing the structural
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weight and improving the aerodynamic efficiency of the aircraft by increasing the wing span.

In comparison, gust loads are much more challenging to alleviate as the sizing gusts are usually of very large
amplitude and the control surfaces have limited authority and deflection rates. With the use of lidar sensors that detect
gusts/turbulence slightly ahead of the aircraft, reductions on the order of 15-20% of the maximum values can be reached
while remaining strictly within the position and rate limits of the control surface actuators [3]], compared to about 5-7%
without lidar sensors but with aggressive (high-gain) and much less robust controllers. Methods for designing active
gust load alleviation (GLA) controllers with and without lidar sensors have been designed and applied to the considered
aircraft configuration (cf. section [[I)) by the authors’ research group, cf. for instance [6]], as well as other research
groups, e.g., [7]. This paper presents methods to design both a flight augmentation system (FAS) and a maneuver load
alleviation (MLA) function to complement the already available GLA controllers. Their design is automated as much as
possible so that they can eventually be incorporated into the multidisciplinary optimization of the aircraft.

Integrating load alleviation functions at the aircraft pre-design stage has already been proposed by several groups,
e.g. [8-H12]], and is expected to become standard in the next decade. With each iteration of the aircraft design loop,
properties affecting the aeroelastic and flight dynamic behavior of the aircraft are changed, which also calls for an
update of the various active control functions. In turn, these adapted control functions impact the gust and maneuver
load envelopes of the aircraft for which the aircraft structure is sized. To be able to run design loops efficiently and to
consider the active control functions while optimizing the aircraft, the control synthesis for the different modes must be
automated. The fine tuning of these control functions usually involves fairly complex and time-consuming trade-offs,
which can hardly be reproduced in such automated schemes. The intention is therefore not to design the final controllers.
Rather, controllers are tuned whose performance is representative of modern longitudinal flight control laws (and not
overly optimistic) with respect to the loads. This guides the multidisciplinary optimization into an appropriate region of
the design space, allowing the optimizer to leverage the knowledge of load reduction performance without the risk of
using too optimistic load reduction levels for the current design as the achieved load performance is monitored and
regularly evaluated during the optimization.

The remaining sections are structured as follows: Section[[I] provides an overview of relevant prior work on both the
design and tuning of FAS control laws based on the vertical load factor n, and on MLA functions. After introducing the
considered aircraft in Section [[II} the proposed control design methods are presented in Section Results obtained

with the tuned controllers are discussed in Section[V] Finally, Section|[VI|summarizes this work and provides an outlook.



I1. Relevant Prior Work

A. Baseline Control Law

Given the widespread adoption of n,-based control laws, there are surprisingly few references on the tuning of such
laws. The Airbus A320 normal law is documented in [13]]. Regarding automated tuning, nonlinear dynamic inversion
(NDI) laws are often considered as a means to force the aircraft to behave like a specific reference model. However,
these approaches can lead to an aggressive controller with very fast closed loop poles and with large actuation levels to
force the aircraft to match the reference model’s behavior. NDI can however be a solution, if used properly, and can also
provide significant added value when the aircraft exhibit a nonlinear behavior, as shown in [[14,[15]. Overall, the three
references from Airbus [[13} 14} 116], published over a period of 19 years, exhibit the same control law structure. The
more recent publication, however, delves deeper into the adaptation of the parameters with changes to the flight point
and the flight phase as well as the compensation of nonlinear effects.

The existing literature on non-automated tuning of load factor-based control laws is also limited, both regarding the
structure of the law and its tuning. Much of the research work focuses on the handling qualities of the longitudinal
motion, assuming a bare and rigid aircraft with no significant FAS (stability augmentation at most, but no command
augmentation). Two examples of in-depth investigation of active control systems and their impact on the aircraft
longitudinal dynamics as well as the resulting handling qualities can be found in [[17,[18]]. Without FAS, the poles and
zeros of the transfer function from the elevator deflection to the load factor n, determine both the dynamic response to
pilot inputs and the disturbance rejection properties. For such non-augmented aircraft, there is a direct link between
stick input response and disturbance rejection capabilities. Hence, the handling quality criteria defined in terms of
short-period pole locatio considered both aspects. Using pole placement techniques would make a lot of sense when
tuning a few controller gains which do not change the open-loop behavior too drastically. Reference [14,(19] mentions
explicitly that a pole placement approach is used to tune the feedback gain, but also mentions that further filters are
required to cope with flexible modes (ride comfort, no coupling with flutter).

Flight augmentation controllers may, as is already the case with an n,-law, yield a decoupling between disturbance
rejection properties and response to stick inputs. As already mentioned, they can include filters and significantly increase
the order of the closed-loop dynamic system. As a consequence, the simple notion of having a short-period pair of poles
that largely define the longitudinal handling qualities may be invalidated. The fact that the link between the pole-zero
map and the handling qualities cannot be readily established for highly control-augmented aircraft does not prevent,
however, the disturbance rejection and reference (i.e., stick input) tracking properties from being tuned so that good

handling qualities are obtained. By adding and tuning a feedforward filter to the pilot command input, the aircraft

"The lower bound on the frequency (typically 2 rad/s) can be interpreted as a minimum disturbance rejection bandwidth. The upper-bound on the
frequency (typically 2.4-2.6 rad/s) prevents excessively forward center of gravity locations which would cause a deficit in the maneuverability of the
aircraft (C,;,, o too strongly negative). A minimum damping ratio (typically 0.5-0.7) is specified to prevent a large resonance at the short-period mode
frequency.



response can be tuned independently from the feedback gains and disturbance rejection characteristics of the system [14}
section 4].

In the following, a similar baseline control law structure and requirements are considered, however the tuning will be
performed and automated utilizing frequency-based methods. Such methods were also applied to a baseline controller

in [20]. The current work is largely based on [21]], with some modifications and significant additions.

B. Maneuver Load Alleviation Function

The references [8H12], mentioned earlier for their investigation of the load alleviation and mass saving potentials,
propose a series of MLA configurations. For the design of MLA functions, the basic idea is to shift the wing lift
inboard by deflecting the outboard control surfaces (ailerons and spoilers) upward and sometimes also inboard control
surfaces (high speed ailerons and flaps) downward. For civil airliners, maneuvers are usually performed at relatively low
frequencies and, if properly handled, interaction between MLA functions and flexible modes can largely be avoided. It
is, for instance, common to cut (filter out) the pilot commands above the frequency of the first flexible modes of the
airplane for comfort reasons and for preventing biodynamic coupling. The prevention of such interaction is not directly
considered in this work. The evaluations made at the end of the paper consider dynamic maneuvers and not only the

quasi-static pull-up/ push down maneuvers specified in [[1, §331 b)].

II1. Considered Aircraft Model

A. Aircraft Configuration

The aircraft considered in this work is the SE>A Mid-Range (MR) Aircraft [22]. Its top-level aircraft design
requirements are similar to an Airbus A320-200. The mission profile of the SE2A MR is optimized to balance direct
operating costs and CO;-equivalent emissions [6]]. In order to reduce contrail-emissions, the nominal mission profile is
lower and slower than that of an A320-200. This mission profile led to a lower wing sweep angle. Additionally, both the
wingspan and the aspect ratio are larger in comparison, while the wing loading is lower. One of the unconventional
design features of this aircraft is the use of over-wing turbofan engines, with the engine inlet very close to the upper
surface of the wing and a very aft position of the engine, see The aerodynamic benefits of such engine
arrangements are being investigated by other groups in the SE?A cluster. This feature has some impact on the aeroelastic
behavior of the aircraft, but has fairly little impact on the work presented in this paper as the following baseline and
MLA controller are mostly active at frequencies below the first flexible modes of the aircraft.

The wing structure of the SE2A MR is sized to maneuver loads only. Gust loads are neglected in the structural sizing
of the wing based on the assumption that a gust load alleviation system, e.g., the one from [6], reduces the gust loads
down to the maneuver loads. The structural sizing was performed twice: first with the load envelope corresponding to

a 2.5 g pull-up maneuver and then also for 2.0 g. The latter case yields an operational empty mass difference of two



percent [23]]. This indicates the mass reduction potential that can be obtained using an MLA function, which ensures

that the closed loop load envelope remains within the open loop load envelope obtained for a 2.0 g pull-up maneuver.

N
N

Fig. 1 SE2A Mid-Range Aircraft, primary control surfaces in blue, load alleviation devices in orange

B. Nonlinear Model

The nonlinear aeroelastic flight dynamics model (FDM) documented in [23] is utilized for simulation of the given
energy-efficient passenger airplane. The flexible structural model is based on a high-order finite-element model.
Cut loads are computed at 134 load stations throughout the structure using the mode displacement method. The
aerodynamics are implemented via a mid-fidelity unsteady model consisting of an unsteady airfoil model, dynamic stall
model, and spanwise downwash model. The coupling of aerodynamics and structural dynamics is realized by handling
the aerodynamic forces over to the flexible-body equations of motion [24]] and feeding the resulting structure geometry
back to the aerodynamic model.

Actuators are modeled as second-order systems with nonlinear limits on both deflection and deflection rate (20 deg
and 40 deg/s for the elevator). Due to the low torsional stiffness of the wings, the outboard ailerons have very little
control authority at high dynamic pressure. Instead, the micro-tabs presented in [25]] are used in this work as load
alleviation devices (LAD) on the wing. They work similarly to spoilers, i.e., their deflection reduces lift locally by
causing flow separation. Unlike conventional spoilers, micro-tabs do not rotate relative to the wing surface. Instead,
they move perpendicular to it, like the air brake of a glider, and their deflection is expressed as a percentage of the local
chord length %c. Their maximum deflection is 2%c, and their spanwise location reaches from 81.7% to 95.3% of
the wing half span, see They are positioned at 60%c in chord direction, providing good control authority
on the local lift and low impact on the local pitching moment of the wing (and thus indirectly on wing torsion) [25]].
Micro-tabs, like spoilers, can only reduce local lift, so they are not applicable for MLA during push-down maneuvers.

At this stage of the work, a steady aerodynamic model of the micro-tabs is considered, with a similar deflection

rate limit to that of classical spoilers. This limit is imposed to ensure that the effectiveness and responsiveness of the



micro-tabs is not over-estimated. For spoilers, the dimensionless deflection speed 7, is defined as:
Voo
th=tyg— 1
d - ey

where t; denotes the deflection time, V., the undisturbed freestream velocity, and ¢ the local chord length. Rapid
deflection of spoilers leads to an instantaneous lift increase, followed by the intended lift reduction [26]. This
phenomenon is also known as the spoiler adverse lift effect and does not occur for 77, > 5...8 (see [26} 27]). The
limitation regarding the micro-tab deflection rate derived from the spoiler adverse lift effect is introduced in section[IV.B]|

and is assumed to be more restrictive than the mechanical deflection rate limit of the micro-tabs actuator.

C. Linear Model Processing

The simulation framework allows trimming, linearizing, and simulating the aircraft throughout the flight envelope.
In this work the nonlinear flight dynamics/aeroelastic model is trimmed and linearized at the 72 flight points shown in
Two mass cases are considered: maximum take-off weight (MTOW) and maximum zero-fuel weight (MZFW).
Whilst not defined as different mass cases in the following, an additive variation of the center of gravity (CG) position is
also considered for each flight point and mass case (default position and offset forwards by +2%MAC). In total, 432
linear models are generated. For the controller tuning process, the flight points marked with purple crosses in [Figure 2]
with MTOW and standard CG position are utilized. Solely the longitudinal dynamics are considered: Lateral dynamics
are truncated based on the assumption that they are decoupled from the longitudinal dynamics. This assumption holds

for wing-level steady state flight with negligible roll and sideslip angle/rate [28 29], and symmetrical mass cases.

-
o
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Fig. 2 Flight envelope: from sea level up to service ceiling and from stall speed V., to maneuver velocity V4 to

cruise speed V¢ up to dive velocity Vp, (vertical black lines), constant Mach number along blue lines, constant

EAS along red lines, linear models available at all markers

The full-order linear models have 800 states. Reduced models are computed for the controller design by means of a
Hankel singular value-based truncation. Prior to the computation of the Hankel singular values, the model outputs are
equalized based on the steady-state response to the considered inputs. Some outputs (e.g., wing root bending moment

WRBM in Nm) are several orders of magnitude larger than others (e.g., ® in deg, ¢ in deg/s, or n, in g) and would



otherwise dominate the transfer function, resulting in an unbalanced reduced-order model quality (good match of the

largest outputs, but poor match of the others). The resulting state-space models of the aircraft:

X =Ax + Bu
Gac: (2)
y=Cx + Du

have a state vector x with 75 states. The inputs u = [0k .cmd> OLAD.in.cmd> OLAD.mid,cmd> 6LAD,0M,,Cmd]T are the
commanded elevator deflection and commanded load alleviation device deflection. All control surfaces are deflected
symmetrically (i.e., on both wings). The outputs y = [n;,q, Vyz,®, WRBM, 8,8k, 51.4p.01.4p]" are the vertical
load factor, pitch rate, combined longitudinal and vertical inertial velocity in body-fixed frame (true airspeed), pitch
angle, wing root bending moment, elevator deflection and deflection rate, as well as the LAD deflection and deflection
rate. The outputs n,, g, Vy, and O relate to rigid-body aircraft movement at the CG. The linear models are converted to
discrete time (using a zero-order hold method) to obtain a realistic flight control system with a sampling time 7 of
25 ms (sampling rate 40 Hz). Delays such as sensor delays, computational delays and transmission delays are assumed

to sum up to 50 ms. They are applied as input delays at all plant inputs.

IV. Control Design
This section presents the baseline control law and the MLA controller as well as their tuning. These control functions
are tuned with a structured H,/H., method at the twelve design points (highlighted as purple crosses in with
MTOW and default CG position. Controller parameters related to the elevator are scheduled over the Mach number and
E AS to capture the effects of compressibility and dynamic pressure on the elevator effectiveness. The aerodynamic
effectiveness of the trailing edge flaps model can be approximated as a quadratic function of EAS and Mach number

[23L30]. Hence, a continuously scheduled gain is parameterized as
K(p) = [1,EAS, EAS?,Ma,Ma?| p” (3)

where the tunable parameters

P = [po, PEAS, PEAS2, PMa> PMa2] @

are tuned for each controller gain individually. After tuning, the candidate function is evaluated for the EAS and Mach
number of the current flight point, yielding a smooth gain-scheduling. Results for individual and combined controllers
as well as further insight into the control design are presented in Section[V]

The MATLAB systune framework [31] is utilized for the automated tuning process of both baseline and MLA

controller. It allows for structured H,/Hs control law synthesis, i.e., a control structure with fixed-order control



elements can be defined a priori. The framework employs a non-smooth optimization technique [32], which efficiently
and effectively handles large order systems (recall 75 states for the design system). However, the lower-order controller
may correspond to a local optimum. It is therefore common practice to repeat the control synthesis with random start
values to try to achieve a more favorable optimum (closer to the global optimum).

Tuning requirements are defined using H,/Ho norms. The systune framework allows tuning requirements to be
classified as either hard or soft. Soft requirements are minimized (e.g., load reduction objective), subject to hard
requirements being met (e.g., actuator limits and stability requirements). The H,/H., norms are applied here only
to single-input single-output (SISO) transfer functions. The H., norm of a transfer function is its largest gain for a
sinusoidal input across all frequencies. An H,, requirement is formulated by multiplying the SISO transfer function
with a frequency-dependent weighting function and constraining the H, norm of the augmented transfer function to an
upper bound. The requirement is met if its performance 7, i.e., the norm of the augmented transfer function, is smaller
than one. The inverse of the weighting function, also known as a template, is denoted as W~ (ss) and is used as an upper
bound on the non-augmented transfer function. The same logic applies to H, requirements, however this norm can be
interpreted in the time domain for SISO systems in two ways [33]. From a stochastic viewpoint, it is interpreted as the
root mean square (RMS) value of the output due to an unit-intensity white noise input. From a deterministic point of

view, it is interpreted as the energy of the output in response to a unit impulse input.

A. Design of the Baseline Control Law

As already understood for decades and used by Airbus since the A320 generation [13]], letting pilots control the
flight path angle y or rather adjusting it by means of a load factor command (An; is proportional to y) reduces their
workload considerably. Indeed, pilots are less focused on stabilizing the flight path and correcting it in the presence of
disturbances, as the control law handles this for them. Instead, they act as an outside-loop guidance law deciding on the
required flight path. This fundamentally changes the role of the pilots, relieving them of low-level control tasks.

At high speed, minor angle of attack variations (and thereby also pitch rate) are sufficient to cause large variations of
the load factor. However, at low speed, the range of load factor variations is more limited and pilots were found to rather
rely on the pitch rate [34,[35]]. This observation led to considering a mix of the load factor at the pilot station An;_p;or
and the pitch rate g for specifying the desired response to pilot stick inputs. This mixed signal is called C* (C-star) and

is defined as:

Veo q

Lpitotr ¢ V.
pilot 4 + co q

AC* = Anz,pil()t + g

~ An, + 5)

The load factor at the pilot station is affected by the CG load factor An,, pitch acceleration ¢, and distance from

CG to cockpit I 10, (for arigid aircraft). The crossover velocity V., = 122 m/s defines the velocity above which C* is



dominated (in steady-state) by the An_ 10, term [34].

Upper and lower bounds on the time-domain step response of C* are used to judge the longitudinal stick response
of the control law. This performance criterion only focuses on the input-output relationship, i.e., does not specify
disturbance rejection properties, but can be applied to high-order aircraft models (e.g., including aeroelasticity, actuator
and sensor dynamics, and loop delays) and with complex control laws [35]]. shows the baseline controller
structure, which is based on [[13} (14} 20]. The C* controller is implemented in discrete time and tracks the reference
load factor commanded by the pilot An;ef .

The feedback path is primarily used for model error correction and disturbance rejection. It consists of an integral
load factor tracking feedback controller with the scheduled gain K ,ILZ (p) as well as proportional pitch rate and load
factor feedback with the scheduled gains K 5 (p) and K ,Z (p). The feedforward path KF'¥' (p) is used to accelerate the
closed-loop response to pilot inputs.

Both the tracking error output n{ as well as the analysisPoints X, and X,,_ are employed during the tuning
process. analysisPoints are used as inputs and outputs at the given location in the control loop. Note that an
analysisPoint is utilized to identify a location in the diagram that is of interest for specific analyses or to express
some design specifications, without actually modifying the model. In the signal flow direction, an analysisPoint first
outputs the signal and then allows an input to be added. X, and X,,_ are placed on the feedback signals and used to
specify the stability margins. X, is also used to define the output sensitivity function on the load factor n,, with which
a disturbance rejection specification is expressed. There are five hard tuning requirements for the baseline control law,

which are summarized in and explained in the following.
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Fig. 3 Baseline controller structure
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Table 1 Baseline controller tuning goals

Goal Description Type Location Target
Hard Requirements
<Wg,. (2)
ef .
1) n.?? Tracking He Tn;ef_mezz (Adjusted during
tuning)
2) n; Tracking Overshoot H Tn;ef oy < 10%

3) Feedback stability margin ~ Margin  X,, X,,_ > 6dB|45deg

4) Disturbance Rejection He, X, SW e (2)
5)  Elevator deflection rat H T 40deg/s

evator deflection rate o ref_, ; <—

nz f—)55 AT’lz,feas/3

1. Reference Load Factor Tracking

For reference tracking, the magnitude of the closed loop transfer function 7}, —., Where re f is the reference input
and e is the tracking error, must be low at low frequencies. To accelerate the system response, an overshoot of the
tracking signal is usually allowed. For good noise suppression, the closed loop system should show little response to the
tracking error at high frequencies. These demands are achieved by shaping 7. /—. with an He, requirement.

visualizes the associated tracking error template. It is defined as a band-pass filter:

epeak S+ Whpyrerr (enf/epeak) s +wipf
S+ Whpf L+ wipy

W l(s) = (6)

with low frequency error ey, peak error epqx, high frequency error ey, 7, high-pass filter cutoff frequency wppr =
2/tresp, TESPONSE time .., low-pass filter cutoff frequency wip,r = 2/(tresp (1 = 1/Kres50)), and the width of the

resonance window in which an increased tracking error is allowed k50 -

1 €Peak
)
ke Enf
=}
=t
=)
o0
=
1 ey
Whpf Wipf
Frequency

Fig. 4 Schematic tracking error template W, ! (s)

The reference tracking error template for the baseline controller W, llz_ (z) is defined by Eq. @, with e; ¢ = 107 and

11



eny = 1.01. Choosing epeqr = 3 and k;¢50 = 2.2 leads to an allowed tracking error of 6 dB at the closed loop resonance
frequency.

It is not straightforward to select the response time for a closed loop system constrained by a set of Hy/H
requirements. Thus, an iterative approach is adopted: a tunable control structure along with its requirements is passed to
systune. If the control synthesis fails to converge to a controller that satisfies all hard requirements (max {n;'?“’d} >
1) after n, 4,4 random restarts, the tracking requirement is relaxed by increasing the response time until a satisfactory
solution is reached, see Algorithm[I] The initial response time is chosen low enough that Algorithm [I] fails on its
first iteration to ensure that the quickest closed loop response satisfying all requirements is achieved. For the given

application the load factor tracking error template W, }12 (z) is initiated with a response time of 600 ms. The permissible

response time f,¢sp max is defined a priori to limit the number of iterations. Further requirements are presented below.

Algorithm 1 Control synthesis with iterative tracking
performance relaxation

while max {9} > 1 && tresp < tresp,max 40
Increase response time ¢,¢5p by 5%
Update tracking error template W, ! (s)

Synthesize a controller using systune with 7,.4,4 random

restarts

end while

2. Load Factor Tracking Overshoot

In accordance with the design rules of baseline controllers at Airbus [16, 36]], and to meet the C* step response
boundaries, the overshoot of the load factor should not exceed 10%. This is applied via an H,, constraint on the transfer
function from reference load factor input (n;ef ) to load factor output (n;). Note, that the Ho, norm of the transfer

function is used as an overshoot estimate based on the analogy to second-order model characteristics.

3. Stability margins

A stability margin requirement is applied to provide robustness against system uncertainties. Classical stability
margins are measures of variations in gain or phase that can be tolerated whilst maintaining closed-loop stability [37].
Classical gain and phase margins GM|PM of at least 6 dB|45 deg are specified at the analysisPoints X, and X,,_ in
To further ensure robustness against simultaneous variations in gain and phase, disk margins are employed in
the tuning process instead of classical margins. The classical margin specification is translated to an unskewed disk

with radius @ = 2max {(GM - 1)/(GM + 1),tan(PM /2)}, which serves as a lower bound on the disk margin of the

12



corresponding SISO loop. The latter is defined as 2 (||(1 — L(s))(1 + L(s))~! llo) _1, where L(s) denotes the open-loop
transfer function (recall the analysisPoint description) [31}37]]. Note that this only applies to unskewed disk margins

of SISO loops. These stability margin requirements are realized using the Margin requirement (feature of systune).

4. Disturbance and Model Error Rejection

The reference tracking might largely be achieved via a feedforward filter. However, real-world systems differ from
their models considered during tuning. To ensure that the remaining model error is compensated in a timely manner,
some minimum level of rejection must be provided by the feedback controller. The effect of output disturbances and
multiplicative output uncertainty is specified using the closed loop transfer function at point X,,_ (cf. . A
minimum output disturbance rejection bandwidth wprp of 0.5 rad/s and a maximum output disturbance rejection peak

DRP of 5dB are required [38,[39]. By specifying a high-pass filter with the same characteristics

_ s DRP
W, reer (8) = ©)

s + (1)[)1@)3\/2(DRP)2 -1

as an H,, template, a minimum disturbance / model error rejection is ensured.

5. Limit on Elevator Commands

It is highly advisable to tune the controller such that it complies with actuator deflection and deflection rate saturation
limits. Reaching the saturation limits may result in degraded closed-loop performance or even loss of stability (in the
case of feedback control). To prevent saturation of the elevator actuator deflection rate, the Hs, norm of the transfer
function from the reference input (ngef ) to the actuator deflection rate output (6 ) is constrained to the actuator deflection
rate limit (40 deg/s) relative to one third of the largest expected reference input (Angef = Ang feas/3, where An; feqs is
the maximum feasible load factor at the given flight point, determined by trimming the aircraft for maximum load factor
up to 2.5 g). It is worth mentioning that this requirement does not generally restrict the controller from saturating the
elevator actuator deflection rate. Rather, it ensures at the design points that § remains below 40 deg/s for sinusoidal
reference inputs correlating with An reqs/3 pull-up maneuvers at all frequencies. Only a third of An; f.q is used here
since the elevator rate limit must be maintained during normal operation. For sizing-relevant maneuvers, a rate limiter is
implemented at the elevator input ensuring that the elevator rate stays below its limit. Like in [6], requirements are
specified for the deflection rate only, since the deflections themselves are unlikely to reach their limits at the considered

flight conditions.

B. Design of the Maneuver Load Alleviation Function
The MLA function is designed to reduce the inboard wing bending moment during maneuvers. This also reduces

the design loads associated with the requirements for symmetrical maneuver conditions according to [[1, §331]. These
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maneuvers (balanced, maximum pitch controller displacement, and checked maneuvers) are to be conducted with the
maximum positive and negative load factors (defined by [1}, §337]). Only the maximum positive load factor (An reqs,
cf. section is considered and shown in the following, for two reasons: Firstly, the design loads include the trim
loads, so that upward bending moments, for example, are typically critical. Secondly, the selected LAD can reduce lift
only, thus they are only effective, in terms of MLA, for large positive load factors.

The MLA function aims at mitigating the inboard bending moment by shifting the lift distribution towards the plane
of symmetry of the aircraft. To achieve this, the MLA function consists of a nonlinear activation logic M LAi¢ and a

linear lift redistribution controller (MLALAD yer.» MLAE yer.(P)), see
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Fig. 5 Maneuver load alleviation controller structure

M LA g feeds a reference LAD deflection 6;2{D of 2%c (maximum LAD deflection) to the lift redistribution
controller if An, exceeds 0.5 g and deactivates if An, stays below 0.2 g for more than two seconds. The waiting period
is a safety feature to prevent coupling of the LAD deflection with buffeting effects or some flexible mode.

Once the MLA is activated, the outboard lift is reduced by deflecting the LAD. The desired flight path is maintained
by compensating the ensuing lift reduction through a quasi-steady increase in angle of attack. That is, the elevator is
deflected to both compensate the reduced lift and the change in pitching moment through the LAD deflection. Such a
reconfiguration was also applied in [40]. LAD and elevator commands are provided dynamically to prevent transitory
effects which affect the ride comfort [[21]].

MULALAD ser defines the LAD command for the outboard lift reduction. It is a discrete-time second order system
that is constant throughout the flight envelope. The damping ratio must be selected large enough for little overshoot (to
limit the velocity at which the LAD reaches its mechanical end-stop) and small enough for a quick transient response.

The bandwidth is selected as a trade-off between the need for avoiding inducing oscillations through rapid lift changes on
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the outboard portion of wing (i.e., for which a low bandwidth is preferable) and the need for a sufficiently fast reduction
of the bending moment through the inboard shift of the lift distribution, ideally by ensuring that the LAD reaches its
settling value noticeably before the wing root bending moment reaches its peak value. A bandwidth of 7.5rad/s and a
damping ratio of 0.8 are selected as a compromise between these two criteri

MLAE ye1.(p) defines the elevator command for the angle of attack adjustment / moment compensation and is a
tunable discrete-time second order system. Its damping ratio {g_arr.a(p), natural frequency wy, g amra(p) and scaling
mage mra(p) are tunableSurfaces, parameterized by Equation

The lift redistribution controller is tuned utilizing the structure depicted in Its tuning process is defined by
three requirements which are summarized in[Table 2] and explained below. The MLA controller is tuned for individual
and combined use of the LADs sections. The MLA is connected with the baseline controller via the elevator command

from the latter 0 ras.

Table 2 Lift redistribution (MLA) controller tuning goals

Goal Description Type Location Target
Soft Requirements
Low Disruption of 0.002
1 Ho Tyer _, < Tg, V w < 10 rad/s
desired Flight Path LAD 7T o¢
Hard Requirements
. 0.032g _,
2 Ride Comfort H T re < w
) ide Comfor 2 el —n. 290 Tk

40 deg/
3) Elevator deflection rate Hy T 62%)_) 5 < 207:(% S

1. Low Disruption of Desired Flight Path
Once M LAy g is active, it feeds a reference LAD deflection of 2%c to the lift redistribution controller. During lift

redistribution, the aircraft should remain on the desired flight path to provide minimal baseline controller disturbance.

ref _

This is ensured by limiting the output An, to 0.002 g at low frequency for the largest expected reference input (6, ,,, =

2%c) using a frequency-limited H, requirement. It is defined as a soft requirement, meaning that the optimization

#Based on linear pull-up maneuver simulations of the baseline closed-loop at all flight points and mass cases, provided that the MLA is activated
if An_ exceeds 0.5 g.
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minimizes the H,, norm of Tém —

while meeting all hard requirements.

2. Ride Comfort
Closely related, ISO 2631-1 defines passenger comfort ratings for the frequency-weighted RMS vertical acceleration.

The low order approximation of the weighting filter

81.89s% + 796.65% + 19375 + 0.1466
s* + 80.00s3 + 226452 + 7172s + 21196

Wi (s) = ®)

developed in [41]] is applied here. Since the stochastic interpretation of the H, norm of a SISO system is, by Parseval’s
theorem, the expected RMS of the response to a white noise input [33]] this rating can be directly translated into an H»
requiremenﬁ The 2-norm of the weighted acceleration signal must not exceed 0.315m/s? = 0.032 g for the best ride
comfort rating ("not uncomfortable’) [42]]. The ratio of this limit (0.032 g) and the largest expected reference input

(2%c) is used as a constraint on the weighted RMS acceleration.

3. Limit on Elevator Commands

Saturation of the elevator deflection rate is prevented by constraining the H, norm of the transfer function from

ref

LAp) to the elevator deflection rate (8£) by the ratio of elevator deflection rate limit (40 deg/s) and the

the reference (6

largest expected reference input (2%c).

V. Results

A. Performance of Individual Controllers

Algorithm|[T] (page[T2) is utilized to synthesize the baseline controller, while the MLA lift redistribution controller is
synthesized without iterative procedure for both combined and individual LAD deflection. The continuous controller
gain scheduling is implemented in the systune framework using tunableSurfaces. Tuned parameters resulting from
the synthesis are documented in appendix and visualized in appendix To provide insight into the
control design, their performance is tested individually in this section: The FAS is tested with the ML A suppressed, and
vice versa. While the controller synthesis relies on models with 75 states, the results of this section are based on full

order linear models.

1. Nominal Performance of Baseline Controller
The AC* handling quality criteria constitutes a guideline for the desirable time response of the aircraft when pilots

apply some corrections and finely control the flight path. The tracking performance for An; fcqs/3 step inputs is shown

$Note that there is a certain mismatch between ISO 2631-1, which is related to the stochastic interpretation of the 2-norm, and the MLA lift
redistribution that only receives step inputs, which are related with the deterministic interpretation of the 2-norm. The ISO 2631-1 is still used since
there are no known ride-quality criteria on system responses to vertical acceleration step/impulse inputs.
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in[Figure 6| for linear systems throughout the flight envelope with MTOW and varying CG position. The feedforward
controller outputs a large signal, such that the elevator is quickly deflected. This accelerates the system response,
meeting the AC* step response throughout. The elevator deflection is far below the saturation limit of 20 deg. Even
though the elevator deflection rate constraint (see section [V.A.5) is applied to sinusoidal inputs for all frequencies up to

the Nyquist frequency, the peak deflection rate is well below the saturation limit of 40 deg/s.
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Fig. 6 Pull-up maneuver step response of baseline controller throughout the flight envelope with MTOW and
varying CG in gray, three exemplary responses with decreasing dynamic pressure colored

In the very rare case that an aggressive maneuver is deemed necessary, the physical limits of the actuators and the
need to avoid overstressing the airframe supersede the handling characteristics considerations. Since the simulation
results inrelate to only one third of the maximum load factor An; f..s, the elevator actuator rate is expected to
be saturated for An, f.s step inputs at some flight points with low dynamic pressure. In this work, a rate limiter is
implemented at the elevator input which ensures that the elevator rate remains below the saturation limit at the expense

of a slower tracking response for the edge-cases with low dynamic pressure.
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2. Nominal Performance of MLA Lift Redistribution

The MLA lift redistribution controller is tested without FAS in horizontal flight. For this demonstration, 6 ras is

set to zero and a step signal is fed to 674C, cf.
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Fig. 7 Step response of lift redistribution controller in horizontal flight using all LAD sections for design flight
points with MTOW and default CG position

The LAD deflection, commanded by M LA Ap rer., reduces the outboard lift and also produces a pitch-up moment.
This is compensated by a pitch-down elevator deflection (trailing edge down) commanded by MLAE ;.r.(p), see
Altogether, the lift redistribution has only a minor influence on the load factor and the pitch rate, so the MLA
activation has little influence on the FAS. Therefore, the baseline controller is largely input-output decoupled from the

MLA and the pilots are unlikely to notice a change in behavior due to the activation of the MLA function.

B. Performance of Combined Controllers

1. Worst Case Loads over Flight Envelope
In this section, the combined baseline controller and the MLA function are evaluated. shows the worst-case

WRBM for pull-up maneuvers with An; ¢.qs for all fight points (FP) and mass cases / CG positions (MC) using several
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indicators: one for each subplot. For all indicators, the absolute load responses L are considered and are obtained as the

superposition of the trim loads L;,;,, and the incremental loads AL:

L(MC,FP,t) = AL(MC,FP,t) + Lyim(MC, FP),

V(MC,FP,t) (9)

The first performance indicator is the worst-case load at each flight point, considering peak load over time for each mass

case individually and then selecting the highest peak load over all mass cases. This indicator is shown for the noM LA

case, i.e., inactive MLA, in[Figure &al

max

LM A(FP) = max (m[ax (L"OM LAMC, FP,1) ) ) ,

VFP (10)
and the M LA, all case, i.e., with the MLA function active and using all LAD sections, in [Figure 8b]
Lyt (FP) = max (mtax (LM LAall(pe PP, 1) ) ) :
VEP (11)
The local relative load alleviation Ll’f’ AL,;‘(;:Z (FP),i.e., the load reduction obtained with the MLA function (using all

LAD) at each flight point, can be expressed as follows and is represented in percent in

LMLAall (ppy Ly (FP) B

LA,local - anz)aA)/CILA(FP) 1 VFP (12)

Finally, the worst-case load obtained at each flight point with the MLA function (still all LAD considered) L%HLXA’“” (FP)
are compared to the worst-case load obtained without MLA over the entire flight envelope

Ln()MLA — I’I}EIIJX (Ln()MLA(FP)) (13)

envelope max

A local (i.e., for each flight point with MLA) relative margin with respect to the load envelope of the noM LA
configuration that was just introduced is defined below and visualized in percent in[Figure 8d|
MLAal (ppy LyEAt (pp) B

LA,margin p)= noMLA I VFP (14)

envelope
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Fig. 8 Worst case pull-up maneuver loads per flight point, three CG positions and two mass cases considered
per flight point, distribution of WRBM over flight envelope, critical WRBM marked in gray

Large maneuver loads with and without MLA are at velocities beyond the maneuver velocity and all altitudes, see
Figures@ and@, since An; reqs is largest (2.5 g) at these flight points. The largest WRBMs occur at two disjoint
regions in the flight envelope, i.e., at cruise speed V¢ and for H € [4,5] km as well as at dive velocity Vp and H €
[8,9]1km, see Figures[8a] [8band [8d} This is caused by the fact that the load factor transient response / overshoot varies

over the flight envelope (cf. [Figure 6 and [Figure 7)), and the pull-up maneuver and LAD deflection excite structural

modes, such that the WRBM oscillates. The peak of this oscillation is synchronized with the load factor peak for the

two disjoint regions with the largest WRBMs.

Overall, the critical WRBM (gray markers in Figures [8a] and [8b) is alleviated by 6.5%. [Figure 8c|and [Figure 7|

indicate that the ML A performs best at high dynamic pressure and low Mach number. Note that for low altitude, the

MLA effectiveness increases with EAS, while at high altitude, it decreases with EAS. This is due to the Mach number

dependency of the micro-tab lift and moment coefficients.
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2. Worst Case Loads over Wing Span

shows the worst case vertical bending M, and torsion M, moment for pull-up maneuvers with An;_feqs
for all fight points (FP) and mass cases / CG positions (MC) over the wing span. Critical mass cases are indicated by
markers. The MTOW mass case is critical for the vertical bending moment, while both mass cases must be considered
for the torsion moment. The maneuver load alleviation is conducted with the following wing actuator configurations:
deactivated MLA (noM LA), use of individual LAD sections (M LA, out, MLA, mid, MLA,in), and simultaneous
use of all actuators (M LA, all). As expected, using more LAD sections yields a larger decrease in maneuver loads.
The incremental load envelopes are shown in The incremental vertical bending moment envelope shows a
continuous distribution, while the torsion moment envelope is discontinuous at the engine spanwise position (this is
discussed at the end of this section). [Figure 9¢|provides a relative comparison of active versus inactive load alleviation.

A relative load alleviation regarding the worst case vertical bending moment

MLA,all
x,envelope

noMLA
x,envelope

LA(M,) = -1 VFP (15)

of 6-13% is achieved across the wingspan using all LAD sections simultaneously. The vertical bending moment load
alleviation is a superposition of the load alleviation from the individual LAD sections, and each LAD section contributes
a similar amount to the combined vertical bending load alleviation up to 7 m semi-wingspan position. Their similar
effectiveness is due to several opposing factors, e.g., the lever arm increases with a LAD positioned further out, but at
the same time the local chord length and thus also the local change in lift is reduced.

The contributions of individual LAD sections deviate beyond the 7 m semi-wingspan position. This is due to the
LAD deflection causing both a local lift decrease and an up-twisting moment. Hence, the wing beyond the LAD
section is twisted upward (e.g., LA(M,) drops off first for the M LA, in case), resulting in different contributions of the
individual LAD sections beyond the 7 m semi-wingspan position.

The load alleviation of the torsional bending moment LA (M,) at the outermost section of the wing (y >16m) is
zero for all actuator configurations, as the (time-) peak values occur before MLA activation. Further, at the outermost
section of the wing, the load alleviation of the vertical bending moment LA(M,) is small or even positive for MLA
with the inboard or midboard LAD sections. However, the outboard loads are not critical, as other constraints (e.g.,
manufacturing or flutter) may be driving the structural sizing. Note, that the wing structure has a very low torsional
stiffness and an inherent bending-torsion coupling (the wingtip twists up to 10 deg down for the worst case maneuver
load without load alleviation).

The earlier mentioned discontinuity in the incremental wing torsion envelope in|[Figure 9bjis due to the large lever
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arm of the engines. For the M LA, all case the discontinuity is smaller since the MLA is over-actuated in this casem and
the critical load occurs at ML A activation. For all other LAD configurations, the critical load is synchronous with that
of the noM LA case, causing the discontinuities to have a similar size. Consequently, the discontinuity is only visible for

the configuration M LA, all in The same reason implies why the LA (M) curve for simultaneous use of all

LAD segments is not a superposition of the curves of the individual LAD segments.
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Fig. 9 Worst case pull-up maneuver loads, three CG positions and two mass cases considered per flight point,
distribution over left wing in spanwise direction

C. Performance Enhancement

The (time-) peak values of the wing root vertical bending moment and load factor are shown in for
MTOW, velocities above the maneuver speed, and three CG positions. There is a strong correlation between the WRBM
and load factor (time-) peaks (correlation factor of 0.85 without MLA and 0.57 with MLA using all LAD sections),
which was to be expected since the wing is loaded more as the load factor increases. Activating the MLA function
decreases the WBRM (time-) peaks, while the load factor (time-) peaks are largely unaffected. also shows,
as to be expected, an increase in load factor and WRBM overshoot for a rearward CG position.

In order to keep the tracking performance consistent regardless of the CG position, a CG-scheduling scheme is
added in the following. Furthermore, an input filter is added to the baseline controller which reduces the load factor
overshoot for sizing maneuvers. Note, that the critical mass case for the WRBM is MTOW, see so only this

mass case is considered.

IHence, for the given trigger logic, adding more LAD sections or employing more effective LADs would not decrease the wing torsion moment
further than for the actuator configuration using all LAD sections. The load alleviation performance could be enhanced by an earlier MLA activation.
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1. CG scheduling
It is well known that the static pitch stability of an aircraft with conventional configuration depends linearly on
the CG position [43 Eq. 9.24]. Shifting the CG position rearward lowers the restoring moment (C,,, , becomes less

negative), i.e., the aircraft becomes more agile. This implies for the given maneuvers that the load factor overshoot

increases with a rearward CG shift, see The effect is compensated by scaling the elevator deflection by
1+ K& (xcG = xcG.pefauir) | MAC (16)

with the CG-scheduling gain K gG = 8 which is tuned manually such that the effect of the CG shift on the WRBM
and load factor overshoot is minimized, see Automatizing this procedure would certainly be possible and
advisable on more complex problems, but the tuning is straightforward in the present case. By adding and progressively
increasing this term, the load factor overshoot by aft CG and undershoot by forward CG gets progressively better up
to the optimal value. A further increase of the gain would lead to an overcompensation, yielding increased WRBM
and load factor overshoots for the forward CG position and vice-versa for the aft position - overall raising the critical
WRBM. Adding the CG-scheduling law decreases the critical maneuver WRBM by 1.5% without MLA and by 1.3%
with MLA using all LAD sections. The additional load alleviation may seem small, but a larger CG shift than 29%MAC
may occur in reality, leading to a larger benefit. Furthermore, decoupling the aircrafts pitch dynamic from the CG

position supports the pilot.

2. Baseline input filter

With CG-scheduling, the load factor overshoot is less than 10%. Recall that the 10% overshoot constraint relates to
normal operation, i.e., to maneuvers with small load factor changes (cf. Section[[V.A), where some overshoot is desired
to fulfill the AC* step response limits. For sizing maneuvers, however, the load factor overshoot can be further reduced

by adding a nonlinear input filter in between the pilot stick output and the n;ef input. The filter is defined as

(Anstick — AnT P YNL(ARL)T,
z—1

a7

where the nonlinear function N L(An;ef ) is largem for normal operation (An;ef <0.5 g), so that the filter rapidly
converges to its input An%”"‘k. For larger load factor changes, however, N L(An;ef ) is small, see This
results in a very quick initial reaction of An;ef , and above 0.5 g, the filter converges slowly to its input, reducing the
load factor overshoot as well as the critical WRBM, see Adding both the CG-scheduling and input filter
laws decreases the critical maneuver WRBM by 3.3% without ML A and by 3.4% with MLA using all LAD sections.

I Rearranging the filter transfer functionreveals that the filter reduces the remaining difference of An$!i¢¥ and Ange‘f ‘ by N L(An;ef )T per
time step. Hence setting N L(Angef ) to T /2 causes the filter to output 93.75% of the stick value within four time steps (for a step input), which is
equivalent to 0.1s. Note that setting N L(Anzef ) to Ty causes the filter to behave like a feed-through with unit delay.
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Appendix provides further insight into the effects of the performance enhancements on the time response.
The CG-scheduling leads to a more consistent time response regarding variations of the CG-position and the input filter

reduces the load factor and wing root bending moment overshoot at the expense of a slightly slower response.

T.20f
I
10}
2,
0 L L L
-1 0 1
Antel

Fig. 10 Nonlinear input filter function definition

The use of an MLA function based on local lift reduction on the portions of the wing necessarily induces a reduction
of the maximum load factor achievable in a steady state pitching maneuver from a pure aerodynamic point of view. In
parts of the flight envelope, typically at lower dynamic pressure, the maximum achievable steady load factor is below
the 2.5 g upper bound value defined in the certifications specifications §CS25.143. Unless it is disabled in these portions
of the flight envelope (which would add failure cases to consider), the deployment of such MLA function induces a
reduction of the aerodynamically achievable load factor during steady pitching maneuver. For the sake of the example,
the aircraft without MLA could potentially reach 2.4 g and with MLA only 2.3 g. As long as the maneuverability of the
aircraft is satisfying, this could be tolerated, cf. [[1} §143 1]. Note that the formulation of these criteria has evolved in the

last years, see for instance [44]].
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Actuator configuration: noMLA
Actuator configuration: M LA, all
CG shifted 2%MAC to nose
Default CG position

CG shifted 2%MAC to rear
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Fig. 11 (Time-) peak values of WRBM and load factor per flight point for MTOW, velocities above maneuver
speed and three CG positions

VI. Conclusion
Two automated controller design approaches are presented for the synthesis of a baseline load factor / C*-based
control law and of a maneuver load alleviation function. The aim of these automated processes is twofold:

1) support (pre-)design studies through automatic adjustment of these controllers during the design loop, and
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2) potentially serve as starting point for fine tuning of such functions by a control specialist.

The controller parameters for the elevator deflection of both laws are scheduled via a quadratic function of the equivalent
airspeed and Mach number. The automatically tuned scheduling enables them to achieve their objectives across the
entire flight envelope.

The considered actuators for load alleviation are micro-tabs and, like spoilers, work by reducing the local lift through
flow separation on the upper surface of the wing. A decrease of the outboard lift is used to alleviate the inboard vertical
bending moment. In this regard, the following strategy is proposed:

1) A second-order dynamic lift redistribution controller for maneuver load alleviation (MLA) which is tuned
so that unnecessary excitation of the wing modes and unnecessary trajectory deviations are avoided during
(de)activation.

2) An asymmetric (de)activation behavior of the load alleviation device (LAD) (different thresholds for activation
and deactivation and an additional delay before deactivation) is used to prevent potential buffeting effects and
any undesirable coupling with the structure.

The pull-up maneuver evaluations, conducted throughout the flight envelope with mass case and center of gravity
(CG) variations, showed that, using all micro-tab sections simultaneously, the designed MLA decreased the vertical
bending maneuver load envelope by 6 to 13% over the wingspan. For the inboard portion of the wing, each micro-tab
section were found to be similarly effective. The worst-case torsion moments were also decreased. To further enhance
the MLA performance, we propose:

1) scheduling the gains linearly with the CG position for a more consistent tracking behavior and to reduce the

critical load, and

2) adding a nonlinear filter on the baseline controller input, which is tuned manually such that the (time-) peak wing
root bending moment and load factor are decreased.

Adding both the CG scheduling and input filter yielded a reduction of the critical maneuver wing root bending moment
by a further 3.3% without MLA and by 3.4% with MLA using all LAD sections.

Except for the performance enhancement mentioned above, the combined control design of the baseline and MLA
function is fully automated. These enhancements could easily be integrated in the automated design loop. The controller
design methodology worked reliably in all of the cases considered. Thus, we expect that it can be used successfully

within an aircraft multidisciplinary optimization loop.
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Appendix A: Tuned Controller Parameters

Table 3 Tuned Parameters

Parameter Do PEAS PEAS2 PMa PMa2

Baseline Controller

KFF (p) 3.0203 -3.7505 27619 -2.6821  2.0129

Kl (p) 29466 -12411 11566 -2.4903  1.7127
KL (p) 12415 2.6273  2.106  -1.048  1.1813
KL (p) 0.5902 -0.3149 02002 -0.1325 0.0158

MLA lift redistribution controller (using all LAD sections)

mage.mia(p) 03603 -0.0776  0.0344 -0.1288 -0.0246

wnpmLa(p) 60579 05445 0255 02585  -0.03

CE.mra(p) 0.2729 -0.0089  0.0766  -0.0459 -0.0082

MLA lift redistribution controller (using outer LAD section)

mage.mia(p) 0.1351 -0.0266 0.0182 -0.0513 -0.0079

wnEmLa(p) 69305 0748  -0.5917 -0.0294  0.0972

CEmLa(p) 0.2935 0.0858  0.0835 0.035 0.0271
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Fig. 12 Tuned gain surfaces of the baseline controller
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Appendix B: Time Domain Response with Performance Enhancements
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Fig. 13 Effects of the CG-scheduling and input filter on the time-responses of the flight points with largest n,
without CG-scheduling and input filter (MTOW, three CG positions)
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