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Abstract: This work presents a longitudinal baseline nz flight augmentation system (FAS)
which is representative of those employed in modern fly-by-wire civil aircraft (regarding the
pull-up maneuver loads) along with a maneuver load alleviation (MLA) system which reduces
sizing loads. These active control functions are applied to a flexible and energy-efficient air-
craft. During the iterative aeroelastic optimization of the preliminary aircraft design, the evolu-
tion 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. This brings the aircraft design closer to an automated multidisciplinary optimization
loop regarding the active control functions. The proposed design control approach is demon-
strated on a mid-range aircraft configuration and the analysis of the closed-loop behavior and
maneuver load figures shows a good tracking of the pilot input and a maneuver load alleviation
performance of 7.7–10.9% (analyzed for each considered flight point / model separately).

1 INTRODUCTION AND MOTIVATION

The aeroelastic design process of modern aircraft concepts involves sizing the aircraft based on
ultimate or design loads, which are partly defined based on the limit loads for specific load cases
(e.g., gust, turbulence, and maneuver loads) and a safety factor (typically 1.5, but potentially
less, cf. for instance [1, Appendix K]). Alleviation of the gust and maneuver loads offers poten-
tial for lightweight construction and/or improved aerodynamic efficiency via higher aspect-ratio
wings. The Sustainable and Energy-Efficient Aviation (SE2A) Cluster of Excellence1 investi-
gates 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 domi-
nate the other loads, but it is fairly easy to reduce them by deflecting wing surfaces (ailerons,
spoilers) upward to shift the lift distribution inboard when the load factor in the fuselage ex-
ceeds a certain threshold. Therefore, the maneuver loads can readily be reduced below the peak
load levels reached during gust encounters in open loop. Numerous studies have investigated
the potential for mass savings through the use of active maneuver load alleviation control in the

1https://www.tu-braunschweig.de/en/se2a
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last fifty years. Early works by White [3], Allison et al. [2], and Johnson et al. [4] have shown
this potential as well as the trade-off between reducing the structural 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 surface have limited authority and deflection rates. With
the use of lidar sensors which can detect gusts/turbulence slightly ahead of the aircraft (typi-
cally the usable wind information is available about 0.5 s before it effectively reaches the nose
of the airplane), significant reductions in peak gust load envelope would be achievable. Direct-
detection Doppler lidar sensors for gust load alleivation (GLA) are not very mature yet (TRL
3–4) but could become available in the next 5–10 years. 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 [5], compared to about 5–7 % without lidar sensors and with
aggressive 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 con-
sidered aircraft configuration (cf. section 3) 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. [8–12], and will probably 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 and ensures that the assumed load
reduction performance remains achievable.

The remaining sections are structured as follows: Section 2 provides an overview of relevant
prior work on both the design and tuning of control laws based on the vertical load factor nz and
on maneuver load alleviation functions. After introducing the considered aircraft in Section 3,
the proposed control design methods are presented in Section 4. Results obtained with the tuned
controllers are discussed in Section 5. Finally, Section 6 summarizes this work and provides an
outlook.

2 RELEVANT PRIOR WORK
2.1 Baseline Control Law
Given the widespread adoption of nz-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
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to an aggressive controller with very fast closed loop poles or 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 [13,14,16], published
over a period of 19 years, exhibit the same control law structure. The more recent publication,
however, delves deeper into the adaption 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 lim-
ited, 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 flight augmentation control system (stability augmentation at most, but no com-
mand augmentation). Two examples of in-depth investigation of active control system and their
impact on the aircraft longitudinal dynamics and the resulting handling qualities can be found
in [17,18]. Without flight augmentation controllers, the poles and zeros of the transfer function
from the elevator deflection to the load factor nz determine both the dynamic response to pilot
inputs and the disturbance rejection properties. For such non-augmented aircraft, the link be-
tween stick input response and disturbance rejection capabilities led to the definition of handling
criteria based on the short-period pole location. 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 lo-
cations which would cause a deficit in the maneuverability of the aircraft (Cm,α too strongly
negative). A minimum damping ratio (typically 0.5–0.7) is specified to prevent having a large
resonance at the short-period mode frequency. 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] mentions explicitly that a pole placement approach is used to tune
the feedback gain, but also mentions with no details that further filters are required to cope with
flexible modes (comfort, no coupling with flutter).

Flight augmentation controllers may, as is already the case with an nz-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.
One consequence of that is that the simple notion of having a short-period pair of poles that fully
define the longitudinal handling qualities can be invalidated. The fact that the link between
the pole-zero map and the handling qualities cannot be readily established 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 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, how-
ever the tuning will be performed and automated utilizing frequency-based methods. Such
methods were also applied to a baseline controller in [19].

2.2 Maneuver Load Alleviation Function

The references [8–12], mentioned earlier for their investigation of the load alleviation and mass
saving potentials, propose a series of maneuver load alleviation (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
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surfaces (high speed ailerons and flaps) downward. For civil airliners, maneuvers are usually
performed at relatively low frequencies and, if properly handled, interaction between maneuver
load alleviation functions and flexible modes can largely be avoided. It is, for instance, common
to cut (filter out) the pilot commands below 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, but could be included in future work. The
evaluations made at the end of the paper consider dynamic pull-up/ push down maneuvers and
not only the quasi-static pull-up/ push down maneuvers specified in [1, §331 b)].

3 CONSIDERED AIRCRAFT MODEL

3.1 Aircraft Configuration

The aircraft considered in this work is the SE2A Mid-Range (MR) Aircraft [20]. 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 CO2-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 Figure 1. The aerodynamic benefits of such engine arrangements are being investigated
by other groups in the SE2A 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.

Figure 1: SE²A Mid-Range Aircraft, from [21]

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 [21]. This indicates the mass reduction potential that can be obtained using a maneuver
load reduction function, which ensure that the closed loop load envelope remains within the
open loop load envelope obtained for a 2.0 g pull-up maneuver.
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3.2 Nonlinear Model

The nonlinear aeroelastic flight dynamics model (FDM) documented in [21] is utilized for sim-
ulation 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 handing the aerodynamic forces over to the flexible-body equations of motion [22] and feed-
ing the resulting structure geometry back to the aerodynamic model. Actuators are modeled as
second order systems with nonlinear constraints on both deflection and deflection rate (40 deg/s
and 20 deg for the elevator). The simulation framework is capable of trimmming, linearizing,
and simulating the aircraft throughout the flight envelope.

Due to the low torsional stiffness of the wings, the outboard ailerons have very little control
authority at high dynamic pressures. Instead, micro-tabs presented in [23] 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 through flow separation. Unlike conventional spoilers, micro-tabs
do not rotate relative to the wing surface. Instead, they move perpendicular to it, and their
deflection is expressed as a percentage of the local chord length %c. Their maximum deflection
is 2%c, and their spanwise location is identical to the outboard ailerons in [6], i.e., they reach
from 81.7 % to 95.3 % of the wing half span. 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 so indirectly on wing torsion). As for spoilers, micro-tabs can only decrease the
local lift, so they are not applicable for maneuver load alleviation during push-down maneuvers.

At this stage of the work, only 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 t∗d is defined as:

t∗d = td
v∞
c

(1)

where td denotes the deflection time, v∞ the undisturbed onflow velocity, and c the local chord
length. Rapid deflection of spoilers leads to an instantaneous lift increase, followed by the
intended lift reduction [24]. This phenomenon is also known as the spoiler adverse lift effect
and does not occur for t∗d > 5...8 (see [24,25]). The limitation regarding the micro-tab deflection
rate derived from the spoiler adverse lift effect is introduced in section 4.2 and is assumed to be
more restrictive than the mechanical deflection rate limit of the micro-tabs actuator.

3.3 Linear Model Processing

The coupled flight dynamics/aeroelastic nonlinear aircraft model can be trimmed and linearized
around the considered flight conditions. This enables the application of a whole range of tools
from linear control theory. For the example examined in the present paper, the point at the
cruise speed boundary (cf. [21]) corresponding to the largest true airspeed is considered. In
the present case, this corresponds to an altitude of 6000m, an equivalent airspeed (EAS) of
177m/s, a true airspeed (TAS) of 241m/s and a Mach number of 0.76. The controller design
is conducted with the linearized model at the aforementioned flight point with maximum take off
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weight (MTOW). A series of additional linear models are generated similarly with longitudinal
variations in center of gravity (CG) position throughout the flight envelope and will be used to
evaluate the robustness of the proposed controllers.

Only the longitudinal dynamics are considered: the 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 and rate [26, 27]. The full-
order linear models resulting from the trimming and linearization process have 800 states. A
balanced truncation is performed based on Hankel singular values. 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 Mx,WR in Nm) are
several orders of magnitude larger than the others (e.g. Θ in deg, q in deg/s, or nz in g) and
would otherwise dominate the transfer function, which would then yield a very 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:

GAC:
ẋ = Ax + Bu
y = Cx + Du (2)

has a state vector x with 75 states. The inputs u = [δE,cmd, δLAD,cmd]
T are the commanded el-

evator deflection and commanded load alleviation device deflection. All control surfaces are
deflected symmetrically. The outputs y = [nz,CG, q, Vxz,Θ,Mx,WR, δE, δ̇E, δLAD, δ̇LAD]

T are
the vertical load factor at the center of gravity, pitch rate, combined longitudinal and vertical
inertial velocity in body-fixed frame (true airspeed), pitch angle, wing root bending moment, el-
evator deflection, elevator deflection rate, LAD deflection and LAD deflection rate. The outputs
nz,CG, q and Θ relate to rigid aircraft movement at the center of gravity. The linear models are
converted to discrete time (using a zero-order hold method) to better represent a realistic flight
control system with a sampling time Ts of 25ms. Delays such as sensor delays, computational
delays and transmission delays are assumed to sum up to 100ms. They are applied as input
delays at both plant inputs.

4 CONTROL DESIGN

This section presents the baseline control law and the maneuver load alleviation controller as
well as their tuning. These control functions are tuned with a structured H2/H∞ method at
a single design point and are scheduled over the dynamic pressure. Results for individual and
combined controllers as well as further insight into the control design are presented in Section 5.

4.1 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 γ or rather adjusting it by means of a load factor command
(∆nz is proportional to γ̇) 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, i.e., they decide
the required flight path. This fundamentally changes the role of the pilots, relieving them of
low-level control tasks.

At high speed, limited 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
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variations is more limited and pilots were found to rather rely on the pitch rate [28, 29]. This
observation led to considering a mix of the load factor at the pilot station ∆nz,pilot and the pitch
rate q for specifying the desired response to pilot stick inputs. This mixed signal is called C∗

(C-star) and is defined as:

∆C∗ = ∆nz,pilot +
Uco q

g
= ∆nz,CG +

lpilot q̇

g
+

Uco q

g
(3)

where the crossover velocity Uco = 122m/s defines the velocity above which C∗ is dominated
(in steady-state) by the ∆nz,pilot term [28]. The load factor at the pilot station ∆nz,pilot is
affected by the center of gravity load factor ∆nz,CG, pitch acceleration q̇, and distance from CG
to cockpit lpilot (for a rigid aircraft). Upper and lower bounds on the step response of C∗ are
a successor to the short-period-based longitudinal handling qualities requirements [29]. This
is motivated by the fact that time envelopes of C∗ not only contain information on the short-
term dynamics and the effects on the pilot (normal acceleration, attitude changes, velocities
and further accelerations), but also on actuator dynamics, higher order effects, and non-linear
effects. Therefore, the baseline tracking performance will be evaluated with respect to the ∆C∗

step response boundaries. The output vector y of the linear models is extended by the ∆C∗

signal.

Figure 2 shows the baseline controller structure, which is based on [13, 14, 19]. The controller
is implemented in discrete time and tracks the reference load factor commanded by the pi-
lot ∆nref

z,CG. The feedback path is primarily used for model error correction and disturbance
rejection and consists of an integral load factor tracking feedback controller with the tunable
parameter KI

nz,CG
as well as proportional pitch rate and load factor feedback with the tunable

parameters KP
q and KP

nz,CG
. The dynamic feedforward controller FFtf,tune(z) is used to accel-

erate and shape the closed loop response to pilot inputs and is defined as a third-order transfer
function with three tunable poles and three tunable zeros (defined using a tunabletf object
in MATLAB).

Note that the tracking error output ne
z,CG and analysis point X1 are only used during the

tuning process. Analysis points are a priori defined points in the block diagram where the loop
can be opened to extract one signal and inject another. X1 is positioned at the plant input as this
allows access to the input sensitivity function, which is used for the disturbance rejection and
feedback stability margin requirements.

To compensate the dependence of the elevator effectiveness on the dynamic pressure, the el-
evator deflection is scheduled over the dynamic pressure qdyn by scaling the baseline con-
troller output with the ratio of design point dynamic pressure and current dynamic pressure
KV = qdyn,DesignPoint/qdyn. The rationale for choosing this particular gain scheduling can be
explained as follows. Considering the aircraft trimmed at a given angle of attack αtrim with an
elevator deflection δE,trim (a trimmable horizontal stabilizer is used here such that δE,trim = 0).
Applying a constant deflection δE = δE,trim + ∆δE on the elevator yields a steady state angle
of attack deviation2 of ∆α = α − αtrim = (Cm,δE /Cm,alpha) ∆δE . This result usually holds
for subsonic flight conditions and is generally acceptable in transonic conditions. The relation-
ship between vertical load factor and angle of attack depends linearly on the dynamic pressure

2change of velocity of the aircraft neglected
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(vertical force balance). For this reason, the relationship between elevator deflection and load
factor is scaled with the dynamic pressure.

Figure 2: Baseline controller structure

The MATLAB systune framework [30] is utilized for the automated tuning process of both
baseline and MLA controller. It allows for structured H2/H∞ control law synthesis, i.e., a con-
trol structure with fixed-order control elements can be defined a priori. The synthesis is based
on non-smooth optimization techniques [31]. Tuning requirements can be defined either as
’hard’ or ’soft’ in the systune framework. Soft requirements are minimized, subject to hard
requirements being met. The structured control synthesis is efficient and effective at handling
large order systems (recall 75 states for the design system), but the lower order controller corre-
sponds 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. The tuning requirements are
defined using H2/H∞ norms. These norms are applied here only to single-input single-output
(SISO) systems, i.e., to 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 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 per-
formance ηR, 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−1(s) and is used as an
upper bound on the un-augmented transfer function. The same logic applies to H2 requirements
for SISO systems, however this norm is interpreted3 as the energy of the output in response to
an impulse [32]. The H2 norm is employed in this work to reduce a system response across
all frequencies. There are six hard tuning requirements for the baseline control law, which are
summarized in Table 1 and explained below.

3other interpretations are available in [32]
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Table 1: Baseline controller tuning goals

Goal Description Type Location Target

Hard Requirements

1) nref
z,CG Tracking H∞ T

nref
z,CG−→ne

z,CG

≤ W−1
e,nz,CG

(z)

(Adjusted during
tuning)

2) nz,CG Tracking Overshoot H∞ T
nref
z,CG−→nz,CG

≤ 30%

3) Feedback stability margin Margin X1 ≥ [6 dB, 45◦]

4) Disturbance Rejection Rejection X1 ≤ W−1
reject(z)

5) Feedforward Controller Poles ControllerPoles FFtf,tune(z)
ωd < 100 rad/s

ξd =1

6) Elevator deflection rate H∞ T
nref
z,CG−→δ̇E

≤ 40◦/s

1.5 g

4.1.1 Reference Load Factor Tracking

For reference tracking, the closed loop transfer function Tref−→e, where ref is the reference
input and e is the tracking error, must decrease 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 large frequencies. These
demands are achieved by shaping Tref−→e with an H∞ requirement. The tracking template is
defined as a band-pass filter:

W−1
e (s) =

ePeaks+ ωhpfeDC

s+ ωhpf

· eΩ/ePeaks+ ωlpf

1 + ωlpf

(4)

with low frequency error eDC , peak error ePeak, high frequency error eΩ, high-pass filter cut-
off frequency ωhpf = 2/tresp, response time tresp, low-pass filter cutoff frequency ωlpf =
2/(tresp(1 − 1/κreso)), and the width of the resonance window in which an increased tracking
error is allowed κreso. Figure 3 visualizes the tracking template definition as both Frequency
Response Data (FRD) and Transfer Function (TF). The FRD definition is included for visu-
alization purposes only and is equivalent to the TF definition in the context of the systune
framework (requirements can be defined using FRD but are converted to a TF). The reference
tracking template for the baseline controller W−1

e,nz,CG
(z) is defined by Eq. (4), with eDC = 10−6

and eΩ = 1.01. Choosing ePeak = 3 and κreso = 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 H2/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 {ηhardR } > 1), the tracking requirement
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Figure 3: Tracking Template W−1
e (s)

is relaxed by increasing the response time. If no satisfactory controller is obtained after nrand

random restarts, the tracking requirement is iteratively relaxed until a satisfactory solution is
reached, see Algorithm 1. The permissible response time tresp,max is defined a priori to limit
the number of iterations. The initial required response time is chosen low enough that Algo-
rithm 1 fails on its first iteration to ensure that the quickest closed loop response satisfying all
requirements is achieved. Regarding the baseline controller, the load factor tracking template
W−1

e,nz,CG
(z) is initiated with a response time of 400ms. Further requirements are presented

below.

Algorithm 1 Control synthesis with iterative tracking performance relaxation

while max {ηhardR } > 1 && tresp < tresp,max do
Increase response time tresp by 5%
Update tracking template W−1

e (s)
Synthesize a controller using systune with nrand random restarts

end while

4.1.2 Load Factor Tracking Overshoot

The overshoot of the tracking signal is constrained to 30 % to ensure that the C∗ step response
bounds are met. This is applied via an H∞ constraint on the transfer function from reference
load factor input (nref

z,CG) to load factor output (nz,CG). Note, that the H∞ norm of the transfer
function is used as an overshoot estimate based on the analogy to second-order model charac-
teristics.

4.1.3 Stability margins

A stability margin requirement is applied to provide robustness against system uncertainties.
Classical gain and phase margins GM |PM of at least 6 dB|45◦ are specified as unskewed disk
margins at the analysis point X1 in Figure 2. They are realized using the Margin require-
ment. Its performance is defined as ηR,Margin = ||2αS − αI||∞, where S is the sensitiv-
ity function and α denotes a parameter based on the specified gain margin and phase margin
α = 2 ·max {(GM − 1)/(GM + 1), tan(PM/2)} [30].

4.1.4 Disturbance and Model Error Rejection

The reference tracking may largely be achieved via the feedforward filter FFtf,tune(z). How-
ever, the real-world system differs from the model considered during tuning. To ensure that
the remaining model error is compensated in a timely manner, some minimum level of rejec-
tion must be provided by the feedback controller. Using the loop transfer function at point X1
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(cf. Figure 2) allows the effect of input disturbances and multiplicative input uncertainty to be
specified. The transfer function from input disturbance to the signal prior to its injection has
a gain of 0 dB at high frequencies as the feedback controller cannot compensate perturbations
at high frequencies. By specifying an H∞ template W−1

reject(z) that is sufficiently small at low
frequencies, a minimum disturbance / model error rejection can be ensured, which is achieved
through the integral feedback controller. At high frequencies, the template is raised above 0 dB
to provide the synthesis with enough design freedom to find a feedforward filter that improves
the immediate tracking response.

4.1.5 Feedforward Filter Poles

Achieving good reference tracking for the nominal system via the feedforward filter FFtf,tune(z)
using an inverse controller:

FFtf,tune(z) ≈ (GAC(z))
−1 K−1

V (5)

may seem very attractive (provided no further restrictions and no feedback). This leads, how-
ever, to solutions lacking robustness. Even on the nominal system and if the nominal system did
not have unstable zeros (which would lead to an unstable inversion feedforward controller), the
plant inversion will achieve a quick response at the cost of large and often oscillatory control
commands. To prevent such effects, the pole locations of the feedforward filter are constrained
regarding frequency (ωd ≤100 rad/s) and damping (ξd =1). This limits the feedforward band-
width and eliminates oscillatory feedforward filter outputs, i.e., control commands.

4.1.6 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 H∞ norm of the transfer function from the reference
input (nref

z,CG) to the actuator deflection rate output (δ̇E) is constrained to the actuator deflection
rate limit (40°/s) relative to the largest expected reference input (∆nref

z,CG =1.5 g for a 2.5 g
pull-up maneuver). 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
point that δ̇E remains below 40°/s for sinusoidal reference inputs correlating with 2.5 g pull-up
maneuvers at all frequencies. Like in [6], requirements are specified for the deflection rate only,
since the deflections themselves rarely reach their limits at the considered flight conditions.

4.2 Design of the Maneuver Load Alleviation Function

The MLA function is designed to reduce the wing root bending moment during maneuvers.
As a result, the sizing loads resulting from the requirements for the symmetrical maneuvering
conditions in accordance with [1, §331] are also reduced. The set of symmetrical maneuver
conditions (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 is considered here 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 only reduce lift, thus the maneuver load alleviation is only
applicable for positive load factors. The maximum positive load factor is +2.5 g [1] for the
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given aircraft at speeds above the intersection of the stall boundary and maximum positive load
factor. Below this intersection speed, the maneuver loads are irrelevant for the structural sizing.

The MLA function aims at mitigating the inboard bending moment by shifting the lift distribu-
tion towards the plane of symmetry of the aircraft. To achieve this, the MLA function consists
of a nonlinear activation logic and a linear lift redistribution controller, see Figure 4. The ac-
tivation logic MLAtrigger feeds a reference LAD deflection δrefLAD = 2%c (maximum LAD
deflection) to the lift redistribution controller if ∆nz,CG exceeds 0.5 g and deactivated if ∆nz,CG

stays for two seconds below 0.2 g. The waiting period is a safety feature to prevent coupling of
the LAD deflection with buffeting effects or some flexible mode. The structural sizing maneu-
vers reliably activate the ∆nz,CG-trigger, though an alternative trigger may replace it in future
projects to capture edge-case maneuvers [11].

Figure 4: Maneuver load alleviation controller structure

Once the MLA is activated, the outboard lift is reduced by deflecting the outboard LAD. To
avoid impairing the desired flight path, the lift reduction is compensated by increasing the an-
gle of attack. The most simple version of the lift redistribution is to deflect the LAD and then
utilize the baseline feedback controller to adjust the angle of attack by deflecting the elevator.
However, the baseline controller reaction is relatively slow, causing a transitory flight path dis-
turbance which impairs the ride comfort. It can be accelerated using a proportional cross-feed
to the elevator based on the low frequency system dynamics of GAC . Nevertheless, since the
LAD actuator is much quicker than the elevator actuator, the proposed proportional feedfor-
ward controller would abruptly decrease the outer lift while the inner lift increase lags behind,
causing the wings structure to oscillate.

Hence, the lift redistribution commands are defined via a dynamic lift redistribution controller
MLAss,tune(z). This feedforward controller is tuned utilizing the structure depicted in Fig-
ure 4. It is a tunable state-space model with one input δrefLAD, two outputs [δMLA,LAD, δMLA,E]

T

and five states. Note that the difference of LAD command input and LAD reference deflec-
tion δeLAD is only used during the tuning process. The elevator deflection is scheduled over
the dynamic pressure through KV (cf. Section 4.1). The MLA is combined with the baseline
controller via the elevator command from the latter δE,FAS . The input δtuneLAD is later utilized in
section 5.1.2 to demonstrate the system response to the lift redistribution in horizontal flight for
both proportional and dynamic feedforward controllers.

The automated tuning of the MLA lift redistribution controller is analogous to that of the base-
line controller and is defined by seven requirements which are summarized in Table 2 and
explained below.
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Table 2: Lift redistribution (MLA) controller tuning goals

Goal Description Type Location Target

Hard Requirements

1) δrefLAD Dynamics H∞ T
δrefLAD−→δeLAD

≤ W−1
e,δLAD

(Adjusted during
tuning)

2) δLAD Overshoot H∞ T
δrefLAD−→δLAD

≤ 10%

3)
Ride Comfort,

Low Disruption of
desired Flight Path

H∞ T
δrefLAD−→nz,CG

≤ 0.5%g

2%c
, ∀ ω < 10 rad/s

4) LAD deflection rate H∞ T
δrefLAD−→δ̇LAD

≤ 35.4%c/s

2%c

5) Elevator deflection rate H∞ T
δrefLAD−→δ̇E

≤ 40◦/s

2%c

Soft Requirements

6) Limit on Elevator Command H2 T
δrefLAD−→δ̇E

≤ 5%

7) Low Mx,WR Excitation H2 T
δrefLAD−→Mx,WR

≤ 5%

4.2.1 LAD Reference Deflection Dynamics

The LAD is deflected according the output of the MLA activation logic by constraining the
transfer function from reference (δrefLAD) to the difference of command input and reference
(δeLAD) to the reference tracking template (W−1

e,δLAD
). This effectively constrains the minimum

bandwidth of the feedforward dynamics and shapes the dynamic of the LAD deflection. Anal-
ogous to the baseline controller, the demand on a quick response of the lift redistribution con-
troller is iteratively relaxed using Algorithm 1 (page 10) until all other hard requirements can
be met. The template is defined by Eq. (4) with ePeak = 2, κreso = 2.2, eDC =10−6, eΩ =1.1,
and initially tresp = 300ms.

4.2.2 LAD Deflection Overshoot

The overshoot of the LAD deflection is constrained to 10 % to restrict the velocity at which the
LAD reaches its end-stop. Setting the overshoot constraint to zero would result in a unneces-
sarily slow LAD deflection. This requirement is applied via an H∞ constraint on the transfer
function from reference (δrefLAD) to the LAD deflection output (δLAD). Note, that the H∞ norm
of the transfer function is used as an overshoot estimate based on the analogy to second-order
model characteristics.
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4.2.3 Ride Comfort, Low Disruption of Desired Flight Path

Once the MLAtrigger is active, it feeds a reference LAD deflection of 2%c to the lift redistri-
bution controller. During lift redistribution, the aircraft should remain on the desired flight path
with little vertical acceleration disturbance to provide good ride comfort and minimal baseline
controller disturbance. This is ensured by limiting the output ∆nz,CG to 0.005 g at low fre-
quency for the largest expected reference input (δrefLAD = 2%c) using a frequency-limited H∞
requirement.

4.2.4 Limit on LAD Commands

Rapid deflection of the LAD is expected to cause the non-linear adverse lift effect (cf. Section 3).
Hence, the LAD deflection rate is constrained to t∗d = 10. This deflection time is equivalent to a
peak LAD deflection rate of 35.4%c/s at the design flight point (cf. eq. 1). An H∞ requirement
is used to constrain the transfer function from reference (δrefLAD) to LAD deflection rate (δ̇LAD)
to the ratio of LAD deflection rate limit (35.4%c/s) and the largest expected reference input
(2%c).

4.2.5 Limit on Elevator Commands

Saturation of the elevator actuator deflection rate is prevented by constraining the H∞ norm of
the transfer function from the reference (δrefLAD) to the elevator deflection rate (δ̇E) to ratio of
elevator actuator deflection rate limit (40°/s) and the largest expected reference input (2%c).

4.2.6 Elevator Control Effort and Structural Oscillation

The soft requirements are defined so that they prevent unnecessarily high elevator deflection
rates (H2 requirement on elevator deflection rate) and minimize the excitation of structural
modes caused by the LAD deflection (H2 requirement on wing root bending moment). The
target values of the soft requirements are 5% of the respective low-frequency magnitude, so
that they are weighted equally in the synthesis. Since the other requirements force the LADs to
be deflected, only higher-frequency system responses are affected by these requirements.
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5 RESULTS

5.1 Performance of Individual Controllers

Algorithm 1 (page 10) is utilized to synthesize both controllers. To provide insight into the
control design, their performance is tested individually in this section: the FAS is tested with
the MLA suppressed, and vice versa.

5.1.1 Nominal Performance of Baseline Controller

The baseline controller with both feedforward and feedback paths (FBFF) is compared to one
tuned without the feedforward path (FB). The tracking performance for a 2.5 g pull-up maneu-
ver is shown in Figure 5. The feedforward controller initially outputs a large signal, such that the
elevator is quickly deflected, accelerating the system response. As a result, the FBFF controller
meets the ∆C∗ step response limits despite the large input delay. Without the feedforward con-
troller the response is significantly slower, such that the step response boundaries are violated.
The elevator deflection is far below the saturation limit of 20°. Since the elevator deflection rate
constraint (see section 4.1.6) is applied to all frequencies up to the Nyquist frequency, the peak
deflection rate is well below the saturation limit of 40°/s.

Figure 5: Step response with baseline controller, critical flight point, linear reduced system

5.1.2 Nominal Performance of MLA Lift Redistribution

This section compares different design approaches for the MLA lift redistribution controller.
As previously mentioned, the outboard lift decrease is compensated by an increase in the angle
of attack. The elevator deflection is used to compensate the pitching moment of the deflected
LAD and is applied using a cross-feed. This can be designed either statically (proportional
feedforward) or dynamically. Both approaches are compared here.

The MLA lift redistribution controller is tested without FAS in horizontal flight. For this demon-
stration, δE,FAS is set to zero and a step signal is fed to δtuneLAD, cf. Figure 4. Using a dynamic lift
redistribution controller instead of a static one provides better ride comfort regarding the verti-
cal acceleration and reduces the structural oscillation, see Figure 6. The LAD deflection reduces
the outboard lift and also produces a pitch-up moment. A pitch-down elevator command (trail-
ing edge down) is used to alleviate the pitch-up movement induced by the LAD deflection. In
the end, the lift redistribution exerts minimal influence on the load factor and pitch rate. Con-
sequently, the MLA activation is expected to have minimal influence on the FAS, such that the

15



IFASD-2024-191

Figure 6: Step response of static ( ) and dynamic ( ) lift redistribution in horizontal flight, critical flight point

baseline controller is largely decoupled from the MLA and pilots can be expected to hardly
notice the activation of the MLA function.

5.2 Performance of Combined Controllers

5.2.1 Nominal Performance

The combined baseline controller and MLA function are evaluated in this section. Figure 7
compares the system response for a 2.5 g doublet maneuver at the critical flight point with and
without MLA. Once ∆nz,CG exceeds 0.5 g the LADs are deflected, decreasing the wing root
bending moment. A relative load reduction regarding the wing root bending moment:

∆LA = (max
t

(∆MwithMLA
x,WR (t))−max

t
(∆MwithoutMLA

x,WR (t))) / max
t

(∆MwithoutMLA
x,WR (t)) (6)

of 9.1 % is achieved through the maneuver load alleviation. Moreover, the elevator deflection is
altered through the cross-feed term of MLAss,tune(z) such that the pitch angle and load factor
show very little difference compared to the response without MLA.

Figure 7: 2.5 g doublet maneuver at critical flight point with MLA ( ) and without MLA ( )
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5.2.2 Robustness Cases

At last, the combined baseline controller and maneuver load alleviation are evaluated regarding
their robustness against practical system variations, i.e., regarding simultaneous altitude vari-
ations (from 4 km up to 8 km), velocity variations (dive velocity VD, cruise velocity VC , and
intermediate velocity in between maneuver velocity VA and cruise velocity (VA + VC)/2), as
well as center of gravity variations (as percentage of the Mean Aerodynamic Chord (MAC)).
The maneuver visualized in Figure 7 is conducted for the robust cases with and without MLA.
Performing the simulation with the fully linear systems GAC causes the elevator actuator to ex-
ceed its deflection rate saturation limit for some operating points. To provide a more accurate
system performance investigation, nonlinear actuator dynamics including saturation limits for
both deflection and deflection rate are considered hereafter.

Figure 8 shows the resulting system responses. The combined controllers show good robust
performance with respect to the applied variations, meeting the ∆C∗ step response boundaries
throughout (except for some low altitude and low velocity cases). The relative load alleviation
reaches from 7.7 % up to 10.9 %. Deflecting more LAD sections in spanwise direction (see
definition of LAD position in section 3.2) or extending the LAD further would allow increasing
the load alleviation at the expense of additional drag and in-plane wing bending. The largest
relative load reduction is observed at the operating point with rear-shifted CG at 4 km altitude
and intermediate velocity. The tracking performance at this point is inadequate, as the ∆C∗

step response boundaries are violated. This could be improved by re-tuning the controller gains
throughout the flight envelope (controller gain scheduling). At 8 km altitude, intermediate ve-
locity and default center of gravity position, the closed loop satisfies the ∆C∗ step response
boundaries despite the fact that the elevator actuator deflection rate reaches its saturation limit.
The prolonged tracking overshoot for the latter two flight points is expected to be eliminated by
the proposed controller gain scheduling as well.

Figure 8: Closed loop performance for 2.5 g pull-up maneuvers throughout the flight envelope with combined con-
trollers (simulated using linear systems with nonlinear actuator saturation limits regarding both deflection
and deflection rate)

17



IFASD-2024-191

6 SUMMARY AND OUTLOOK

Two automated controller design approaches were 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: first, to support (pre-)design studies through automatic adjust-
ment of these controllers during the design loop and second, to potentially serve as starting point
for fine tuning of such functions by a control specialist. Overall, the control design problems
and tasks remain challenging, such that a certain expertise with modern control design tools is
required to apply the proposed approach.

The considered load alleviation devices are micro-tabs and, like spoilers, work by reducing
the local lift through flow separation on the upper-surface of the wing. They are located at an
outboard position, upstream of the ailerons. The evaluations, performed with center of gravity
variations and flight points in a portion of the envelope, showed a maneuver load alleviation
performance of 7.7–10.9 %, considering each model and flight point separately (with MLA
versus without in each case). This performance could certainly be increased by also using
micro-tabs sections further inboard, i.e. where outboard spoilers are usually installed. The LAD
commands are rather simple in shape, but activated and deactivated in a nonlinear way and with
a time-based hysteresis to prevent any undesirable coupling with the structure and potential
buffeting effects. The dynamics of the MLA controller are tuned so that unnecessary excitation
of the wing modes and unnecessary trajectory disturbance are avoided during (de)activation.
The natural pitch-up tendency of the aircraft upon deflection of the micro-tabs is automatically
alleviated by a pitch-down elevator command. As a result, the aircraft only pitches up during
MLA activation to compensate for the reduced outboard lift, maintaining the same load factor
as it would have been without MLA activation.

The controllers are scheduled based on dynamic pressure and perform well across the consid-
ered flight points of loading cases. No scheduling with CG position was made, which explains
the slight change in behavior with CG position. This variation remains reasonable and would
probably remain hardly noticed by most pilots. There are certainly numerous ways to improve
the proposed controllers and control design methodology. The value of the time delay before
retracting the micro-tabs as well as the dynamics of this retraction have not been investigated in
details. The need and possible ways to perform MLA in the opposite direction, i.e., push-down
maneuvers, should also be assessed. Improvements of the robustness to flight point and CG
variations could probably be obtained by integrating a reference response model in the com-
mand path of the integral feedback controller, as this would allow increasing its gain without
increasing the load factor tracking overshoot.
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