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ABSTRACT

A gust load alleviation controller must reduce gust loads in the face of a challenging control
problem and competing requirements. This may involve time- and frequency-domain objectives,
limitations on the size and complexity of the controller, high-order aeroelastic aircraft models,
limited system performance, and robustness against complex aeroelastic uncertainties. Tuning
such a controller is often difficult and time consuming, and simplified approaches tend to fall short
of the performance which can actually be reached. Using a weighted H, specification and a set of
relatively simple heuristics, gust load alleviation controllers can be automatically iterated to reach
a set of performance objectives and constraints. This method is shown to work fairly well and to
consistently produce the same outcome, however the design process is sensitive to randomness in
the synthesis tool.

Keywords: Gust load alleviation; automated control design; structured synthesis

1 Introduction

Active control technologies have long been recognized as a path to improved aircraft efficiency by
easing the bare airframe’s design requirements. One such technology, active load alleviation (ALA),
seeks to actively limit the sizing loads upon which the structure is designed, reducing its required strength
and hence its weight. When introduced relatively late in the development cycle of an aircraft, ALA can
only offer modest improvements, e.g., reducing fatigue loads, increasing maximum takeoft weight, or
enabling a wingtip extension. Earlier in the design cycle, however, the reduction in sizing loads can result
in significant improvements, such as more efficient lift distributions or higher aspect ratio wings. The
ability to realistically assess the potential impact and system requirements of ALA functions, and hence
to rapidly iterate on their controllers as the aircraft evolves, is therefore of great interest.

Flight loads are mainly composed of maneuver loads and gust loads. Maneuver load alleviation can
often be dealt with in a quasi-static manner and has already been widely adopted in industry, however gust
load alleviation (GLA) still faces significant technical challenges. The performance limitations imposed
by system delays and dynamics are at odds with the dynamic and unpredictable nature of atmospheric
turbulence, and they tend to strongly limit realistically achievable performance. The need to deal with
aeroelastic modes further complicates control design and introduces issues with sensor and actuator
placement, flutter stability (in case of feedback control), and high-order models.

. . - The reproduction and distribution with attribution of the entire paper or of individual
@ Except where otherwise noted, content of this paper is licensed under . . . . . .
. - . . pages, in electronic or printed form, including some materials under non-CC-BY 4.0
BY a Creative Commons Attribution 4.0 International License.

licenses is hereby granted by the respective copyright owners.


mailto:Davide.Cavaliere@dlr.de
mailto:Nicolas.Fezans@dlr.de

In the current certification specifications [1, 2], gust loads are defined by frequency-domain contin-
uous turbulence requirements as well as time-domain discrete gust requirements. Continuous turbulence
requirements closely resemble weighted H; specifications and can be handled by frequency-domain
control methods, however time-domain peak requirements are more difficult to work with.

Many examples of GLA control design in the literature have thus preferred to use continuous-
turbulence definitions when formulating control specifications, e.g., [3-5]. Several studies have used a
direct-optimization approach including time-domain optimization to directly target discrete-gust loads [6—
8]. Others have instead opted for adaptive control [9, 10], model predictive control [11-16], and
incremental nonlinear dynamic inversion [17].

Studies in which GLA control is included in multidisciplinary optimization (MDO) necessarily
adopt some kind of automated control design. In [18], the gains of the feedforward angle of attack-
based GLA controller are directly optimized to minimize the gust loads resulting from a set of discrete
gusts. Reference [19] directly optimizes a proportional-derivative controller with gust-induced angle of
attack as input. The study described in [20] uses a proportional controller receiving angle of attack and
whose single gain is preselected by the designer based on potential aerodynamic theory, available control
surfaces, and engineering judgement.

The control methods described above face significant barriers before they can be deployed for
industrial problems. These include difficult and time-consuming tuning procedures, issues with imple-
mentation and certification, and poor scalability to large control problems. The simplified methods used
for MDO are, for the most part, too simple, simultaneously ignoring much of the complexity of the
control design problem while failing to exploit their full potential.

Multi-objective parameter synthesis (MOPS) methods, such as CONDUIT [21] and DLR’s MOPS [22]
were developed to address this type of problem in the domain of flight control. Such approaches use
generalized optimization methods to deal with non-convex multi-objective control problems. This allows
them to directly optimize the controller parameters for any kind of control requirement, including arbi-
trarily defined time-domain requirements. However, they are best suited to smaller control problems [21];
industrial-size GLA problems with high-order aeroelastic models may quickly become infeasible.

This work aims to help address these issues by automating the GLA control design process. We start
with the control tuning loop from the GLA control design methodology used in [23], shown in Fig. 1.
In that work, a lidar-based GLA controller for an industrial aeroelastic aircraft is tuned using nonsmooth
optimization-based structured H, synthesis. After each synthesis step, the control designer evaluates the
behavior and performance of the controller using time-domain simulations, and, if necessary, updates
the H., specifications to correct any discrepancies. Due to the generally poor connection between the
H, norm and the time-domain performance requirements, this update is far from trivial. A successful
control design typically requires skill, experience, and many iterations on the part of the designer.
The shortcomings of the control specifications are therefore one of the main difficulties in tuning the
controller. Reference [24] develops discrete gust impulse filter (DGIF)-based H, specifications which
allow the designer to directly specify the signal energy of a discrete gust response. This quantity correlates
well with the time-domain peak, and so can be fine-tuned to obtain a desired incremental peak value by
varying a single scalar weight.

The main contribution of this work consists of a method to automate the update process by using
simple heuristics to add and tune a set of these H,-DGIF specifications. It relies on a structured Hy/H
control synthesis framework (the same as in [23]), hence exploiting mature, efficient, industry-accepted,
and accessible tools [25]. The resulting design process should thus be able to meet discrete gust
requirements for an arbitrary number of performance outputs while still taking into consideration other
types of non-iterated frequency-domain requirements, e.g., continuous turbulence H, specifications or
stability margins.
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Fig. 1 Control design process activity diagram, modified from [23].

2 The GLA Control Problem

2.1 Gust load requirements

Gust load requirements are defined in EASA CS 25.341 [1]. They are defined both in terms of
the peak time-domain responses to discrete gust encounters and the stochastic response to continuous
turbulence fields. Here their definitions are briefly recalled.

2.1.1 Discrete gust loads

Discrete gusts are modeled as 1—cosine vertical uniform gusts:

1/6
Uy mTX Uy, ntV . H
U= 2s (1 — cos (?)) = 2€ (1 — cos (%)) . with Uy = UyesF, (W) (D

The gust speed profile U depends on the peak gust velocity Uy, gust gradient H, and gust penetration
distance x, alternatively expressed as gust penetration time ¢ multiplied by true airspeed Vr45. The distance
between the beginning and the end of the gust is 2H. As per the certification specifications, H can vary
between 9 m (30 ft) and 107 m (350 ft). Peak gust velocity U, depends on the flight profile alleviation
factor Fy, which depends on aircraft design masses and maximum altitude, and reference velocity U, r,
which decreases with altitude. Figure 2a plots a few examples of 1—cosine gusts computed at sea level
and with F, = 1 to illustrate the relationship between Uy and H.
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Discrete gust loads must be determined in simulation. The limit loads are taken as the peak positive
and negative loads across all values of H for both upward and downward gusts. The gust load envelope
is then determined by examining the total loads, i.e., including trim loads. Typically this means that,
e.g., upward bending moments on the wing are more critical than downward bending because the wing
is subject to upward bending in trimmed level flight.
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Fig. 2 Discrete gust and continuous turbulence definitions from the certification specifications.

2.1.2 Continuous turbulence

Continuous turbulence is defined as a stationary Gaussian random process [26] characterized by
the normalized von Karméan power spectral density (PSD) ®,,,,, for vertical turbulence, as in Eq. 2 and
Fig. 2b. The von Kdrman PSD is naturally expressed as a function of the reduced frequency €2 (and hence
defined in space), but it also be expressed in terms of angular frequency (w, rad/s) via the true airspeed
Vras. This requires the PSD itself to be rescaled accordingly [26].

L 1+8(1.339QL)? L 1+3(1.339wL/Vras)?
(Dturb(g) = ; 3 11 (Dturb (CL)) = 7TV 3 11
[1+(1.339QL)%]° TAS 1+ (1.339 WL /Vras)*]

2)

InEq.2, Q= ﬁ is the reduced frequency, L =762 m (2,500 ft) is the turbulence scale length, and
F is the same as for the discrete gust definitions.

For a given quantity of interest y, which could be, for instance, the wing root bending moment or
the vertical acceleration at the cockpit, the limit incremental value Ay;;,, in continuous turbulence is then
calculated (for linear systems) as:

Aylim = Ua'\/‘/0 |G(Q)|2q)turb (Q)dQ (3)

G (Q) is the frequency response of the quantity of interest in response to vertical turbulence and U,
the limit turbulence intensity. The square root term in Eq. 3 represents, more generally, the root mean
square (RMS) gain of the output quantity.
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2.2 Design considerations

2.2.1 Load objectives

The main objective of a GLA system is to reduce the sizing loads of the structure by reliably reducing
the gust loads. This clearly implies that at any given point in the structure, there is little benefit to reducing
the gust loads beyond the next-highest load type (e.g., maneuvers); at best, a modest over-reduction may
improve robustness by acting as a buffer against performance degradation. In many practical cases, part
or even most of the structure is sized by other loads (e.g., landing or maneuver loads) or by entirely
different requirements (e.g., aeroelastic stability, manufacturing constraints). As a consequence, GLA
requirements should only aim at achieving a limited reduction of the gust load envelope in specific parts
of the structure.

2.2.2 Actuation limits

For the purpose of control design, commercial aircraft control surfaces are often modeled as linear
2nd-order systems with nonlinear position and rate saturation limits. Saturated actuators can strongly
degrade stability in case of feedback control. Pure feedforward control by definition cannot destabilize
the system (assuming the controller is stable), but it is still subject to performance degradation and may
contribute to destabilizing other control loops. In the absence of control techniques which can explicitly
deal with such nonlinearities (such as MPC), it is highly advisable to ensure, at a minimum, that the
controller does not attempt to exceed the saturation limits.

2.2.3 Secondary objectives

GLA functions exist within the broader context of the aircraft system; although their main function is
to reduce gust loads, their effect on other aspects of the system must not be neglected. Once the targeted
gust load envelope can be achieved within the specified constraints, any residual control authority is better
spent improving performance on secondary objectives. These can include, among others: passenger
comfort, handling qualities, actuator wear, fatigue loads, energy consumption, and robustness.

2.3 Aircraft Model Description

2.3.1 SE’A Mid-Range Aircraft Design

The aircraft configuration used in this work is the Sustainable and Energy-Efficient Aviation (SE*A)
Mid-Range (MR) Aircraft [27]. It is comparable in role and capabilities to an Airbus A320-200, and is
designed to balance direct operating costs against CO,-equivalent emissions (including contrail effects)
by exploiting advanced technologies as well as an alternative mission profile. Compared to the A320-
200, the resulting design notably features a lower and slower (and hence low-contrail) nominal mission
profile, reduced wing sweep, increased wingspan and aspect ratio, lower wing loading, and over-wing
engines. The structural sizing was performed under the assumption that load alleviation functions would
be included, so only maneuver loads were considered, and the pull-up maneuvers were limited to 2g
instead of the normal 2.5g to account for a hypothetical ML A function. Gust loads were not taken into
account at all under the assumption that they would be reduced by active GLA functions.

2.3.2 Flight Dynamics Model

The aircraft is modeled in a nonlinear aeroelastic flight dynamics simulation environment, presented
in [28]. This flight dynamics model (FDM) includes mid-fidelity unsteady aerodynamics and a flexible
structure derived from the high-order finite-element structural model. It is capable of trimmming,
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linearizing, and simulating the aircraft throughout the flight envelope. Using the Mode Displacement
Method [29], cut loads (including axial, shear, bending moments, and torsional moment) are computed
at 134 load stations evenly distributed along the elastic axes of the wings, tailplanes, and fuselage.

2.3.3 Mass Cases

In this work, four mass cases are considered: Maximum Takeoff Weight (MTOW), Operating Empty
Weight (OEW), Maximum Zero-Payload Weight (MZPW), and Maximum Zero-Fuel Weight (MZFW).
MTOW and OEW are ‘classical’ limit cases: at MTOW the aircraft’s wing tanks are fully fueled and
the fuselage is fully loaded with passengers and cargo, and at OEW the aircraft is emptied of all usable
fuel, passengers, and cargo. MZFW and MZPW are intermediate configurations: at MZFW the fuselage
is fully loaded (like at MTOW) and the wing tanks are empty, and at MZPW the fuselage is empty and
the wings tanks are full. This set of mass cases should cover most of the realistic range of variations in
symmetrical aeroelastic dynamics.!

2.3.4 Loads and critical flight point

Reference [28] describes the open-loop discrete gust load envelopes of the SE?’A MR aircraft. It
was shown that for this aircraft, gust loads tend to increase with airspeed, such that the most critical gust
cases tend to occur at the maximum cruise design speed Vo/Mc (see [1, § 335(a)]). The most critical
flight point for the inner-wing bending loads corresponds to the MTOW mass case at the maximum-TAS
point along the V¢ boundary: altitude 6000 m, EAS 177 m/s, TAS 241 m/s, and Mach 0.76.

As discussed in the introduction, a GLA function should aim to ensure that the structure is no longer
sized by gusts by reducing the gust loads until they are below the next-strongest load type. As a basis
for comparison, a maneuver load envelope has therefore also been computed by performing ‘balanced’
(static) and ‘checked’ (dynamic) pitch maneuvers according to the certification specifications [1, § 331(b)
and (c)(2)]. The open-loop gust and maneuver load envelopes can be seen in Fig. 15 (blue and red curves,
respectively). The gust loads are sizing in practically all load stations, and there is a fairly substantial ‘gust
load margin’ on the inner half of the wing semispan. Though unusual, this is not entirely surprising given
the gust-prone design characteristics (e.g., low wing loading) and simplified structural sizing procedure.

2.3.5 System dynamics

To illustrate some dynamics of the problem, Fig. 3 plots a series of frequency responses of the
transfer function from vertical wind input to wing root bending moment at varying flight conditions.
Figure 3a shows the variation in response with changing airspeed at a constant altitude of 6000 m and
with the MTOW mass case, whereas Figure 3b shows the variation with changing mass distribution at
the critical flight point 6000 m and 177 m/s EAS.

Most of the principal dynamic modes of the flexible aircraft can be observed in the resonance peaks
in these plots. The phugoid (PH) mode is barely visible around 0 Hz and the short period (SP) mode is
found between 0.1 and 1 Hz. The first symmetrical aeroelastic wing bending mode (/ WB) lies between
1 and 2Hz at low speeds, and becomes faster and more strongly damped with increasing airspeed.
The mode between 2.5 and 3 Hz, referred to here as /WT, involves symmetrical wing torsion and rear
fuselage bending, and is closely related to the unfavorable aeroelastic characteristics of engines mounted

1'Variations in rigid-body dynamics due to center of gravity (CG) position are somewhat neglected in this set of mass cases.
They can significantly affect control performance if pitching dynamics are involved, however CG position can be reliably
estimated in-flight and used for gain scheduling.
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Fig. 3 Frequency responses of the transfer function between vertical gust input and wing root bending
moment.

behind the elastic axis of the wing.?2 The in-plane wing bending mode (//P) is just under 4 Hz, and the
second symmetrical aeroelastic wing bending mode (2WB) varies between approximately 4.5 and 5.5 Hz,
depending largely on mass case. With increasing airspeed, / WB notably disappears as it becomes faster
and better-damped while the adjacent SP and /WT modes increase in magnitude, and /W7 becomes
particularly poorly damped for the MTOW mass case.

2.3.6 Control surfaces

The aircraft only uses conventional trailing-edge flap control surfaces. Their actuation dynamics
are modeled using second-order low pass transfer functions with natural frequency of 20rad/s and a
damping ratio of 1. Their rate and deflection limits are set to +40 deg/s and +20 deg, respectively, based
on common values for civil airliners [30]. Figure 4 illustrates the control surface configuration used in
this study. Four sets of control surfaces are included: elevators (de), inner and outer ailerons (6a™ and
§a”* respectively), and mid-wing flaperons (6a’/'P).

x coordinates, m
0 -5 -10 -15 -20 -25 -30 -35

» §5a°“t - Outer aileron

» §a'™™ - Inner aileron

10 -

>

> §a’'? - Flaperon

v coordinales, m

5]

de - Elevator

0

Fig. 4 Control surface and onboard sensor configuration. All control surfaces are symmetrical.

2This can be understood in terms of the ‘deadweight’ moment produced by the engine mass. In particular, an increase in
lift which creates an upward wing bending motion also creates a leading-edge-up torsional moment (due to the engine mass).
This acts in opposition to a typical (stabilizing) bending-torsion coupling, effectively reducing the damping of this mode and
leading to a lower flutter speed.
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2.3.7 Lidar-based wind estimation system

The aircraft is also equipped with a lidar-based wind estimation system. It is based on a Doppler
wind lidar capable of detecting the relative wind speed along its line-of-sight up to a couple hundred
meters away. Combined with a scanning system and a wind estimation algorithm, it provides an estimate
of the vertical wind field profile along the predicted flight path. The combination of sensor, scan pattern,
and estimation algorithm results in an imperfect estimate of the true wind field, such that it effectively
behaves like a low-pass filter [31]. The inner workings of this system are fairly complex and fall well
beyond the scope of this work; for more details, interested readers may refer to [4, 31-33].

Figure 5 schematically illustrates the structure of the wind field estimate. It is defined by a reference
position located at the aircraft nose, 4,,. evenly-spaced points ahead of the reference position, and /s
points to the rear. Here, this wind field estimate is refreshed at the control system’s sampling rate (100 Hz),
with a discrete number of evenly spaced points separated in time by a single time step, i.e. the distance
between adjacent points is 10 ms - Vr4s meters. This choice of spacing facilitates the design of preview
controllers in a linear discrete-time framework: 10 ms is equivalent to a single discrete time delay. In this
work, h,,. = 40 and h,,s = 25, such that the controller may take advantage of an anticipation time of
0.4 s (nearly 100 m at maximum TAS) as well as some knowledge of the wind field acting on the aircraft.

ZTTIN

L 51) N S

- =l \ 7777777
Reference position — \
Lidar system o \ e

Estimated wind field profile —>\

Fig.5 Schematic of the vertical wind field estimate provided by the lidar system.

3 Control design

3.1 Multimodel structured H,/H, synthesis

Building on the methods developed and exploited in references [23, 24, 31, 34-36], Fig. 6 illustrates
the GLA synthesis problem in standard form with disturbance input w, control inputs u, measured
outputs y, and performance outputs z. The control inputs include the commanded pairwise-symmetrical
deflections of the aircraft’s control surfaces. The disturbance input consists of a single vertical gust
signal well ahead of the aircraft. The lidar system and wind field estimation model Fj;4,,, developed
in Ref. [31], applies the wind field estimation system’s dynamics to produce the estimated wind field
vector w, as well as the delayed model gust input wy,,,. To accommodate this filter and to ease the
implementation of the final controller as a digital control system, the synthesis problem is assembled
and tuned in discrete time with a sampling frequency of 100 Hz. Aside from the estimated wind field,
the measured outputs also include measured outputs from sensors aboard the aircraft y,,, , such as
accelerometers, rate gyroscopes, and angle of attack vanes. The performance outputs include any model
outputs upon which a control specification may be placed, usually including (but not limited to) cut loads,
local accelerations, and control surfaces rates and positions.

This work relies on a structured H»/H., synthesis framework based on the highly efficient non-
smooth optimization techniques included in the Matlab Control System Toolbox function systune. Aside
from allowing the designer to directly specify the order and structure of the controller, such non-smooth
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Fig. 6 Control synthesis problem including lidar-based wind estimation.

optimization tools have shown themselves to be effective at dealing with relatively high-order systems [25].
Bearing in mind the high order of the linear models considered here (full-order models over 1000 states,
reduced for control design to around ~100 states), this represents an enormous advantage over older
full-order synthesis methods. It is important to note, however, that unlike some full-order synthesis
methods, these techniques do not come with any guarantee of reaching a global optimum. If the synthesis
process fails to reach the specified stopping condition on the first run, it is common practice to attempt a
few more random starts to try to find a more favorable local optimum.

Using a multi-model formulation, as in Fig. 7, a single controller can be tuned against multiple
system models at the same time. This is particularly useful when attempting to deal with certain kinds
of uncertainties, for instance aeroelastic uncertainties caused, e.g., by variations in the aircraft’s mass
distribution. Such uncertainties can change the shape and natural frequencies of the flexible modes as well
the aircraft’s trimmed flight shape, causing complex variations in actuator, sensor, and aircraft dynamics.
Such uncertainties are difficult to accurately identify and model using parametric uncertainty methods
(such as u-analysis/synthesis), whereas it is fairly simple to generate multiple system models with varying
mass distributions. Although multi-model robustness may not provide any concrete guarantees outside of
the specific models used for synthesis, the guarantees of robustness obtained with a naive implementation
of u-methods may be entirely disconnected from the physical reality of the control problem.

Uy Y1
.

Fig. 7 Multi-model control synthesis for a single controller.
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Performance specifications may be defined in terms of frequency-weighted H, or H., norms of
transfer functions from w to z. Systune distinguishes between hard and soft specifications, i.e., soft
specifications are minimized subject to the hard specifications being met. More formally, this is:

minimize m?X||TWi—> z ||

<1, @

subject to max”ij_)Zf” <
; .
where k is the set of all tunable controller parameters, 7, _,. denotes a weighted transfer function from
w to z, ||-|| indicates an H, or H, norm, and i and j refer to the sets of soft and hard specifications,
respectively. In practice, the optimization is usually stopped when the soft requirements pass below 1 to

avoid overdesign and to speed up the design process.

In this work, all such specifications are only defined using SISO transfer paths, and the weights are
normalized such that the specification is met if the weighted norm is < 1.3 In the multi-model case,
specifications may be defined for all models at the same time or for a subset of them.

3.2 Defining discrete gust specifications

3.2.1 H,-DGIF specifications

The discrete gust specifications used here are based on the work reported in [24]. In brief, the H,
norm may be interpreted as the signal energy (i.e. the L, norm) of the time-domain impulse response of
a system [37]. Using a weighting filter which produces a 1—cosine shape in response to an impulse, a
weighted H, specification may be defined which specifies the signal energy of the response to a discrete
gust of that length.

Reference [24] provides an expression for precisely such a filter, named the discrete gust impulse
filter (DGIF) Fpg(s). The DGIF is of order 5 and is parametrized with airspeed (V745), gust length (H),
and peak velocity (Uyg;), so it can be directly computed for any given flight point and gust case. For a
generic SISO transfer function 7,,_,,(s), the specification is thus expressed:

IWpG (s)Tyy— (s)|l2 <1, with Wpg(s) = KnormKweightFDG(s) @)

The normalization factor K,,,,, is computed, if possible, such that ||K,;p;m FpcTw—:(s)||2 = 1. The
value of the weighting gain K,, ;¢ is then chosen such that for a desired relative change 7 in the L, norm
of the discrete gust response, Kyeight = 1/Mobj- If || KnormFpG (5)Tw—:(s)||2 = 0, as is typically the case
for actuator deflections of the open-loop aircraft, the specification cannot be normalized and Ko, = 1.

3.2.2 Iterative tuning for peak load requirements

Seeing as the quantity of interest is not the L, norm, but rather the time-domain peak response,
the final value of K,,.;,s; cannot (reliably) be chosen a-priori and must be iteratively adjusted to reach
the desired limit. The L, norm of the discrete gust response is fortunately well-correlated with the
time-domain peak [24], so increases in K,,.;op, result in approximately proportional decreases in the
time-domain peak. Based on this idea, the full iteration and update rules are developed in Sec. 3.4.

A full demonstration of these properties is beyond the scope of this paper, however Fig. 8 may
provide some intuition as to the underlying causes. In both the time- and frequency-domain, it compares

31t is more common to normalize the model rather than the specifications, however to accommodate the possibility of
applying multiple specifications using different norms to the same transfer function, it is simpler to normalize the weighting
functions instead. This is particularly helpful when working with frequency-weighted H; specifications, as the H, norm does
not satisfy the multiplicative property.
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the response of a DGIF-weighted transfer function with its cumulative 2-norm (i.e., with a progressively
increasing upper integration limit) and its derivative. The question is: which part of the response
contributes the most to the cost function, and hence what will the optimization algorithm try to reduce
first? The answer is indicated by the derivative of the cumulative norm: in sections where this is high,
the norm increases quickly, so a descent gradient which induces a reduction in that part of the response
is likely to be steeper. In Fig. 8a, the norm is dominated by the first peak, and 80% of the contribution
to the total norm occurs below 1 Hz. In Fig 8b, the time-domain is also clearly dominated by the first,
positive peak, which alone contributes approximately 80% of the overall norm. It is interesting to note
how disproportionately the absolute value of the peak affects the norm derivative: the second (negative)
peak is approximately half of the first, but the norm derivative’s peak value during the first peak is over
5 times greater than during the second.
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Fig. 8 Comparison of the DGIF-weighted (with with H = 70 m) frequency response and impulse response
(blue) with their respective cumulative 2-norms (solid red) and their derivatives (dashed red). Based on the
transfer function from vertical gust input to wing root bending moment at 177 m/s EAS, 6000 m altitude,
and MTOW.

3.3 Other specifications

3.3.1 Continuous turbulence

Continuous turbulence requirements for a linear system can be directly expressed as H, requirements,
as explained in [24]. Using the same notation as above, the specification reads:

. V2rU,
IWer(s)Twoz(s)ll2 < 1, with Wer(s) = KnormKweight Fer(s) = TFCT(S) (6)
obj

The continuous turbulence filter Fr (), an example of which can be found, e.g., in [38, p.46], approx-
imates the von Karman PSD. Here, again, K,,,,,, may be computed such that || K,;p;m For (s)Tw—z($)]]2 = 1
so as to specify arelative variation via K,y;on: = 1/1,5;. Unlike the discrete gust specifications, the right-
most expression of Eq. 6 permits the absolute desired value z,,; to be specified directly. Consequently,
no iterations are necessary to meet continuous turbulence objectives.

3.3.2 Ride quality

Following the example of [39], ISO2631-1 allows ride quality/passenger comfort metrics to be
addressed. This standard expresses human sensitivity to vertical vibration, horizontal vibration, and
motion sickness as a set of frequency weightings. Much like the continuous turbulence requirements, the
criteria in ISO 2631-1 are defined as weighted 2-norms in the frequency domain. They may therefore be
expressed as H» specifications in much the same way as the continuous turbulence specifications above.
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As weighting functions, the low-order approximations for the ISO2631-1 frequency weightings
derived in [40] may be used. For example, the fifth-order approximation of the motion sickness weighting
1s shown below [40]:

0.1457s* + 0.233153 + 13.755% + 1.705s + 0.3596
§ +7.757s* +19.06s3 + 28.37s2 + 18.52s + 7.23

Wy(s) = (7)

3.3.3 Hy templates and bandwidth

H,, specifications can be chosen by the designer to impose upper bounds on the frequency response
of a transfer function. For a generic SISO transfer function 7,,_,,(s), the expression is:

||Kn0rmW(S)Tw—>z(S)||oo <1 (8)

These types of specifications are not necessary for achieving the load requirements, however they may
still be generally useful for enforcing hard bounds on the behavior of the system. One such application
is the use of an H,, template to bound controller’s bandwidth, for instance:

wa(S) = Kweight ( )

S+ W )"ro (s + Whyy )n"w
WhHy

Roll-on Roll-off

This template imposes an n,, X 20 dB/decade roll-on slope ending at w,, rad/s to avoid static deflections
and measurement bias errors, and an ny,, X —20 dB/decade roll-off slope starting at wj,, rad/s to limit its
sensitivity to higher-frequency modes, noise, and unmodelled uncertainties. This sort of specification is
a simple, common-sense way of robustifying the controller, however selecting or tuning the parameters
of this weighting function is not trivial.

3.4 Automated design process

3.4.1 Concept and definitions

At this point, it is useful to introduce a few definitions. Firstly, we distinguish between soft re-
quirements, which define the desired performance of the system, and hard requirements, which define
acceptable limits. A controller which meets both soft and hard requirements is a success; if it does not
meet the hard requirements, it is a hard failure; and if it meets the hard but not the soft requirements, it
is a soft failure.

A clear distinction is also made between the terms requirement and specification. A requirement
(also denoted Reqt) refers to objectives/constraints expressed in the natural form, e.g. time-domain
response peaks for discrete gust requirements. A specification (Spec) refers to the frequency-domain
control specifications used by the synthesis tool. Requirements have a multiplicity of specifications:
each specification belongs to only one requirement, however each requirement may have any number of
specifications. Depending on whether they derive from a hard or soft requirement, specifications are
themselves hard or soft

A final distinction must be made between iterable (Iter) and noniterable (Noniter) requirements.
In this work, the only type of iterable requirement is the discrete-gust time-domain peak requirement,
for which the number of specifications is determined during the control design process via the iteration
rules, described below. All other requirements are noniterable, i.e., they are directly expressed as a single
frequency-domain specification.
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The concept for the automated design loop can thus be represented as in Fig. 9. The designer defines
requirements, which the design loop converts into specifications (iteratively, if necessary); systune
synthesizes controllers, and once their performance meets all requirements or other stopping conditions
are met, the final controller is delivered to the designer.

Designer -\chuirements

Final\ DLe Sien Specifications
00
controller o
Synthesized systune
controllers

Fig. 9 Automated design loop concept.

3.4.2 Control design framework

Figure 10 provides a more detailed overview of the proposed GLA control design process.

External Inputs
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Fig. 10 Automated GLA control design framework.

The full nonlinear flight dynamics model is used to compute load envelopes and a database of linear
models covering the full flight envelope and all relevant mass cases.

A set of top-level inputs to the process must be provided by an external source, for instance the
control designer or an outer optimization loop. These include the untuned controller, which defines its
inputs (y), outputs (u), internal structure, tunable parameters and their initial values, and bounds on the
tunable parameters, if applicable. The flight points, mass cases, and system configurations (e.g., time
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delays and lidar settings) included in the control design process must also be chosen. Finally, the design
requirements in terms of gust load reduction, actuator limits, and custom frequency-domain specifications
(e.g., bandwidth limitations) are selected.

In the preprocessing step of the control design process, the external inputs are checked against
available models and loads them. The load envelopes are processed such that each model load output is
associated with the maximum and minimum gust and maneuver loads, the trimmed load, and the targeted
limit loads. The design requirements are then assembled: for each load station (e.g. wing root), type
(e.g. vertical bending moment) and load requirement (e.g. discrete gusts, continuous turbulence), a single
requirement is defined.

For example, each discrete gust requirement defines its criticality (hard or soft), the name of the
output signal, its trimmed value, its open-loop value, its targeted value, and whether it is an absolute
or relative value. A relative value is interpreted as a change relative to its open-loop value, and if the
trimmed value is 0, the open-loop and targeted values are interpreted as incremental values.

The initialization step begins by preparing the linear design and evaluation models. This process, also
described in some detail in, e.g., [41], includes input and output reduction according to the inputs/outputs
specified by the controller and by the requirements, model order reduction, conversion to discrete time,
integration of the lidar model, and additional augmentations, e.g., time delays or model uncertainties.
The (untuned) controller is then connected to the design models and an initial performance evaluation
(denoted later as iteration 0) is conducted. This establishes a starting point for the design loop; depending
on the initial values of the controller parameters, this may be equivalent to an open-loop evaluation.

The control design loop can then begin, alternating between applying the iteration rules (described
below), synthesizing controllers, and evaluating the system’s performance. When the stopping conditions
defined in the iteration rules are met, the loop ends, producing the final tuned controller and a final post-
design performance evaluation.

3.4.3 Performance evaluations

The performance evaluations mentioned above serve to establish the system’s performance both
in terms of the specifications and of the requirements. Here, frequency-domain evaluations use the
(reduced-order) design model(s) and time-domain evaluations use full-order linear models, but other
choices are possible; for instance, the full nonlinear flight dynamics model from [28] or a multirate
evaluation environment such as the one in [41] could be used for time-domain simulations.

Specification performance ng corresponds to the values of the frequency-domain norms through
which the specifications are defined, discussed above in 3.1. Requirement performance ng is instead
linked to requirement type, and is defined such that a requirement is met when g < 1. For noniterable
requirements, g = ns. For iterable (i.e., discrete gust) requirements, ng refers to the ratio between the
actual and the targeted incremental time-domain peaks, respectively Ay,cqr and Ayjp,. Time-domain
peaks are found via a series of gust encounter simulations, with the range of gust lengths and corresponding
peak gust velocities computed according to the certification specifications [1]. If the targeted value is
specified as an absolute value, the incremental target can be found by subtracting the trim value. The
performance is then computed as ng = Aypear/Ayiim. When a specification or requirement is applied
to more than one model in a multimodel control problem, 775 and g are computed individually for each
model.

3.4.4 Design loop iteration

Figure 11 is a flowchart depicting the iteration rules of the control design loop. For brevity, not all
aspects of the rules are described here, however a few main points are discussed. For a more intuitive
view of the properties of these rules, see the examples presented in Section 4.

The reproduction and distribution with attribution of the entire paper or of individual

Except where otherwise noted, content of this paper is licensed under . . . . . .
p . L R pap . 14 pages, in electronic or printed form, including some materials under non-CC-BY 4.0
[ a Creative Commons Attribution 4.0 International License. . . . .
licenses is hereby granted by the respective copyright owners.



Firstly, as explained above, three outcomes are possible: hard fail if the hard requirements cannot
be met, soft fail if the soft requirements cannot be met, and success if all requirements are met. Hard
requirements are given absolute priority over soft ones to allow them to converge to acceptable values
first. Failure to meet a noniterable requirement, even for a soft requirement, immediately results in failure.
If noniterable requirements are met, it implies that at least one iterable requirement is not, so then a set
of specification update rules are applied.

Figure 12 shows the specification update rules in more detail. Two types of operations are foreseen
in updating the iterable specifications: tightening and relaxing. These operations, which are identical for
both hard and soft requirements, are shown in detail in Fig. 13. Tightening involves increasing specifi-
cation weights so as to drive down the time-domain peak. For each requirement, only the specification
corresponding to the critical gust length H,,;; is tightened. H,,;; is identified from the results of the
latest performance evaluation as the gust length corresponding to the largest peak response. If none yet
exists for that gust length, a new one is added. K,,.;,1: for new specifications is a guess, so they are then
pretightened to ensure that their performance ng > 1 at the beginning of the next synthesis step, hence
forcing the controller to be retuned.

Relaxation instead reduces K,¢;qpn for all specifications with g > 1 (before relaxation) such that
they have an g = 0.99 at the beginning of the next synthesis step. This serves to ‘reset’ the specifications
if K,y eigns 18 too high. For hard requirements, each specification can only be relaxed once to help protect
against an accidental ‘overshoot’ triggering a hard fail. Soft requirements are relaxed any time the hard
specifications need to be tightened to ‘get them out of the way’ so as to minimize the time, computational
effort, and iterations required for the hard requirements to converge.4 Accordingly, the tightening rules
are different before and after a specification has been relaxed: before, K¢, 18 increased as aggressively
as possible to ‘close the gap’; after, it is gradually raised to avoid overshooting the limit.

4 Application and results

4.1 GLA design case

4.1.1 Design goals

To provide a reasonably realistic example of a gust load alleviation design problem, the following
design goals are chosen:

1) Reduce inner-wing vertical bending gust loads to those of the symmetrical maneuver loads.

2) Limit inner-wing torsional loads to those of the open-loop gust load envelope.

3) Limit aft fuselage bending gust loads to those of the open-loop gust load envelope.

4) Limit HTP bending and torsional loads to those of the open-loop gust load envelope.

5) Avoid degrading ride quality with respect to the open-loop aircraft.

6) Limit the control surface rates to +40 deg/s and deflections to +20 deg.

7) Ensure the frequency response of control surface commands tends to O at frequencies w — 0 and
w — oo,

The open-loop gust and maneuver load envelopes referred to here are computed for all mass cases across
the entire flight envelope, whereas the design is performed and evaluated only at the critical flight point.
To simplify the problem and focus on the main capability of the method presented here, gust loads are
computed using only discrete gusts. It is worth noting that at least some of these requirements can be

4In the situation in which the hard specifications can be met but the soft specifications cannot, the synthesis tool makes a
costly effort to reach the local minimum. Once it fails, it repeats the process with random restarts up to a prespecified limit.
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expected to conflict with one another. For instance, lidar-based controllers tend to make heavy use of the
elevator to pitch into gusts, but this tends to generate additional HTP and fuselage loads.

4.1.2 Control requirements

The corresponding control requirements are listed in Table 1. Inner wing loads are specified via
two load stations: the wing root (WL, 76) and an inner-mid-wing station slightly outboard of the engine
nacelles (WL, 85). Fuselage loads are specified at a load station just ahead of the HTP (FU, 35), and
HTP loads are specified only at the root (HL, 60). The load requirements are also visually represented
as black arrows in Figure 15. Ride quality requirements are evaluated at the pilot station and at the aft
end of the cabin; they are defined in terms of the peak response to discrete gusts and of the ISO 2631-1
motion sickness metric. Actuator constraints are only specified for their deflection rates, as the deflections
themselves rarely reach their limits.

Table 1 Control requirements

Goal ‘ Reqt. ID | Output Description ‘ Requirement Type ‘ Performance Target
Soft Requirements
S1 M Wi t bendi t
1) *WL,16 1ng roo. en mg fmomen CS 25.341(a) Discrete Gusts < Maneuver load envelope
S2 M, wrgs Inner mid-wing bending moment
S3 M, Wi t torsional t
2) W76 mg rool orswnla momen CS 25.341(a) Discrete Gusts | < Open-loop gust load envelope
S4 My w85 Inner mid-wing torsional moment
3) S5 M, ry3s Aft fuselage bending moment CS 25.341(a) Discrete Gusts | < Open-loop gust load envelope
S6 M. HTP root bendi t
4) HLG0 roo env 15 momen CS 25.341(a) Discrete Gusts | < Open-loop gust load envelope
S7 My 1160 HTP root torsional moment
S8 Vertical 1. at pilot station.
@z.fus.fwd °r 1c.a acce’. at protsia .1011 CS 25.341(a) Discrete Gusts < Open-loop peak
5) S9 az fus.aft Vertical accel. at aft cabin.
S10 z ) Vertical 1. at pilot station.
z.fus.fwd er IC? accel. at protsia .1011 ISO 2631-1 Motion Sickness < Open-loop performance
S11 az, fus.aft Vertical accel. at aft cabin.
Hard Requirements
. out
HI Sa gy
6) H2 5&1;;”1 Symmetrical aileron deflection rates < 40°/
» < s
H3 6&{;2 CS 25.341(a) Discrete Gusts
H4 §é Elevator deflection rate
HS 8ay _,
H6 3G m Symmetrical aileron deflection rates ) Kuweight = 20,
7) . Flp H., Bandwidth (Eq. 9) Nro = 1, wye = 0.05 X 2 rad/s,
H7 Oltsym R = 2, Wpy = 10 X 27 rad/s
H8 éé Elevator deflection rate

4.1.3 Control function parameters

A pure feedforward controller using only lidar-derived wind estimates and consisting of a simple
gain matrix is selected. The estimated wind field w,y has 71 elements, with ., = 45 and h,,s = 25,
and the sensor output vector y.,, 1s empty (see Fig. 6). The gain matrix thus has 71 columns and 4 rows,
one for each set of symmetrically deflected control surfaces. System time delays are represented by a
discrete 50 ms delay (i.e., 5z~!) on all control inputs u.

4.2 Design example

A multi-model control design run is performed using all four mass cases simultaneously. Figure 14
shows the progression of the requirement performance ng over the course of the design process. Fig-
ures 14a and 14b present a detailed view of ng for all control requirements at the beginning and end of the
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design process. Note that iteration O represents the initial conditions; in this case, all control gains start
at 0, so Fig. 14a represents the open-loop performance and requirements H1-H8 have ng = 0 because
the actuators are not used. If the initial values of the control gains were nonzero, the initial performance
would be affected.

In Fig. 14c, the worst-performing requirement for each iteration is traced by the black line, whereas
all other requirements are plotted in light gray. It is clear that for this design run, the first synthesis results
in excessive actuator rates, and the successive 10 iterations are spent gradually restricting them.

Figure 15 plots the load envelopes for all loads specified in the requirements. Control requirements
are indicated by black arrows, the open-loop gust load envelopes are in blue, the maneuver envelopes in
red, and the responses of the linear models corresponding to the design points in purple. This controller
meets and exceeds all load requirements. In fact, the loads are reduced almost everywhere except for the
aft fuselage, where they are slightly increased with respect to the open loop. This includes, surprisingly,
the HTP loads, which are reduced despite the use of the elevator.

Figure 16a shows the wing root bending moment frequency response and Fig. 16b its time-domain
response to a 70 m gust. This controller mainly reduces the loads around the short-period mode, and
above 3 Hz, it is essentially inactive. From Fig. 16b, we see that it is taking advantage of the preview time
provided by the lidar system to generate an opposite load before the gust impact (between 0.5 and 0.8 s).

4.3 Consistency of design process

A certain degree of randomness is inherent to the control design process, as the synthesis algorithm
makes some use of random numbers (e.g., through random restarts when it fails to reach the design
objective). The iteration rules are entirely deterministic, but the requirement performance obtained at
the end of each iteration and the local optimum of an iteration’s initial controller can vary significantly.
This then affects which specifications are added, their initial gains, and whether (or how many times) the
controller parameters are randomized, potentially causing each run to take a very different path. A tight
set of requirements and/or a controller structure which strongly favors a particular control strategy always
tend to improve the consistency of the outcome. To give some indication of the consistency of the design
process, the design process is repeated 10 times, and the worst-case ng curves for each run are plotted.

Figure 17 shows this plot for the baseline design case. All runs had the same final result, i.e., success;
in terms of the number of iterations before stopping, the initial design is more or less in the middle of
the pack. As in the initial design, most iterations are spent enforcing the constraints, as the critical gust
length may shift from one iteration to the next.

To help improve the consistency of the process and reduce the number of iterations, continuous-
turbulence requirements are added to the control surface rates, described in Table 2. The resulting
noniterable H, specifications should help constrain the actuator rates regardless of gust length, hopefully
speeding up the process.

Table 2 Additional continuous-turbulence requirements

Goal ‘ Reqt. ID ‘ Output ‘ Description Requirement Type Performance Target
Hard Requirements
H9 Séi gy
Jin . . .
6 | IO | odyn | Symmetricalaileron deflection rates | g 5 34 () Continuous Turbulence < 40°/s
H11 Ol gym
HI12 oé Elevator deflection rate
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Fig. 14 Control design progress of the lidar-based FF GLA multi-model design case. Mass cases (indicated
by markers) include: MTOW (x), OEW (O), MZFW (O), and MZPW (<)
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Fig. 15 Open-loop gust and maneuver load envelopes compared to the gust load envelopes computed for
the lidar-based FFGLA controller. Control requirements indicated by black arrows.
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Fig.16 Response of wing root bending moment (M, w1, 7¢) in open-loop (dashed lines) and with lidar-based
FF GLA controller (continuous lines). Mass cases include: MTOW (blue, xX), OEW (red, ©), MZFW (yellow,
0), and MZPW (purple, <)

The results are shown in Fig. 18. As anticipated, the additional constraints reduce the average
number of iterations before the stopping conditions are met, and the variations in g are generally more
contained.

5 Conclusion and Outlook

An automated multiobjective gust load alleviation (GLA) control design process based on nonsmooth
optimization-based frequency-domain control synthesis tools has been presented. Itis capable of iterating
on the control specifications to obtain a controller capable of meeting time-domain gust load objectives
in the presence of conflicting constraints. It has been successfully demonstrated here on a reasonably
complex gust load alleviation control problem for a high-order aeroelastic aircraft.

The randomness and uncertainty inherent in the synthesis method (e.g., due to random restarts)
prevent the control process from consistently and deterministically converging to the same result in the
same number of iterations, but rerunning the design process several times appears to always produce
the same outcome (i.e., success or failure). These shortcomings of nonsmooth optimization-based
control synthesis tools are largely outweighed by their practical advantages, e.g., structured controllers,
multichannel specifications, and the ability to deal with high-order control problems. The issue with
random restarts may be addressed by developing a (potentially deterministic) scheme for selecting the
restarted parameter values instead of allowing systune to do so on its own.

Finally, for the case in which control authority exceeds what is needed to meet the requirements, the
control design process cannot prevent the controller from (wastefully) overperforming on its objectives.
It is currently up to the designer to manually add secondary requirements (e.g., passenger comfort) or
tighten the constraints. A future development could add ‘open’ iterable requirements which become
active only once all objectives and constraints are met. They would then be gradually tightened until the
system reaches its limits.
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