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Abstract: An approach to estimate global structural loads caused by atmospheric disturbances
from recorded sensor data of operational flights is presented in this paper. The presented ap-
proach is based on augmenting a dynamic, flexible aircraft model with disturbance dynamics.
A state observer for this augmented model, i.e., a Kalman-Bucy filter, is derived. The sensor-
data is processed through the observer, enabling the estimation of the encountered atmospheric
disturbances by the aircraft. Subsequently, these estimated disturbances are used to estimate the
global aircraft loads. In order to evaluate the load estimation results, the concept of equivalent
damage load is applied. It connects the global loads to their influence on the aircraft’s structural
fatigue. For verification of the proposed toolchain, design scenarios from certification, i.e., dis-
crete gust and continuous turbulence encounters, are simulated to emulate real operational data.
The gathered data is used to compare the resulting estimated loads to the simulated loads with
respect to the equivalent damage loads.

1 INTRODUCTION

For civil aircraft operators a main motivation is to decrease direct operating cost (DOC) with-
out compromising safety and reliability. Possibilities to achieve this are, e.g., reducing aircraft
weight or reducing the inspection effort [1]. These two measures, however, are contradicting
each other, since reduction in weight ultimately leads to reduced margins against structural fail-
ures, which subsequently requires more frequent inspections and therefore higher inspection
costs [1]. In [1], one aspect to decrease the latter is to increase the information about the aircraft
structure during operation. The chain of cause for fatigue damage due to structural loads is
described by Schmuecker in [2]. He details, that all structural loads result from operational and
environmental conditions, which lead to internal stresses. These stresses result in fatigue in the
components, which is one reason for structural damage. Consequently, in this paper the focus
lies on gathering information about a main cause for structural fatigue, namely atmospheric
disturbances occurring during aircraft operation. In the literature different approaches for the
operational loads estimation for civil and military application, also named operational loads
monitoring (OLM), can be found. In the military domain, one system is implemented in the
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Eurofighter Typhoon. The system monitors multiple locations on the structure. The monitoring
is either based on sensor data already available for different subsystem of the aircraft, e.g, the
flight control system, or based on specifically installed sensors for the monitoring, e.g., strain
gauges [3]. The military applications are not further considered herein, since the approach in
this paper is oriented towards civil aircraft for which no additional sensors should be installed.
The ideas of an operational load monitoring system (OLMS) goes back to [2]. In this approach
a dynamic aircraft model together with data provided by the avionic system is used to monitor
the loads. The basic architecture of the approach described herein is based on the ideas from [4].
It combines an integrated rigid body with a structural dynamic aircraft model and augments the
resulting system with a disturbance model. The state observer finally uses data provided by
the flight control system. Lately, this approach has been enhanced to a hybrid loads estimator
via local neural networks in [5], showing promising results and providing that the basic ideas
from [4] can be further exploited. The approach in this paper consists of three main compo-
nents, as illustrated in Figure 1. Starting point is the recorded data from the operational flight
mission. Modeling constraints require the recorded data to be sectioned into time frames, where
the assumption of constant Mach-number, dynamic pressure as well as constant aircraft mass
holds. The sensor data y consists of flight parameters, which are also used by the electronic
flight control system. Hence no additional sensors are needed. Furthermore, control surface
deflections and thrust commands, summarized in the input vector u, are required.

Figure 1: Approach for cut loads estimation due to disturbances from recorded data

The method to design the disturbance estimator shown in Figure 1 is detailed in Section 2.
Section 3 defines the dynamic, flexible aircraft model required for the filter. Subsequently,
Section 4 introduces the concept of equivalent damage loads (EDL) for fatigue analysis. Finally,
Section 5 applies the described toolchain to a realistic aircraft model in order to verify the
proposed method.

2 OBSERVER BASED DISTURBANCE ESTIMATION

The estimation of the atmospheric disturbances, described by a wind signal, is required for
the estimation of the global structural loads. The disturbance estimator is based on a classic
observer architecture. The filter is designed applying the Kalman-Bucy method. This section is
divided in the underlying theory of the filter design and the augmentation of this architecture by
the disturbance model in order to estimate unknown input disturbances.

2.1 Kalman-Bucy filter

The architecture of the Kalman-Bucy filter is displayed as a block diagram in Figure 2. The
block ”System” represents the real system and y the measurement data from the sensors. The
control inputs are described by u. The signals ν and w characterize the process respectively
sensor noise. Both signals are assumed to be uncorrelated white noise with zero mean. The
observer contains a ”System Model”, which represents the ”System”´s dynamics by a linear
state space model. The block L represents the feedback gain of the observer which processes
the error e between the measurements of the real system y and the estimated measurements of
the system model ŷ. The resulting signal is fed into the ”System Model” in order to minimize e.
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Figure 2: General Observer architecture

The feedback gain L represents the tuning parameter of this architecture. It is derived applying
the method defined by the Kalman-Bucy filter [6]. For the design process the model of the block
”System” is represented by:

ẋ = Ax+Bu+ w

y = Cx+Du+ ν

w(t) ∼ (0, Q)

ν(t) ∼ (0, R)

E[νkw
T
j ] = 0.

(1)

The matrices Q and R describe the covariance matrices of the process and sensor noise. A
Kalman-Bucy filter for this model is defined as

˙̂x = (A− LC)x̂+Bu+ Ly (2)

where the system state estimate is given by x̂. The design of the feedback gain L is based on
minimizing the sum of the variances of the error between the system states x and the estimated
states x̂. Hence, the cost function

J = lim
t→∞

E[(x1(t)− x̂1(t))
2)] + ...+ E[(xn(t)− x̂n(t))

2)]

= lim
t→∞

E[(x(t)− x̂(t))T (x(t)− x̂(t))]

= lim
t→∞

Tr(P ),

(3)

needs to be minimized with respect to L in (2) [6]. The covariance of the estimation error P
and its evolution is described by the solution of the differential Riccati equation (4) [6].

Ṗ = −PCTR−1CP + AP + PAT +Q. (4)

Under the assumption that A,C,Q,R are constant, P can reach steady state value. The steady
value of P can be derived using the algebraic Riccati equation (ARE) or continuous ARE
(CARE):

AP + PAT − PCTR−1CP +Q = 0. (5)

Based on the steady state solution of (5), the feedback gain L to minimize (3) is given by

L = PCTR−1. (6)
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2.2 Disturbance estimator

The focus of this paper lies on the estimation of loads due to external atmospheric disturbances.
Since the disturbance is not measurable, it needs to be estimated using the previously described
Kalman-Bucy filter. For the derivation of the disturbance estimator the general linear system
dynamics model in state space representation is given by:

ẋ = Ax+B1u+B2d

y = Cx+D1u+D2d.
(7)

The disturbance input d is unknown. In order to estimate the unknown disturbance, the sys-
tem model is extended by an additional model which represents the dynamics of the unknown
disturbance. The corresponding disturbance model is defined as

ẋd = Ad · xd

d = Cd · xd.
(8)

The extended or augmented model results in an extended general disturbance estimator structure
as displayed in Figure 3. Since the disturbance itself is unknown, the model defined in (8) has
no input. The augmentation of the standard system model (7) with (8) by connecting the output
of the disturbance model to the input of the system model leads to the following augmented
system model: [

ẋ
ẋd

]
=

[
A B2Cd

0 Ad

] [
x
xd

]
+

[
B1

0

]
u[

y
d

]
=

[
C D2Cd

0 Cd

] [
x
xd

]
+

[
D1

0

]
u.

(9)

The Kalman-Bucy filter estimates the model states x̂ as well as the states of the disturbance
model x̂d. Both are corrected due to the error e represented by the signals ξm and ξd, which are
defined as [

ξm
ξd

]
= L · e. (10)

Thus, the disturbance estimate is given by d̂ = Cdx̂d. For the application in this paper the
disturbance model depicted in (9) and Figure 3 is simplified by assuming a constant disturbance
which translates to Ad = 0. This leads to an open loop integrator for the disturbance model, i.e.

[
ẋ
ẋd

]
=

[
A B2Cd

0 0

] [
x
xd

]
+

[
B1

0

]
u[

y
d

]
=

[
C D2Cd

0 Cd

] [
x
xd

]
+

[
D1

0

]
u.

(11)

The system model with this simplified disturbance model is shown in Figure 4. Based on the
simplified augmented model (4), the Kalman-Bucy filter is designed according to the method
presented in Section 2.1. The model equations for the design of the filter are[

ẋ
ẋd

]
=

[
A B2Cd

0 0

] [
x
xd

]
+

[
B1

0

]
u+

[
w
wd

]
[
y
d

]
=

[
C D2Cd

0 Cd

] [
x
xd

]
+

[
D1

0

]
u+

[
ν
0

] (12)
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Figure 3: General disturbance estimator structure
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Figure 4: General disturbance estimator structure
with simplified disturbance model

where w consists of the system model process noise wm and the disturbance process noise wd.
The Kalman-Bucy filter for disturbance estimation is given in the following equations:[

˙̂x
˙̂xd

]
=

[
A B2Cd

0 0

] [
x̂
x̂d

]
+

[
B1

0

]
u+ L(y − ŷ)[

ŷ

d̂

]
=

[
C D2Cd

0 Cd

] [
x̂
x̂d

]
+

[
D1

0

]
u.

(13)

3 AEROELASTIC MODELING

The ”System Model” within the observer describes a dynamic, flexible aircraft. It is derived
using the Varloads (Variable Loads Environment) framework [7]. The system model, in linear
state space form, is derived from a non-linear system description. The rigid body dynamics of
the aeroelastic aircraft are described by non-linear Newton-Euler equations of motion, while
the structural dynamics are represented by second order differential equations:[

mb

(
V̇b + Ωb × Vb − TbE · gE

)
JbΩ̇b + Ωb × (JbΩb)

]
= ΦT

gbP
ext
g

Mff üf +Bff u̇f +Kffuf = ΦT
gfP

ext
g .

(14)

The translational and angular velocity of the aircraft center of mass in body axis (index b)
are defined by Vb =

[
ub vb wb

]
respectively Ωb =

[
pb qb rb

]
. The structural dynamics

are represented by the modal deformations uf , velocities u̇f and accelerations üf . The modal
structural dynamics are defined by mass Mff , damping Bff and stiffness Kff matrices. The
corresponding modal transformation matrices are Φgb and Φgf . The external loads P ext

g consist
of the aerodynamic P aero

g and propulsion loads P prop
g on the structural grid (index g). The aero-

dynamic loads are modeled by panel methods, steady vortex lattice method (VLM) or unsteady
doublet lattice method (DLM), which are based on potential flow theory. The aerodynamic load
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equation for the VLM model is defined as:

P aero
g = q∞T T

kgSkj Qjjwj︸ ︷︷ ︸
∆cp

, (15)

where q∞ is the freestream dynamic pressure and Tkg the so-called splining matrix, which maps
the displacement of the structural grid to the aerodynamic panel model and vice versa the aero-
dynamic loads to the structural grid. Skj integrates the pressure coefficients ∆cp over each panel
j. The pressure coefficients depend on the aerodynamic influence coefficient (AIC) matrix Qjj

as well as the downwash wj , normalized by the freestream velocity U∞. For the DLM, the AIC
matrix depends on the reduced frequency k:

∆cp(k) = Qjj(k)wj(k). (16)

For more detailed information on the DLM, the reader is referred to [8].
The Kalman-Bucy filter requires the model in linear state space form. Hence the model defined
in (14) needs to be linearized. The equation (14) can be represented more generally as

ẋ = f(x, u)

y = g(x, u)
(17)

in order to explain the linearization process. First, the non-linear model is trimmed for a 1g
steady horizontal flight. This results in required trim states x0 and the trim point corresponding
control inputs u0. The linearized model is derived by a first order Taylor approximation

A =
δf

δx

∣∣∣∣
x0,u0

B =
δf

δu

∣∣∣∣
x0,u0

C =
δg

δx

∣∣∣∣
x0,u0

D =
δg

δu

∣∣∣∣
x0,u0

(18)

resulting in the state space matrices A,B,C,D.

3.1 Load recovery

In order to obtain the structural loads Pg at the nodes of the structural grid (g-set), the application
of the Force Summation Method [8] is necessary, since the model defined in (14) is defined in
modal coordinates. To derive the nodal loads Pg the load recovery equation is defined by:

Pg = P ext
g − P iner

g = P aero
g + P prop

g − P iner
g (19)

where P ext
g are the external loads and P iner

g are the intertia loads defined by

P iner
g = Mgg {Φgbüb + Φgf üf} . (20)

The inertia loads depend on the modal accelerations üf and üb, which are given by

üg =

[
(V̇b + Ωb × Vb − TbE gE)

Ω̇b + J−1
b (Ωb × (JbΩb))

]
. (21)

The nodal loads Pg are processed in a next step to derive the internal structural loads (cut
loads) [9]

Pc = Tcg · Pg, (22)

where Tcg is the transformation matrix from nodal loads to cut loads.
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Figure 5: Internal loads coordinate system Figure 6: Top view of gust zones

3.2 Atmospheric disturbance model

The disturbance estimation approach is based on augmenting the dynamic aeroelastic aircraft
model by the dynamics of the disturbance [4]. Aerodynamic loads due to external atmospheric
disturbance are modeled according to (15) with the downwash wj being equal to the downwash
of the atmospheric disturbance atmospheric disturbance wG

j . Hence the aerodynamic loads due
to atmospheric disturbance only depend on wG

j , which is a vector with dimension nj × 1 with
nj being the number of panels. The disturbance estimation requires a reduction of the input
dimension to 1. In order to reduce the input dimension of the disturbance, the aerodynamic
panel model of the aircraft is divided into multiple zones as displayed in Figure 6, where each
color represents one zone. Within each zone l, the same downwash wl is assumed. This zone-
wise downwash is transformed to each panel by the transformation matrix Tjl. Mathematically,
this is described by

wG
j = Tjl · wG

l . (23)

To further reduce dimension of disturbance input from number of zones to only one signal wG,
it is assumed, that the disturbance is a spanwise equally distributed and the aircraft flies through
the disturbance. Hence the process of flying through the disturbance can be modelled by the
different zones experiencing the same disturbance in magnitude and direction, only delayed
depending on the true airspeed VTAS. This delay is modeled by the system Gdelay(s). The delay
between the gust zones is modeled by a state space system Gdelay(s), which consists of multiple
Padé-filters, where each Padé-filter describes the delay of the signal from gust zone l to gust
zone l + 1. A time delay in frequency domain can be modeled according to [10] by:

Gdelay(s) = e−sT , (24)

where T describes the time delay in seconds.
In order to describe the delay from gust zone to gust zone, a system of multiple delays is defined.
The disturbance, which is propagated from gust zone to gust zone, is defined by Ud. The state
of the delay at each gust zone Xd

l describes the disturbance acting at each gust zone l. In order
to propagate the disturbance through the system, the delay state Xd

l−1 of the gust zone l − 1 is
the input for the gust zone l. This leads to the delay-system definition:

Gd(s) =



Xd
1 (s) = e−sT1Ud(s)

Xd
2 (s) = e−sT2Xd

1 (s)

Xd
3 (s) = e−sT3Xd

2 (s)

...

Xd
l (s) = e−sTlXd

l−1(s).

(25)
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The time delay from gust zone l−1 to gust zone l is described by Tl. Since the transfer function
Gdelay(s), described in (24), cannot be represented as a rational transfer function a n-th order
Padé approximation (26) is applied [10]:

e−sT ≈
(1− T

2ns)
n

(1 + T
2ns)

n
. (26)

The transfer functions in the system Gd(s) (25) are approximated by the Páde formula (26).
This results in a system of rational transfer functions Gd

approx(s). Hence the downwash at each
aerodynamic panel due to a disturbance wG is

wG
j (s) = TjlG

d
approx(s)w

G, (27)

where the input wG is the one-dimensional disturbance signal. Combining (27) and (15) leads
to the aerodynamic loads

PG
g (s) = q∞T T

kgSkjQjjTjlG
d
approx(s)w

G (28)

due to disturbances approximated by the gust zone approach. The transfer function PG
g (s) is

expressed in time domain by the state space model

ẋG = AGxG +BGu

yG = CG · xG +DGu,
(29)

with the output yG being yG = PG
g .

4 EQUIVALENT DAMAGE FATIGUE LOADS

In this section a concept enabling the analysis of time history load data with respect to their
impact on fatigue is presented. The approach is based on the ideas described in [11–13]. Since
the method only makes use of global structural loads, no transformation to stresses is necessary.
Hence no material information or component geometries are required. The method assumes
that a fatigue failure mode of the structure depends on one specific load, e.g. wing root bending
moment. The failure mode is characterized by a P-N curve, similar to a S-N curve, but depend-
ing on one global aircraft load instead of stresses. The P-N relation is described by the Basquin
relation [14]:

Pa = PU ·N− 1
m , (30)

where Pa is load amplitude and PU is the ultimate load for which the structure would fail after
one cycle. Freebury [12] proposes an PU equal to 1.5 · Pmax to 4.5 · Pmax with Pmax being the
maximum load within the cases, which are investigated. The exponent m defines the slope of
the P-N curve. Freebury [12] proposes an m between 6 and 12. The equivalent damage load is
based on the damage accumulation defined by the Pålmgren Miner rule [14]:

DPM =
M∑
i=1

ni

Ni

. (31)

The equation relates the fatigue life Ni, measured in cycles, with the corresponding amplitude
Pai. Meaning that for example n1 cycles with a load amplitude Pa1 and the corresponding
fatigue life endurance N1 leads to the damage DPM

1 = n1

N1
[12]. The cycle information of the

load time history consisting of cycle counts ni, cycle amplitudes Pai and the corresponding cycle
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means Pm. These are derived by the Rainflow counting algorithm (for detailed information
about Rainflow counting algorithm the reader is referred to [15]). The P-N curve is defined for
a cycle with a mean value of zero, i.e. with a load ration R = Pmin

Pmax
= −1. Since the cycles in

a load time history are around a non-zero mean value, the influence of the mean value on the
fatigue damage needs to be considered. One method to take the non-zero mean into account is
the Goodman rule

Pa

P c
ai

+
Pm

Pu

= 1, (32)

which relates the cycle amplitude Pa with nonzero mean to a load cycle amplitude P c
ai

P c
a = Pa

1(
1− Pm

PU

) (33)

for the load ratio R = −1. This enables the analysis of any load time history using the P-N
curve. The cycle amplitudes P c

a are categorized with respect to their magnitude by the prede-
fined set of bins. This results in the number of cycles ni for each bin with the amplitude P c

ai .
Based on the derived P c

ai the damage DPM is derived according to (31).
The concept of equivalent damage proposes that the damage DPM

e due to the equivalent damage
load time history Pe is equal to the damage DPM due to the investigated load time history. The
equivalent damage load is characterized by the load amplitude Pae, a defined number of cycles
ne and a corresponding fatigue life Ne. This can be expressed, using the Pålmgren Miner rule,
by

M∑
i=1

ni

Ni

=
ne

Ne

, (34)

where Ne can be represented by

Ne =

(
PU

Pae

)m

. (35)

Combining (35) with (34) leads to:
M∑
i=1

ni

Ni︸ ︷︷ ︸
DPM

!
=

nePae
m

Pm
U︸ ︷︷ ︸

DPM
e

, (36)

which expresses the requirement, that the damage DPM due to the investigated load time history
needs to be equal to the damage of the damage equivalent load DPM

e . In order to fulfil (36), it
needs to be solved for the unknown Pae. This is achieved by expressing Ni using the Basquin
relation (30) and subsequently performing some algebraic transformations leading to:

Pae =

(
M∑
i=1

niP
m
ai

ne

) 1
m

. (37)

In order to compare two load time histories, e.g. simulated loads with estimated loads, the
equivalent fatigue load based on the time-history of the estimation PaeEst and the time-history
of the simulation PaeSim are calculated. These two equivalent fatigue loads are set into relation
by

ηE =
PaeEst

PaeSim

. (38)

The coefficient ηE describes the estimation accuracy of the loads estimation system with respect
to a failure mode, which is described by a P-N curve.
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5 APPLICATION

In this section the proposed workflow is applied to a realistic aircraft model. Since no opera-
tional data is available, the sensor data is simulated using an aircraft model similar to the one
described in Section 3. First, the setup of the loads estimator is explained. Second, the different
scenarios, which the estimator is tested with, are explained. Finally, the results will be pro-
vided. The overall loads estimation system is depicted in Figure 7. The estimated loads P est

c are

Dynamic Aircraft Model

Gustzone ModelL

Disturbance Model

Dynamic Aircraft Model

Gustzone Model

Recorded data

P est
c

d̂

PD
g

+

y

e
ξm

ξGZ

ξd

ŷ− u

PD
g

disturbance estimator

loads estimator

Figure 7: System for loads estimation based on operational data

evaluated by the method of equivalent damage loads as explained in Section 4. As illustrated
in Figure 7, the two main blocks are the disturbance estimator and the loads estimation. The
disturbance estimator is based on a Kalman-Bucy filter (detailed explanation in Section 2.1)
extended by a disturbance estimator as explained in Section 2.2. The general architecture is
shown in Figure 3. The system model of the filter consists of the dynamic aircraft model, the
gust zone model as well as the disturbance model. The dynamic aircraft model is based on the
method described in Section 3. The gust zone model is derived as explained in Section 3.2.
In order to be able to estimate the disturbance signal due to the atmospheric disturbances, the
disturbance model is implemented according to Section 2.2.
The feedback

[
ξm ξGZ ξd

]
= L · e influences the state derivatives ˙̂x of the dynamic flexible

aircraft model, disturbance model as well as the gust zone model by ξm, ξGZ and ξd. Especially
the state derivatives of the system model ẋ =

[
üb üf üf

]
are directly influenced due to ξm,

according to (2). This influence leads to inertia loads (20) due to ξm without any external loads
P ext
g acting on the aircraft structure. This violates Newton´s third law [16], actio equals to

reactio, because the inertia loads (reactio) is missing it´s counterpart (actio). As a result, the
derived loads by the force summation method (19) would be incorrect.
Therefore, only the disturbance estimation wD is extracted and the cut loads P est

c are derived in
the separate loads estimation block as depicted in Figure 7.
The loads estimator consists of a gustzone model as well as a dynamic flexible aircraft model.
The loads estimator inputs are the estimated wD from the disturbance estimator as well as the
recorded control inputs u. This results in the estimated cut loads P est

c for the whole aircraft
structure. Afterwards, the cut loads P est

c are processed by the method of EDL as explained in
Section 4. This allows a comparison between the reference, the simulated loads and the esti-
mated loads with respect to the impact on fatigue. The loads estimator is tested for discrete
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gust (1-cos) as well as continuous turbulence (CT) events. These events are investigated at one
flight point defined by constant Mach number and altitude. The recorded data contains sensor
data generated with a non-linear dynamic flexible aircraft model as described in 3. In order to
analyze the performance of the estimator with uncertainties in the aerodynamics due to neglect-
ing unsteady effects, the data is generated using both VLM and DLM for the modeling of the
aerodynamic loads. The influence of steady and unsteady aerodynamics on the loads estima-
tion are investigated for continuous turbulence load cases. Additionally, the performance of the
estimator is evaluated with discrete gust (1-cos shape) load cases.
For the defined cases the EDL criteria is evaluated for the right wing for the quantities Fz (shear
force normal to wing reference surface), Mx (bending moment) and My (torsion moment). The
corresponding coordinate systems are displayed in Figure 5.

5.1 Continuous turbulence analysis
The simulation of continuous turbulence in the time domain is based on the Dryden spectrum:

Φw(Ω) = σ2
w

Lw

πV

1 + 3(Lw
ω
V
)2

(1 + (Lw
ω
V
)2)2

, (39)

where Lw is the turbulence scale length, σw the root mean square (RMS) of the turbulence in-
tensity and ω

V
, the spatial frequency. The turbulence scale length σw depends on the altitude

and probability of exceedance. This relation is illustrated in Figure 8. The lines in Figure 8
represent constant levels of probability of exceedance [17]. The advantage of the Dryden spec-
trum is that a continuous filter can be designed to convert a white noise time history signal to
a time signal with a spectral shape similar to the one defined in (39) [18]. In this paper the
loads due to continuous turbulence in vertical direction are investigated. For this investigation
the parameter ”probability of exceedance”, which influences σw and Lw of the Dryden spec-
trum (39) and therefore the amplitude and strength of the loads acting on the aircraft, is varied
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Figure 8: RMS with respect to intensity and altitude

11



IFASD-2022-052

0 0.2 0.4 0.6 0.8 1
0.6

0.8

1

1.2

1.4

η
E

fo
rF

z
Steady aerodynamics

0 0.2 0.4 0.6 0.8 1
0.8

1

1.2

1.4

η
E

fo
rM

x

0 0.2 0.4 0.6 0.8 1
0.8

1

1.2

1.4

normalized spatial coordinate

η
E

fo
rM

y

1e-06 5e-06 1e-05 5e-05 1e-04 5e-04 1e-03 5e-03

0 0.2 0.4 0.6 0.8 1
0.6

0.8

1

1.2

1.4

Unsteady aerodynamics

0 0.2 0.4 0.6 0.8 1
0.8

1

1.2

1.4

0 0.2 0.4 0.6 0.8 1
0.8

1

1.2

1.4

normalized spatial coordinate

Figure 9: Comparison of ηE for right wing loads for continuous turbulence cases with different probabilities of
exceedance with reference VLM and DLM

between 1 × 10−6 and 5 × 10−3. The simulations are conducted at one specific Mach-number
and altitude. As described above, the recorded data is generated using the steady aerodynamics,
hence VLM, as well as unsteady aerodynamics, hence DLM.
In Figure 9 the resulting ηE , defined in (38), is derived for each monitoring point for the internal
structural loads Fz, Mx and My on the right wing. The x-axis of the plot is the spatial coordinate
of the analysis points normed by the maximum absolute spatial coordinate. Translated for the
right wing, it means that the spanwise coordinate is normalized by the half-span. For the steady
as well as the unsteady investigation, Fz shows an underestimation of the EDL for the inner
wing up to the spatial coordinate of ≈ 0.35. Here a jump to ηE ≥ 1 occurs, i.e., the EDL is
overestimated. Due to a strong dependence of the wing bending moment Mx of Fz, ηE shows
a similar shape like Fz, but shifted in y-direction. For My, ηE varies between ≈ 0.8 and ≈ 1.2.
The analysis with respect to the probability of exceedance shows a tendency of overestimation,
the higher the probability of exceedance is.

5.2 Discrete gust analysis

The velocity profile vg of the discrete gust (1-cos shape) is defined by the certification require-
ments in CS/FAR 25.341 [19].

vg =
1

2
U0

(
1− cos

(
2πxj

2H

))
(40)
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Figure 10: Comparison of ηE for right wing loads
generated with VLM aerodynamics
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Figure 11: Contour plot of ηE for different gust gra-

dients on right wing

The parameter xj describes the relative position of each aerodynamic panel with respect to the
gust. The design gust velocity U0, hence the gust amplitude, as well as the gust gradient H
are defined according to CS/FAR 25.341 [19]. For a more detailed explanation of the imple-
mentation the reader is referred to [8]. The gust gradient represents the distance parallel to the
flight path from the beginning to the peak of the gust. In the certification H is defined for 9 m
to 107 m. The refence data is generated simulating the load cases using a model with VLM.
The simulated cases vary in gust gradient length. For the investigation one Mach-number and
one altitude is chosen. In total 9 different gust gradients equally distributed between 9 m and
107 m are investigated. Figure 10 shows ηE for the loads Fz, Mx and My for the right wing with
respect to the normalized spatial coordinate. The plot shows that ηE is overestimated by the
loads estimator for all gust lengths, except for the shortest investigated length with H ≈ 9m.
Here ηE is significantly underestimated for the middle to outer wing for My. This gust length
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also shows significant variation for Fz and My, while the shape of the curve clearly differs from
the results for the other gust lengths.
For better visualization of ηE with respect to the gust gradients H and the normalized spatial
coordinate, a contour plot is presented in Figure 11. The x-axis is again the spatial coordinate.
The y-axis characterizes the different gust gradients. The ηE is characterized by the color and
the level lines. The color bar next to the plot describes the numerical quantification of the col-
ormap. The figure shows the largest overestimation for Fz and Mx at the inner wing for gust
gradients between H = 40m and H = 80m. For My the biggest overestimation also occurs for
the inner wing. quantitatively, the overestimation for My is larger than for Fz and Mx.

6 CONCLUSIONS

A toolchain enabling the estimation of loads due to vertical atmospheric disturbances from sen-
sor data typically provided by avionics system of an airliner is presented. The estimator is based
on a Kalman-Bucy filter architecture. A mathematical description of a dynamic flexible aircraft
model is used within the estimator. It is assumed that the occurring disturbances consist of
continuous turbulence as well as discrete gusts. The results of the estimator and the simulation
are compared using the equivalent damage load concept. For the continuous turbulence the es-
timations show an error with respect to the EDL criteria of ≈ ±25%. The loads are both under
and overestimated with respect to EDL. For the discrete gust, the estimates differ with up to
≈ +50% for Fz and Mx while for My the error lies in a range of ≈ +100% with respect to the
EDL criteria.
As next steps more uncertainties shall be investigated, e.g. uncertainties in the structural model
like stiffness, mass distributions and control effectiveness. A further aspect will be the valida-
tion of the approach with real sensor data to be able to tackle aspects as realistic sensor noise
and sampling rates.
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