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Glossary

FDI Fault detection and isolation
GLA Gust load alleviation
LTI Linear time invariant
MM Multiple-model
MMAC Multiple-model adaptive control
WRBM Wing root bending moment
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1 Executive Summary

The goal of this deliverable was to explore analytical redundancy methods for fault
tolerance of the FLiPASED aircraft providing Fault Detection and Isolation (FDI) and
sensor-actuator selection. However, as the aircraft is designed to test flexible wings
with active control for flutter suppression and it is propelled with liquid fuel the effects
of flexibility and the continuously changing mass can not be neglected. Thus first, the
effect of flexibility on actuator and sensor fault detection design is examined and then
the effect of the changing mass in gust load alleviation control design is explored.

One of the challenges in designing a FDI system for a flexible aircraft is to obtain
an appropriate flexible model of it as opposed to rigid aircraft where modelling (or
identification) is more traditional. Such a model is in general more complex and its
construction requires special expertise. The report demonstrates that fast and accu-
rate FDI for the FLiPASED aircraft indeed necessitates the use of a flexible model but if
the performance criteria can be relaxed and the sensor configuration can be changed,
a rigid aircraft model can also be sufficient. H∞ synthesis is used to design filters that
detect the fault of the elevator actuator and the angle of attack sensor. Various sensor
configurations and bandwidth specifications are used to compare the performance of
the rigid and the flexible model-based designs.

Within the FliPASED project a multiple-model adaptive gust load alleviation (GLA) con-
trol system for the demonstrator aircraft is discussed and synthesised to solve the
issue of increased vulnerability of modern aircraft configurations to gust encounters.
Multiple-model adaptive control allows to identify the controller suiting best the air-
craft’s current properties like mass distribution by means of model detection methods.
Different mass cases of the FliPASED demonstrator aircraft are considered by artifi-
cially attaching masses to the structural model. For each mass case a gust load allevi-
ation controller is synthesized. Thus, a new control design approach is presented and
applied to the demonstrator aircraft. Thereby, the advantages and challenges of the
multiple-model adaptive control technique using methods inspired by fault detection,
isolation and recovery in the context of the operation and design process of flexible
aircraft can be discussed.
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2 Fault detection

The purpose of Fault Detection and Isolation (FDI) is to develop tools with which faulty
behaviour of onboard equipment can be identified. Using sensor signals, flight con-
troller commands and possibly other data, an FDI algorithm detects faults in the ac-
tuators and sensors, e.g. stuck control surfaces or bias in the sensor measurement.
An FDI solution is often part of a safety system that is capable of reconfiguring other
components of the flight control system to compensate for the detected failure as de-
scribed by [20].

A popular approach to FDI is to design optimal filters that estimate the difference
between the actual control surface deflection and the control command, or the actual
measured quantity and the sensor signal, calculating suitable residuals. (See [17]). An
optimal H∞ filter is designed by [8] to detect faults in the elevator actuator and pitch
rate sensor for the Boeing 747. To use optimal filter design for FDI, an appropriate
model of the aircraft is required. With the rise of flexible airframes even in commercial
aviation, models that include flexible behaviour may be required for certain tasks. A
flexible aircraft model is generally difficult to obtain as opposed to the classical rigid
model which is usually the result of identification. The flexible model also requires
more expertise to create, is generally more complex than the rigid one and it is subject
to more uncertainty due to the substantial increase in model parameters. To compare
the difficulties, see e.g. the construction of a flexible aircraft model by [24] and the clas-
sical rigid model by [16]. This part aims to give guidelines on what FDI performance
requirements necessitate the use of a flexible aircraft model.

For the flexible aircraft of the FLiPASED project, we want to detect two faults in the
longitudinal motion of the aircraft: angle of attack sensor and elevator actuator faults.
(Note that the tail of the aircraft is outfitted with ruddervators, therefore it would be
more precise to say that we want to detect a fault in the ruddervators that affect the
longitudinal motion of the aircraft. We will continue to refer to the control surface as
elevator for simplicity.) The block diagram of the FDI filter design problem is depicted in
Figure 1. We design optimal FDI filters with different bandwidths using the rigid and the
flexible model of the aircraft. Then, using a simple decision mechanism, we calculate
the smallest detectable fault and the detection time for each fault and for each filter.
Based on these results, we make recommendations on what sensor configuration and
which model to use for certain performance requirements.

The rest of the chapter is structured as follows. In Subchapter 2.1, the flexible and
the rigid model of the aircraft is outlined along with the sensors and actuators. Sub-
chapter 2.2 describes how the optimal FDI filters are designed. The details of the
performance evaluation of the filters (the calculation of the smallest detectable fault
and detection time among others) is given in Subchapter 2.3. Subchapter 2.4 com-
pares the achievable performance of the various filter designs and gives recommen-
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Figure 1: Block diagram of the joint actuator and sensor fault detection problem.
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Figure 2: Control surface configuration and sensor positions of the flexible aircraft. The
control inputs and sensor signals are marked at the corresponding control surfaces
and sensors.

dations on when to use a flexible aircraft model. Finally, our findings are summarised
in Subchapter 2.5.

2.1 The flexible and rigid aircraft model

The sensors and actuators relevant for the fault detection are illustrated in Figure 2.
Two models of this aircraft are used for filter design in this chapter: a low order rigid
body and a higher order flexible model. Both are linear longitudinal models obtained
in straight and level flight (at 38m/s). A detailed description is given by [26] and [24].

The outputs are the sensor signals that consist of the angle of attack (α), pitch angle
(Θ), pitch rate (q), speed (V ), vertical acceleration in the centre of gravity (az,c), and
the mean of the acceleration and angular rate signals from the IMU’s located close to
the wing tips (az,w = (az,L + az,R)/2, qw = (qL + qR)/2, the ’w’ stands for ’wing’). The

FLIPASED D2.3 AnalyticalRedundancyMethods V01 24/08/2021 8



Table 1: Sensor bandwidth and standard deviation of the measurement noise.
az,c q Θ

type MTI-G-710 xSense
bandwidth (θ) 200Hz
std. dev. of the noise 0.08m/s2 0.3◦/s 0.6◦/s

V α

type micro Air Data System 2.0
bandwidth (θ) 50Hz
std. dev. of the noise 0.33m/s 0.33◦/s

az,w qw

type MPU-9250
bandwidth (θ) 200Hz
std. dev. of the noise 0.72m/s2 5.4◦/s

sensors are modelled as first order low pass filters of the form

Gsens(s) =
1

s
2πθ

+ 1
, (1)

where θ is the bandwidth. Additive white noise is assumed on the sensor outputs.
Based on the documentation of the sensors and experimental data, the standard de-
viations of the sensor noises along with the bandwidths are listed in Table 1.

The thrust command for the engine is denoted by uth. The tail control surfaces are
ruddervators with the commands urv,L1, urv,L2, urv,R1, and urv,R1 in Figure 2. These
are used symmetrically, i.e. urv,L1 = urv,L2 and urv,R1 = urv,R2. The elevator command
considered in this chapter is obtained by

ue =
urv,L1 + urv,R1

2
=
urv,L2 + urv,R2

2
. (2)

Thus, the input of the system is the control command uc =
[
ue uth

]T . Based on
experiments, the engine dynamics can be approximated by

Gact,th(s) =
1

8s+ 1
. (3)

The actuator dynamics for the elevator (for the ruddervators) is

Gact,e(s) =
1817

s2 + 54.03s+ 1817
. (4)

Since the ruddervators are transformed to a single elevator, only one actuator is in-
cluded in the model. The input of the aerodynamics consists of the control surface

FLIPASED D2.3 AnalyticalRedundancyMethods V01 24/08/2021 9



deflection, its derivative and second derivative, hence the derivatives of the output of
Gact,e(s) are also connected to the system.

The state of the system consist of the velocity components along the longitudinal and
vertical axis of the body frame (u and w respectively), pitch angle (Θ), pitch rate (q),
five modal coordinates and their derivatives, two lag states, and three actuator states.
The frequency of the short period mode and the first bending mode of the structural
dynamics have special significance in the final analysis (in chapter 2.4). These are
ωsp = 9rad/s and ωfb = 18rad/s, respectively.

The rigid aircraft model is obtained by residualising the flexible states (modal coordi-
nates, their derivatives, and the lag states). In practice, a rigid model is usually the
result of parameter identification of a standard rigid model. Our approach aims to
avoid any differences between the two models that do not arise from flexibility.

2.2 Fault detection filter design

The FDI filter design is articulated as an H∞ optimal synthesis problem similarly to the
solution of [8]. The generalised plant interconnection is depicted in Figure 3. Here,
f =

[
fa fs

]T is the fault which is modelled as an additive disturbance on the elevator
actuator command and the angle of attack measurement. The output of the FDI filter
F (s) is called the residual. It is the estimate of the fault signal hence it is denoted by
f̂ =

[
f̂a f̂s

]T
. The control command uc is normally the output of the flight controller

but since no controller is considered in the design process, it is treated as a known
external disturbance.

The desired response of the residual signals to the faults is defined as

Tdes(s) =
1

κs+ 1
I2, (5)

where I2 is a 2 × 2 identity matrix. The time constant κ is a design parameter that
sets the required bandwidth (hence the speed of the response). Noise cancellation is
required on the frequency range beyond the bandwidth of Tdes(s). This is captured by
the noise weighting function

Wn(s) = R
10
√

2κs+ 1
√

2κ
100

s+ 1
, (6)

where R is a diagonal matrix with the standard deviations of the individual noise sig-
nals in the diagonal. The weight of the estimation error is also chosen to correspond
to the bandwidth of Tdes(s). It is defined as

We(s) =
0.01κs+ 1

κs+ 1
I2. (7)
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Figure 3: Generalized plant interconnection for the H∞ FDI filter design.
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Figure 4: Weighting functions used for the H∞ synthesis. The value of the design
parameter is κ = 1s. (Since the standard deviations of the noise channels are different,
Wn(s) is represented by multiple lines.)

The weight of the input multiplicative uncertainty is

Wu(s) =
(s+ 24.71) (s2 + 121.9s+ 2 · 104)

(s+ 64.24) (s2 + 138.2s+ 2.6 · 164)
. (8)

This is chosen so that the uncertain plant

Gplant(s) (I2 +Wu(s) ∆(s)) (9)

has 30% uncertainty on low frequencies, 50% at the elevator actuator bandwidth, and
100% at high frequencies. Notice that Wu(s) does not depend on κ since it describes
the accuracy of the model regardless of the bandwidth requirement. These weighting
functions for κ = 1s are compared in Figure 4.

Denote the interconnected system depicted in Figure 3 with F (s) and ∆(s) cut out by
z∆

e
ym

uc

 = M(s)


w∆

f
uc

dn

f̂

 . (10)
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To connect ∆(s) and F (s), let us define the Linear Fractional Transformations (LFTs).

For any two complex matrix (or dynamic system) X =

[
X11 X12

X21 X22

]
and Y , the upper

LFT exists if X11 has the same size as Y T and it is defined as

FU(X, Y ) = X21Y (I −X11Y )−1X12 +X22. (11)

Similarly, if X22 has the same size as Y T , then

FL(X, Y ) = X12Y (I −X22Y )−1X21 +X11. (12)

The uncertain generalised plant is then

P (∆, s) = FU(M(s), ∆(s)) . (13)

The objective of the design is to find a filter F (s) such that the H∞ norm of

FL(P (∆, s), F (s))

is minimal for all possible uncertainties, i.e the optimisation problem is

min
F(s)

max
||∆(s)||∞≤1

||FL(P (∆, s), F (s))||∞ . (14)

Since P (∆, s) is robustly stable (stable for all admissible ∆(s)), this is equivalent to

min
F(s)
||FL(M(s), F (s))||∞ . (15)

This optimization is solved using the standard H∞ synthesis tool implemented in the
hinfsyn function of MATLAB. For details about the robust design technique, see [11].

2.3 Evaluation of the fault detection performance

For the evaluation of the FDI filter, the weighting functions and performance output
channels are removed from the generalized plant in Figure 3. Hence, we consider the
interconnection in Figure 5. Here, F (s) is the filter designed by the process described
in Chapter 2.2. Let us denote the system in Figure 5 by

f̂ = T (∆, s)

 fuc

n

 (16)

For simplicity, we only describe the tools we use to evaluate the performance of the
actuator fault detection. The calculations employed for the sensor fault detection eval-
uation are identical. The theoretical background of the computations involved in this
chapter is described by [11].

FLIPASED D2.3 AnalyticalRedundancyMethods V01 24/08/2021 12
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Figure 5: Interconnection of the uncertain aircraft model and the H∞ FDI filter design
used in the performance evaluation.

The effect of the control command on the residual is measured by the worst-case gain
of T (∆, s) from the input uc to the output f̂a. Denote this gain by

ϑa = max
||∆(s)||∞≤1

∣∣∣∣∣∣Tf̂a←uc(∆, s) Λu

∣∣∣∣∣∣
∞

, (17)

where Λu = diag(15◦, 0.2) is a scaling matrix that represents the maximum control
input. We use the approximation that if there is no noise and fault in the system (i.e.
n = 0 and f = 0), then the residual produced by the control command alone is at most
ϑa (i.e. f̂a ≤ ϑa) for all admissible values of the uncertainty ∆(s). Note that strictly
speaking, instead of the H∞ norm, the induced L∞ should be used. However, the
induced L∞ norm is difficult to compute in the presence of uncertainty. Also, these
two norms bound each other up to a constant factor, therefore trends we want to
observe are not influenced by the choice of the norm.

The effect of the noise on the residual is captured by the standard deviation of f̂a due
to the noise. This is calculated as the H2 norm of T (∆, s) from n to f̂a, i.e.

σ2
a =

∣∣∣∣∣∣Tf̂a←n(0, s)R
∣∣∣∣∣∣

2
. (18)

Recall that R is a diagonal matrix with the standard deviations of the noise signals on
the diagonal. We use ∆(s) = 0 to indicate that the value of ∆(s) is arbitrary in this
computation since our model assumes no uncertainty in the system in the channels
from the noise to the residual.

The above quantities are used to define the detection time and the smallest robustly
detectable fault. We use a simple threshold decision logic to decide whether a fault ac-
tually occurred. In the practical implementation of an FDI system, an integration-based
or an up-down counter-based decision logic is usually used as described by [25], and
[15] respectively. Our simple threshold logic approximates the behavior of those more
complex solutions. The decision threshold is the maximum residual caused by the
control input plus one standard deviation of the residual signal, i.e. ϑa + σa.

If the residual is ϑa + 1.3σa in steady-state and without noise, then the probability that
f̂a > ϑa +σa in the presence of noise is 90%. Therefore, we call the fault corresponding

FLIPASED D2.3 AnalyticalRedundancyMethods V01 24/08/2021 13
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Figure 6: Definition of the detection time and smallest detectable fault.

to this residual the smallest robustly detectable fault. It is denoted by φa and is defined
by the equation

Tf̂a←fa(0, 0)φa = ϑa + 1.3σa. (19)

Note that similarly to the noise, there is no uncertainty in the channels from f to f̂ .
Therefore, the uncertainty sample ∆(s) = 0 is used again in the computations. In
accordance with the definition of φa, the detection time τa is defined as the time when
the step response of Tf̂a←fa(0, s)φa crosses the threshold ϑa + σa. These quantities
are illustrated in Figure 6.

To contrast the results with frequency domain data, we also define the bandwidth of
the FDI filter F (s). We define the bandwidth as the frequency above which the singular
value of the filter to the f̂a output channel is less than −6dB. I.e. Ba is the bandwidth
of Ff̂a(s) if σ̄(Ff̂a(jω)) < −6dB for ω > Ba. This definition means that almost all of the
frequency content of f̂a is concentrated in the frequency interval [0, Ba].

Finally, we demonstrate these analysis metrics by evaluating the filter design for κ =
0.5 s and κ = 0.2 s. For this filter design, we use the measurements α, Θ, q, V , and
az,c. (A detailed evaluation for multiple values of κ and different sensor configurations
is presented in Chapter 2.4.)

When κ = 0.5s, the resulting filter bandwidths are Ba = 3.11rad/s and Bs = 3.41rad/s.
At these frequencies, the model uncertainty is still low, therefore design conditions can
be met. The effect of the control input to the residuals is ϑa = 4.08◦ and ϑs = 0.06◦.
Since fa acts on the input of the system and the input dynamics are uncertain, ϑa is
much greater than ϑs. The noise on the other hand affects the estimation of fs more.
This is reflected by the values σa = 2.62◦ and σs = 4.35◦. The smallest detectable faults

FLIPASED D2.3 AnalyticalRedundancyMethods V01 24/08/2021 14



and detection times are φa = 8.16◦, φs = 5.67◦, τa = 1.16 s, and τs = 0.78 s. According
to both performance measures, the sensor fault detection problem proves easier to
solve. If we conduct this analysis using the filter designed for the rigid model, we get
φa = 8.21◦, φs = 5.90◦, τa = 1.17 s, and τs = 0.81 s. These values are very close to the
previous ones therefore we can conclude that if this performance is satisfactory to our
goals, it is sufficient to carry out the filter design using the rigid model.

If κ = 0.2 s however, the difference is greater for the actuator fault estimation. In this
case, the bandwidths are higher: Ba = 7.96 rad/s and Bs = 8.54 rad/s. This causes
the detection time to decrease to τa = 0.41 s and τs = 0.31 s. This is achieved at the
cost of lower sensitivity to the faults which is expressed by the increase in the smallest
detectable faults: φa = 11.16◦ and φs = 7.08◦. When the filter is designed for the rigid
model, these values become τa = 0.55 s, τs = 0.32 s, φa = 13.57◦ φs = 7.59◦. At this
bandwidth, the rigid and flexible models are more different than in the previous case
(for κ = 0.5 s) therefore the difference between the performance measures are more
pronounced. The degradation is especially significant for the actuator fault estimation.

2.4 Comparison of the rigid and flexible model based de-
signs

In this chapter, we compare the FDI filters designed for the rigid and flexible aircraft
models. The performance metrics we consider are the detection time, smallest de-
tectable fault and filter bandwidth as defined in Chapter 2.3. In order to study the
usefulness of acceleration measurements (and qw), three sensor configurations are
compared:

no acc.: α, Θ, q, V
acc.: α, Θ, q, V , az,c
acc. +w: α, Θ, q, V , az,c, az,w, qw.

Our calculations revealed that the accelerometers placed close to the wing tips do
not improve FDI performance since there is no difference in performance between the
configurations labelled ’acc.’ and ’acc. +w’. Hence, we only compare configuration
’no acc.’ and ’acc.’ in the rest of this chapter. Figs. 7-12 present the data that are the
basis of the comparison. Each figure has graphs that correspond to the flexible and
rigid model-based designs (flex. and rigid) and to sensor configuration ’no acc.’ and
’acc’.

Figure 7 presents the trade-off between the smallest detectable fault and the detection
time for the actuator fault detection. If accelerometer measurements are used, the
performance of the filters designed for the rigid and flexible models are very similar for
τa ≥ 0.8 s. If we aim to achieve lower detection time than 0.8 s, then a flexible model
is clearly required, since the performance curves diverge in this domain. In terms of

FLIPASED D2.3 AnalyticalRedundancyMethods V01 24/08/2021 15
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Figure 7: Trade-off between the smallest detectable fault and the detection time for the
actuator fault detection.

filter bandwidth, this divergence is observable above half of the frequency of the short
period mode (ωsp/2) in Figs. 8 and 9.

Without accelerometer measurements, the achievable performance is strictly worst
but it is not affected by the choice of design model so heavily. There is noticeable
difference between the two ’no acc.’ curves in Figure 7 but the difference is less pro-
nounced. As demonstrated by Figure 8, there is only a couple of degrees difference
between the smallest detectable fault in the two cases. However, this difference per-
sists on the entire bandwidth range of interest. On the other hand, the detection times
are very close as illustrated in Figure 9. The φa and τa values are only plotted up
to around 14 rad/s (close to ωfb) because further improvement in the performance re-
quires more than 60 rad/s filter bandwidth. (The corresponding data points are still
shown in Figure 7, however.) This discontinuity occurs, because the lack of az,c mea-
surement hides the high frequency behaviour of the aircraft which results in a local
peak in the filter gain that tends towards high frequencies. This local peak becomes
prominent (greater than −6dB) at around 60rad/s, causing the filter bandwidth to jump
above 60rad/s.

The angle of attack sensor fault estimation is not affected as much by the model un-
certainty and flexibility as the elevator actuator fault. Hence, faster and more precise
fault detection is attainable overall. For low filter bandwidths (high detection times), the
φs and τs values are very close for all four options in Figs 10-12. Similarly to the eleva-
tor fault detection, the difference between flexible and rigid model-based designs only
show if we aim for low detection times. The difference however, is small (less than one
degree) for the domain of our analysis. The worst performance clearly corresponds to
the case when no acceleration measurement is used and the filter is designed for the
rigid model. But since the performance measures track close to each other for all four
cases, we conclude that the performance of the angle of attack sensor fault detection
is not impacted greatly by the choice of design model or sensor configuration.
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Figure 8: Comparison of the smallest detectable actuator faults as a function of filter
bandwidth.
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Figure 9: Comparison of the detection times of the actuator fault detection as a func-
tion of filter bandwidth.
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Figure 10: Trade-off between the smallest detectable fault and the detection time for
the sensor fault detection.
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Figure 11: Comparison of the smallest detectable sensor faults as a function of filter
bandwidth.
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Figure 12: Comparison of the detection times of the sensor fault detection as a function
of filter bandwidth.
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2.5 Summary of the recommendations

Using a specific case study, guidelines are established on when a flexible model is
required for FDI filter design for a flexible aircraft. It is concluded that only minor
performance improvement is attainable for the angle of attack sensor FDI with the in-
volvement of the flexible model. In contrast, the elevator FDI is greatly impacted by
the choice of sensor configuration and design model. If good performance is expected
at high frequencies (beyond the frequency of the first bending mode), then both accel-
eration measurement at the center of gravity and the flexible model are required. Still
using the acceleration measurement, good performance is achieved using the rigid
model up to half of the frequency of the short period mode. At the cost of some loss
in accuracy, a design based on the rigid model is capable of providing acceptable per-
formance up the frequency of the first bending mode if the acceleration measurement
is not used.
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3 Synthesis of a Multiple-Model Adaptive Gust
Load Alleviation Controller

For the synthesis of a Gust load alleviation controller aeroelastic models are needed.
Often these models are linearized state-space systems defined at specific operating
points within the flight envelope [18, 21, 28]. Adaptive control techniques provide the
opportunity to adapt the flight controller to the prevailing conditions during the aircraft’s
operation and ensure optimal performance over a large range of operational condi-
tions [14]. The simplest form of an adaptive controller is gain-scheduling, where a
change in parameters, e.g. airspeed, is measured and used to adapt the controller by
means of interpolation techniques within a grid of controllers [14]. There exists quite
a rich literature on gain-scheduling techniques applied to flight control problems [6,
30, 22]. It is essential that the parameter used for gain-scheduling is directly measur-
able. However, there also exist variations in the system dynamics due to parameters,
which cannot be easily measured. An important example is the mass distribution,
which changes during the mission as the fuel level decreases. Especially, when tanks
are located in the wings, a variation of the flexible mode shapes is the consequence
[12]. Furthermore, it can be thought of uncertainties due to unmodelled dynamics
or non-linearities in aerodynamic parameters, mass, damping and stiffness matrices
and many more. In any of the mentioned cases it is necessary to somehow estimate
the system behaviour. Indirect adaptive control offers the opportunity to estimate the
current plant parameters with respect to the onboard measurements. Changes in the
identified parameters then lead to an update of the controller gains. For the estimation
of the plant parameters, however, it is difficult to guarantee that the excitation of the
system is rich enough in its spectrum and that the parameters will eventually converge
[14]. Direct adaptive control uses a single reference model providing the desired sys-
tem outcomes. The difference with the real system measurements yields a residual
used for control gain update [14]. A major limitation of this approach is its sensitivity to
process and sensor noise in the presence of unmodelled dynamics [2]. Due to the lim-
itations of the discussed approaches, within FliPASED multiple-model adaptive control
(MMAC) is further analysed. The idea is to identify the model, among a predefined set
of models, that describes the plant behaviour best and switch to the corresponding
controller. Generally, there exist several scientific studies on the MMAC, see, e.g., [4,
5, 10, 14, 12]. [12] proposes model detection filters based on fault detection tech-
niques to identify the best fitting model. Within FliPASED the method of [12] is applied
to the demonstrator aircraft for a GLA controller. To cover different mass cases, at first,
masses are artificially attached in a dedicated modelling process to the structural wing
model in order to generate a significant variation in the flexible modes. For each mass
case a GLA controller is synthesized and a switching logic is designed, that selects
the most suitable controller based on the aircraft’s current mass condition.
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3.1 Control-Oriented Modelling

The aeroservoelastic modelling process comprising the structural and aerodynamic
model is described in detail in [13, 29]. The gust is modelled as a vertical 1-cos
gust, like shown in Figure 13. The gust velocity is given by Ugust and the gust half

Ugust

Hgust

Figure 13: 1-cos gust and aircraft gust zones

length by Hgust. With increasing time the gust moves to the aft of the aircraft. In
each gust zone, which are depicted as the regions between two vertical lines of the
panel model in Figure 13, the corresponding aerodynamic panels are affected by the
gust speed, that is observed at the front edge of the gust zone. Namely, within a
gust zone the gust speed is constant. Instead of calculating the gust speed for each
individual aerodynamic panel, this approach is an approximation, which saves a lot
of computation time and is accurate enough for the considered application [7]. The
difference of gust speeds in two neighbouring gust zones is defined by a time delay.
As a transfer function a time delay can be defined by

Gdelay(s) = e−tdelays, (20)

where tdelay is the time delay in seconds and s is the Laplace variable [7]. To simplify
the handling of time delays, it is approximated by a second order Padé approximation
[19]

Gdelay(s) ≈
s2 − 6

tdelay
s+ 12

t2delay

s2 + 6
tdelay

s+ 12
t2delay

. (21)

Finally, the aircraft model can be described by

ẋ = f(x,u, d)

y = g(x,u)
(22)

as a state-space model, where the states, inputs, disturbance and outputs are x, u, d
and y. The inputs u comprise the commanded deflections to the control surfaces and
the throttle command. The disturbance d provides an input of atmospheric turbulence,
like a 1-cos gust, to the model. The outputs y summarize the onboard measure-
ments and performance measurements, which here is the wing root bending moment
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(WRBM). The WRBM is not measured, but is necessary for the GLA control synthesis.
Equation (22) describes a non-linear state-space model. For the synthesis of a set of
GLA controllers it is linearized leading to a set of linear time invariant (LTI) models.

3.2 MMAC GLA Synthesis

The goal of the GLA controller is to reduce the WRBM due to a vertical gust en-
counter. This should even be possible when the behaviour of the aircraft changes
due to variations in the wing mass distribution. Masses are artificially attached to the
structural model and the aeroelastic open-loop model is linearized for different mass
cases. Furthermore, an appropriate GLA controller is synthesized per mass case. For
each linearized model a residiuum generator is designed, in order to estimate which
model describes the current aircraft behaviour best. Subsequently, the corresponding
GLA controller is selected.

In the following the GLA synthesis procedure is provided for the standard mass case.
It is the same for all mass cases. The selected measurements, which are fed into
the controller, are the pitch angle θ, the pitch rate qfu and the vertical accelerations
measured in the fuselage az,fu and on both wing tips az,wl and az,wr. The control sur-
faces reacting to the gust encounter are the most outer ailerons on both wings and all
four ruddervators of the tail, as shown in Figure 14. Thus the controller generates one

Figure 14: Demonstrator aircraft IMU (red) and control surface configuration [27]

signal uail connected to the ailerons and one signal uelev connected to all four rudderva-
tors. This simplification of signals is valid, as the aircraft is nearly symmetric and only
vertical gust encounters are considered. Neglecting inputs and outputs unnecessary
for the aircraft control the synthesis model reduces the number of states of Equation
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(22) significantly. However, it still exhibits too many states, when it comes to an effi-
cient GLA control synthesis. Therefore, the balanced reduction is used to decrease
the order of the model even further [3].
The controller is synthesized with the structured H∞ method [9]. It solves the optimi-
sation problem

min
K∈K
||Td→z(K)||∞, (23)

for which the H∞ norm of the closed-loop weighted transfer function Td→z(K) from a
disturbance input d to a performance output z is minimized, while the structure of the
controller K is predefined. Weighing the transfer function helps to limit the controller
action to certain frequencies. Here the goal is to minimise theH∞ norm of the transfer
function from a 1-cos gust input dgust to the weighted WRBM zwrbm above 2 rad/s. Thus,
it can be guaranteed that there is no interaction with the low frequency flight mechan-
ics. Furthermore, the effort of the actuators zail and zelev is limited as they feature rate
and deflection limits. The control problem is outlined in form of a linear fractional trans-
formation (LFT) representation as given in Figure 15. As a first step the controller is

Aircraft

GLA
Controller

Wperf

yθ
yq
yaz ,fu

yaz ,wl

yaz ,wr

yperf

zwrbm

zail

zelev

uail

uelev

dgust

Figure 15: GLA controller

considered to be a 2× 5 gain matrix. Hence 10 parameters have to be found. Figures
16 - 18 show the defined requirements (black), the open-loop (green) and closed-loop
(blue) transfer functions for the structured H∞ synthesis. It is visible from Figure 17
and Figure 18, that the deflection of the ailerons and the elevators stays within the
predefined bounds, while the WRBM shown in Figure 16 can be generally reduced
with a GLA controller in a frequency range of around 2 − 11 rad/s. The maximum peak
of the open-loop WRBM at 58.4 rad/s is reduced significantly. At various frequencies
the closed-loop WRBM might exceed the one of the open-loop case, but an overall
improvement is clearly visible. Time simulations of different gust excitations verify, that
the maximum peak loads are decreased. Figure 19 shows the WRBM to a step exci-
tation at the gust input dgust. With the GLA controller a reduction of the maximum load
of almost 10 % is achieved. In addition, two excitations refering to a 1-cos gust with
frequency 58.4 and 25.6 rad/s are considered. At 58.4 rad/s Figure 16 shows a maxi-
mum raise in the WRBM for the open-loop system in the frequency domain. It can only

FLIPASED D2.3 AnalyticalRedundancyMethods V01 24/08/2021 23



0.001 0.01 0.1 1 10 100 1000 100001000001000000
−80

−70

−60

−50

−40

−30

−20

freq [rad/s]

m
ag

[d
B

]
open-loop
closed-loop
weighting

Figure 16: Wing root bending moment
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Figure 17: Requirement for outer ailerons
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Figure 18: Requirement for elevators
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Figure 19: Step response to gust disturbance
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be reduced by 3 % as shown in Figure 20. As the excitation by a discrete 1-cos gust
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Figure 20: Response to 1-cos gust (58.4Hz)

cannot be restricted to a single frequency, but to a frequency band, the load reduction
is not as high as expected. For the critical gust half length

Hgust,crit = 12.5cr (24)

defined by Pratt, a nominal 1-cos gust excitation of 25.6 rad/s is achieved [1]. The time
simulation is shown in Figure 21. The maximum WRBM is reduced by almost 12 %.
However, the wing tends to vibrate longer.
For all aircraft mass cases a GLA controller is synthesized with the procedure stated
above. Within the upcoming sections, it is assumed, that the grid of GLA controllers
refering to different mass cases is available.

For the MMAC the identification of the best matching model is essential. From a set
of N models, each defined at a different operating point, it is decided which model j
represents the current plant behaviour best. It is assumed that the dynamics of the set
of models (j = 1, ...,N ) is given by the multiple LTI plant model

yj(s) = Gj(s)u(s) +Gd,j(s)d(s), (25)

where s is the Laplace variable, yj(s) represents the Laplace transformed output vec-
tor, u(s) the Laplace transformed input vector, d(s) the Laplace transformed distur-
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Figure 21: Response to 1-cos gust (25.6Hz)

bance vector and Gj(s) and Gd,j(s) represent the control input to output and the dis-
turbance input to output transfer function matrices, respectively [23].
The basic idea of model detection is depcited in Figure 22. The aircraft is affected by
disturbance d and a varying parameter p(t). The inputs u and outputs y of the plant
are provided to the model detection system. For each model i a residual generation
filter is defined, which then determines a residual ri. The residual evaluator usually
analyses ri on the basis of a norm. This leads to the evaluation variable θi. The deci-
sion which model is judged to be the most valid one is taken by the lowest evaluated
residual. In words, the lowest evaluated residual simply indicates the model with the
lowest distance of all models to the currently active one.
The required residual filters Qi(s) relate the actual system inputs u and outputs y to
the residuals ri(s) based on the ith system model. It therefore holds

ri(s) = Qi(s)

[
yj(s)
u(s)

]
, i = 1, ...,N , (26)

where ri(s) is the Laplace transformed residual of the ith model detection filter Qi(s).
Note that Equation (26) is the internal form of the ith filter driven by the jth model from
the multiple plant model in Equation (25). Inserting the set of models from Equation
(25) into the set of residual filters, Equation (26) leads to the internal form of the filter,
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i.e.,

r̃ij(s) = Rij(s)

[
u(s)
d(s)

]
= Qi(s)

[
Gj(s) Gj(s)
Iu 0

] [
u(s)
d(s)

]
. (27)

The matrix Iu represents a unity matrix of the size of u [23].
Based on this internal filter form the model detection problem can be defined as fol-
lows:
For the multiple LTI system

yj(s) = Gj(s)u(s) +Gd,j(s)d(s), j = 1, ...,N , (28)

determine N stable filters Qi(s), i = 1, ...,N , such that

(i) [Ru,ii(s)Rd,ii(s)] = 0, i = 1, ...,N ,

(ii)Ru,ij(s) 6= 0, ∀j 6= i, and [Ru,ij(s)Rd,ij(s)] stable.
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The solvability conditions of this problem can be found in [23]. Also, [23] presents
adequate numerical tools to solve the problem.

3.3 Conclusion on MMAC for GLA

Changes in the mass properties of an aircraft during a mission due to e.g. defueling,
can significantly affect the aeroelastic behaviour. Secondary control functions, like
active GLA, MLA or active flutter suppression either have to be robust or have to
be adapted to changing conditions. Adaption allows to increase the performance of
control functions. MMAC offers a possibility to switch between a set of controllers
designed at various operating points depending on the aircraft’s state. Model detection
algorithms can be used in order to select the ”best” controller.
The development of a GLA controller based on MMAC is in progress in the FLiPASED
project to explore such possibilities for flexible aircraft with changing mass.
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4 Conclusion

In the deliverable first, the effect of structural flexibility on actuator and sensor fault
detection filter design for the FLiPASED aircraft was explored by SZTAKI, second the
possibility to develop a multiple model adaptive gust load alleviation controller consid-
ering the change of mass for the same aircraft was considered by DLR.

Finally, guidelines are established on when a flexible model is required for FDI filter
design for the FLiPASED aircraft. It is concluded that only minor performance im-
provement is attainable for the angle of attack sensor FDI with the involvement of the
flexible model. In contrast, the elevator FDI is greatly impacted by the choice of sensor
configuration and design model. If good performance is expected at high frequencies
(beyond the frequency of the first bending mode), then both acceleration measure-
ment at the center of gravity and the flexible model are required. These guidelines
will be considered by the consortium for future evaluation regarding other flexible air-
craft and global FDI design guidelines for flexible wing structures will be presented if
possible.

A MMAC structure offers the opportunity to control a complex system considering mul-
tiple working points. In case of the FLiPASED aircraft gust load alleviation controller
design via MMAC approach is initiated considering the changes of aircraft mass in
case of a flexible structure. The experiences with this design methodology will be
utilized in the tightly coupled multi objective optimization aircraft design toolchain as
generation of LTI models around system working points is straightforward and so gust
load alleviation (and other) control can also be considered in design time leading to a
more optimized aircraft-sensor-actuator-control structure.
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6 Annexes with additional information

This part might remain confidential and thus not be delivered.

The EC reviewer might ask for an insight – in this case a NDA is recommended.
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