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Abstract

This paper addresses the use of sensitivities for flight loads analysis-thegign with deeper
consideration of gradients. A possible way of obtaining them from an implextien of the
equations of motion by means of automatic differentiation and the embedding iragaibée
framework will be discussed. An example with parametrized inaccuracies iagitodynamic
lift distribution shows that the use of automatic differentiation is a feasible aonhiping
approach.

1 INTRODUCTION

Basic scope of loads computation in aircraft engineering {@ove airworthiness ac-
cording to Part 25 in the FAR/JAR. In practise the design pmeeperformed in so
called loops, in which it has to be shown with increasing sacy under only minor
design changes that the structure withstands all possihtis| Major design changes
at that stage are extremely expensive and time consuming.

Hence the goal is to fix so called target loads, which are nbetexceeded, al-
ready in early stages of the development even though natplks are available with
final accuracy. For example windtunnel tests underlie loegptbpment cycles while
many parameters and even the configuration of new matdkial€ FRP for some com-
ponents may not be finally decided at that point of time. Toltde to provide reliable
input data for the loop process, knowing the effect of uraertiesign parameters on
loads is essential. In addition sensitivities can be udefubptimization in pre-design
processes.
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In Section 2 we will present the model equations. We show harampeters can
be introduced and how uncertainties can be described. Alemgntation into an ex-
isting framework will be discussed in Section 3 with resolta numerical simulation
presented in Section 4.

2 LOADS COMPUTATION AND UNCERTAINTIES

In this work our scope is on loads computation by finding trotusons, which can be
expressed as root finding problems. The most simple caseimhtal, steady flight.
However, a yawing or a roll maneuvre can be trimmed as well 28@ vertical bal-
anced maneuvre using multiple trim steps.

2.1 Equations of Motion

The mathematical model contains the equations of motiongaleith a description

of the external forces on the aircraft. In this paper we useraion based on a work
by Waszak et. al., as derived in [10], which combines a noedr set of rigid body

equations with a linear set of flexible body equations. Theaéigns are described in
[6] as follows:

My Vi — Vin X Qg — Tyieg = Dy P (1)
Thopo Q2 + Qo X (Lpapel2) = Ppoa P (2)
Mjyyity + Dty + Kpup = &g P (3)

Here the first two equations denote the non-linear part Wjththe velocity in three
dimensions{),; the according rotational velocities and the mass and menttrices
M1 and Iy Further,u; denotes the deflection of the flexible mode shapés;,
Dy and Ky refer to flexible the mass-, damping- and stiffness mafijx. is a trans-
formation matrix from geodatic to body and ttke, denote the transformation of the
external forces into the available degrees of freedom.

The most engineering challenge is in the determination efetkternal forces
Pt which themselves are a function of the states of the atraraf additional vari-
ables. In our model we consider aerodynamic effects duestgtflight, e.g}}; and
(2, control surface deflections,, and flexibility, e.g.u; and, in addition to a very
simple engine model with thrugt,. More sophisticated models including unsteady
effects, turbulence or gyroscopic effects are possible. 8duations can easily be ex-
tended introducing the Euler angles and a position vector.

To obtain a trim solution, the second order differentialapn is rewritten into

a first order one using
- u
up = ( i ) ) (4)

doubling the size of the third equation. The whole equatigstesn is rewritten as
root finding problem for the stationary sytem (1)-(3) andvedlapproximately by a
Newton-type method.
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However, the number of the resulting equations now is smtdkn the number
of unknowns. Hence as many entries as neccessaryWiomit,, Qo, Qua, 1y, iy, Uss
andT,, are fixed. For example to obtain level flighi; (3),Vi1, Qi2, Qi andii, are set
to zero,V},;(1) is set to a cruise speed, while for example the thrust, airoudder
and HTP are left free.

In practise it can be observed, that neither the uniguenastha existence of
a solution to such a problem is guaranteed. However, misgingergence in such a
case usually denotes a situation that physically does nké mense.

From the solutions afterwards the local loads

Mblbl' (Th1eg + 2 X Vi + Vb1)
Py = P — | Iy (5)
Mygiy

can be recovered and integrated to the points, where thei \&of interest.

2.2 Parametrized Data

A parametrized design makes sense as soon as there aretgiatierns, how systems
are built up. For example modern commercial aircraft in gaineok very similar, as
they are mainly constructed from wing-like and fuselage-tomponents, which can
be parametrized as described in [2]. Patterns occur at otpats than structure as
well. A simple approximation of the lift distribution can derived from the surface of
a parametrized wing, e.g. with a vortex lattice method asritesd in [5].

There are even patterns in the typical errors in a lift distibn, that can be
observed during flight tests. For example the efficiency obmtrol surface is often
underestimated or some components show larger stiffn@sseality than in the FE
models assumed.

In that sense the choice of parameters gives a link betweginesring knowl-
edge and the underlying numerical model. A new observationbe formed into a
pattern, described by a choice of values. These values nedition be connected by
equations or inequalities, e.g. to exclude unfeasible coations.

2.3 Ways of Describing Uncertaincies

An exact and intuitive way of describing uncertainties igl&dine intervals in which
parameters may vary. By propagating these intervals thrtheglequations of motion
it is possible to obtain exact limits for the loads at the ehtthe calculation. The only
drawback is that these intervals may become very large atidde combinations of
parameters with very small probability, which cannot beidgiished from common
events. A large amount of parameters in combination withstgauncertainty band-
widths may soon sum up to intervals which overestimate theahdsk heavily.

For decisions concerning the design typically stochastiements are more ap-
propriate. Knowing the probability for a possible maximurad exceeding the enve-
lope is small, it might make sense to neglect it, especiftlyare are possible ways to
compensate rare exceedences. But good probability distmtsupropagated through
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the equations of motion may be very difficult to obtain. A pbkssolution, which
could be applied to trim solutions, is described in [3].
Often sufficient for engineering decisions are gradiehts loads P, due to a

parametep:
OP,
= a . 6
ap (6)

Since experience shows that most trim problems are wellMietaa gradient gives
a good first impression of the stability of the solution, edfjthe dependency on a
parameter.

One way of obtaining the gradients is to use automatic diffeation, which
is extensively done in scientific computing, see [4]. Selvautomatic differentiation
codes are already available in many languages. They geredarivative code, which
can be compiled and computes gradients or Jacobian matrices

The basic idea is that it does neither use divided differemme symbolic dif-
ferentiation but a distinct procedure to analyse functiand rewrite them using the
chain rule. The resulting code can be compiled and competegtives that are exact
down to machine precision usually faster than using dividiéfdrences. Interestingly,
the derivative code includes the whole numerical methodghvimay be useful to in-
vestigate regions where the method becomes unstable.

S

3 VARLOADS ENVIRONMENT

VarLOADS, described in [6], is a program for loads calcdatvritten for the MAT-
LAB/SIMULINK environment and intended to be a flexible toolr fpre-design and
special investigations. Its most important feature is itglmar approach. Each effect,
described as a component of the model, can be treated andrgyezhseparately from
an extendable library. Even the core of the whole program etuations of motion
(1)-(3), can be exchanged easily by more complex, coupletien@atical models as
proposed by [9].

The languages used to describe and solve or integrate thé@ugican as well be
varied, as long as all interfaces stay the same. Standai@iMELINK model, solved
by an inexact Newton’s method or the trimroutine TRIMEX waittat the DLR. But
a pure MATLAB-solution, which is used here, does exist as vidtire sophisticated
languages could be introduced easily.

3.1 Extension with automatic differentiation

The VarLOADS framework can be extended by a suitable modutHe sensitivity
analysis. Using the MATLAB version of the code that solves ¢guations of motion
for a trim solution, we have used the tool ADIMAT [1] that geaes a MATLAB

derivative code. The resulting code forms a new module aodgailvith loads the
derivatives with respect to introduced parameters can lnseded.
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4 EXAMPLE

In this paper we consider a simple academic example usingiogke parameter only
for clarity of exposition. The steady equations of motioh(3) are approximated by
an inexact Newton’s method. Load recovery (5) is applied.

We will differentiate with respect to a parameteusing [8], which is scaling
the distribution of the aerodynamic lift on wing as proposgdr. Kier [7] such that
with increasingp the lift is decreased on the outer side and it is increasetdi@mner
side. The parameteras well has effect on the lift gradient with respect to thelang
of attacka and on the center of pressure such that it will influence thaisa of the
trim problem.

The investigation was performed for a 1.3g maneuvre trimhbyeithe HTP only,
but an extension to other maneuvres is possible. As an egaangylpical long range
passenger aircraft is used with a vortex lattice method ibaiaing a basic lift distri-
bution before it is modified witlp.

The code includes the solution of the equations of motioad Icecovery and
integration to the so called output stations, at which theyneeded to reconstruct the
design. Altogether this involves 18 m-files containing ab@@O0 lines of executable
code. The example is constructed using one parameter gesttenly and having
one result vector containing more than 700 elements of wthiehgradient is to be
computed automatically. Intermediate results includeligras of vectors with more
than 3000 elements. Note, however, that the evaluation audignts with respect to
multiple parameters is also possible.

Since not all matlab features are yet fully supported, satieer extended mod-
ifications on the original code were neccessary at the expehperformance. The
derivative code then had to be adapted slightly only.

4.1 Visualization

Basically the visualization of the results of sensitivityafysis can be handeled like
the visualization of loads itself, shown for our example igufe 1. Over the relative
wing span the relative gradient is plotted not only for thaagradient obtained by
automatic differentiation but as well for gradients appneeted by divided differences
using several differencés

Figure 1-a shows the sensitivity of the integrated shearef@,, for which the
parameter shows quite a significant influence near the cenftdre wing but little
influence at the root. That is not too surprising, since trerallift, which carries the
aircraft, cannot change very much near the wing root. Inresihd/, shows significant
sensitivity there as denoted in Figure 1-b.

In this case divided differences mostly underestimate ttaelignt. Figure 2
shows the dependence of the error for the root wing bendingent on the size of
the difference irp as percentage of the exact gradient. If the difference iarggel the
gradient changes over the difference and thus causes anléthe difference is too
small, rounding errors come into effect.

Figure 3 shows another way of getting an overview on the gleffects on the



Moriz Scharpenberg, Btia LukéCova-Medvidova

T T T T T T T T
0.1r —*— h=10° S
,

dQ,/dp
M Jdp

i i i i i i i i © i & i i i i
0.2 0.4 0.6 0.8 1 0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9
wingspan n wingspan n

(a) Sensitivity of the integrated shear force (b) Sensitivity of the wing bending moment

Figure 1. Relative gradients plotted over the wing span. The sensitivity of (). near the
wing root is almost zero. As expected M, decreases with p near the wing root.
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Figure 2: The error made by divided differences using a delta ~ with respect to the
exact gradient. The scale on the abscissa is logarithmic.

aircraft. The gradieni’é% Is plotted as a circle with a radius proportional to the afisol
magnitude for every output value. It can be seen that thegehanthe flight attitude
causes a different shear force on the horizontal tail plamelwis propagated through
the fuselage to the wings.

Basically these plots could be drawn for multiple paramegersvell. But it
should be noted, that parameters do sum up and hence alveaystbt case would be
shown independently of their probability. At this point asgtions on the probability
of each gradient could help, such that instead of a circlé fixed radius one fading
with increasing radius would be drawn, such that greyscaeagspond to events with
diminishing probability. This is one goal of our future raseh.
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Figure 3: The magnitude of the gradient of (). for every output station drawn as a
circle with according radius for the whole aircraft.

5 CONCLUSION AND FUTURE WORK

In this work we have discussed the need for sensitivitiegasdible ways of obtaining
them. Ideas how sensitivities, i.e. gradients with respecbrresponding parameters,
can be generated and implemented into an existing framefeorloads calculation
were presented. Preliminary results of an experiment shevigasibility of obtaining
sensitivities in the sense of gradients by the tools of aatandifferentiation.

It was shown that the results obtained by divided differenoeay depend
strongly on the size of the used difference and can hencadeatsleading results. But
even though it sounds charming to have a derivative exachdownachine precision
for some applications it might still be useful to work withvidied differences, since
they reflect the behaviour of loads due to a parameter in teity of the solution as
well. Still a comparison with an exact derivative may valelthe used difference.

For more than a few parameters the discussion about vistializsuggests that
stochastic methods are inevitable to give sensible measfimsks due to the collec-
tion of parameters as a whole. Here as well the tools of autorddferentiation can
give useful approaches as described in [3].
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