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Abstract

The paper reviews the research that combines dedicated modelling approaches in a nonlinear environment with parameter
estimation and system identification methods to pursue two goals simultaneously. First, the improvement of helicopter axis
coupling prediction capabilities and second, to gain an insight into the physical mechanisms leading to the phenomena by
analysing the identification results. Axis coupling behaviour of helicopters is discussed and the knowledge of the
phenomena is compiled to lay the foundation for the modelling and simulation task. The specific modelling approach
applied is based on the Parametric Wake Distortion (PWD) theory that yielded a closed mathematical formulation for the
treatment of pitch-roll cross coupling. In order to make use of this combined nonlinear analytical/parametric formulation,
system identification and parameter estimation methods are used to quantify the effects involved. The methods based on
the maximum likelihood output error estimation are presented and explained. The actual optimisation task is applied to
BO 105 flight test data and is thoroughly analysed with regard to the stated objectives. The method proved to be suited to
support the goals postulated for this research. As per the two stated goals, the results are interpreted twofold. The
improvement of simulation fidelity and the conclusions to be obtained regarding the involvement of the addressed physical
effects. The resulting values of the estimated parameters of the optimized result yields an insight into the participation of
the addressed phenomenon in the improvement of the simulation result. The paper concludes with an assessment of the

methods.

1. INTRODUCTION

Flight dynamic axis coupling is a phenomenon that all
helicopters experience in a more or less pronounced way.
Due to its aeromechanic nature and the complex
interaction of blade motion, rotor dynamics, aerodynamics,
and rotor downwash propagation it is very difficult to predict
the phenomenon of pitch-roll cross coupling accurately
using analytical modelling means.

The simulation model is being researched at and used for
academic purposes at DHBW Ravensburg University.
Consequently, superior model fidelity is not to be obtained
at all cost. Rather, an understanding of the phenomenology
behind the observed effects is of at least the same
importance. DHBW Ravensburg uses the helicopter
models for piloted simulation and off-line as baseline for
handling qualities, control design and systems integration
work in both research and teaching. One of the facilities
operated at DHBW is a full scale piloted simulation facility
based on hardware and a flight model of the BO 105
helicopter including an 8 channel 90x240 deg field of view
visual system, original fuselage with connected
instruments, inceptors and control loading system. A
moving base is currently under development.

This context drives the approaches and methods applied
to specific physical problems. The paper reiterates the past
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research and state of the art of the subject and compiles
the theoretical basis for the intended work as the
foundation to achieve the objectives in current and
upcoming research activities.

2. OBJECTIVES

The approach followed by the described research aims to
combine a physics-based nonlinear modelling with
parametric extensions that are implemented in a way that
the parameters, and their respective values, have a
physical significance regarding the addressed effects. The
application of this approach to the axis cross-coupling
behaviour of helicopters serves two essential aspects. On
the one hand, it supports the demonstration that the
nonlinear-parametric method described here is viable and
can be applied efficiently. On the other hand, it attempts to
contribute to current problems in helicopter flight dynamics
research. Thus, this is more than a mere verification of the
mathematical approach - although the problem definition
was chosen with this in mind.

The Parametric Wake Distortion (PWD) model, derived
and described in detail in section 5, meets these
requirements. Based on physical principles, it describes
the rotor downwash and its interaction with the generated
loads on the rotor itself. Several parameters, also based on
physical observations, whose sensitivity and magnitude
are approximately known from previous work, come into
play.

With this and as will be seen in the following, this model
fulfils the requirements regarding the suitability for verifying
the approach:

o The model is physically based and allows a conclusion
to be drawn about the involvement of the
corresponding effects in the various flight conditions
through the values of the determined parameters.
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e A priori knowledge is available in terms of parameter
sensitivity and  magnitude, which  produces
comparable results and allows the effectiveness of the
optimisation algorithm to be demonstrated.

e The model offers multiple parameters, which have to
be optimised synchronously. This is a basic
optimisation requirement for the nonlinear-parametric
modelling approach.

e The problem originates from an area that is the focus
of current research efforts of various institutions
involved in helicopter research. On the one hand, this
makes it possible to contribute to the current
discussion and, on the other hand, enables an
exchange with scientists also working in this field.

A number of publications continued the original
development of wake distortion approaches and work in
the field of dynamic inflow modelling!™l.

The aim of this task is to optimise the Parametric Wake
Distortion model based on flight test data in such a way
that an improvement of the pitch-roll coupling behaviour (in
both directions) becomes apparent. In order to gain a
broad experience base, different flight conditions are to be
used for the application. In addition to a statement about
the improvement of the results, a statement about the
physical effects involved is to be achieved based on the
parameter values obtained. In general, this task intends to
consider whether and under which conditions the
combined modelling procedure is practicable and which
advantages distinguish this special procedure.

3. METHODS

3.1. Simulation model

The global simulation model consists of a fully nonlinear
formulation for conventional (main rotor/tail rotor)
helicopter configurations. Special emphasis is placed on
the modelling of the rotor hub in order to cover the inherent
structural differences between individual rotor hub types.
Main rotor aerodynamics is represented by a blade
element momentum theory model including a baseline
inflow model based on the Pitt and Peters dynamic
inflowl?3l, Approximation of the structural blade dynamics
is implemented by both a rigid blade formulation as well as
an elastic blade formulation covering flapping, lead-lag,
and feathering (the latter being a current field of
improvement).

The tail rotor model is a derived and simplified model of the
main rotor covering the specifics of the tail rotor hub and
the resulting effects on rotor/blade motion.

Look-up tables, yielding the aerodynamic loads based on
local angles of attack and sideslip, represent the fuselage
(including main rotor hub, tail boom, and skids/gear) as
well as empennage aerodynamics.

The routines solving the equations of motion offer flexibility
in the choice of integration routines, computation time-step
adaptation, trim algorithm and precision.

3.2. Parameter estimation

The basic idea of system identification is to compare a
simulated signal with measured quantities and to minimise
the deviation (i.e. the error) of the signals by adjusting the
parametrised simulation model — both in terms of its
structure, and of estimating its parameter values.

Depending on the application and the objective, different
numeric approaches are suitable for defining the error and
algorithms for controlling the parameter variation. System
identification and parameter optimisation can be carried
out both in the time domain®l®l and in the frequency
domain®l7Iel again, the choice depends on the
application and the available data and numerical tools. In
both cases a compatibility analysis of the data should be
carried outl. This serves to examine whether the
measured data are consistent in themselves and to be able
to reproduce quantities that cannot be measured but
nevertheless are necessary for identification.

The comparison of the methods inl”l shows that a good
agreement can be achieved in the results from time domain
and frequency domain system identification. A difference
in the results was seen in some specific parameters, which
is due to differences in the dynamic bandwidth of the data
used. On the other hand, differences in the dead times
occurred due to the different optimisation approaches,
which also has an impact on the estimated global
Eigenmodes of the model.

3.2.1. Plant considerations

It becomes apparent that in this process much depends on
the actually investigated system. Here, the helicopter
presents itself as particularly demanding due to its
characteristic properties.

The strong couplings of the system states require that
many degrees of freedom need to be taken into account in
the simulation. A division into longitudinal and lateral
motion is — in contrast to the investigation of fixed-wing
aircraft — difficult or even impossible to apply. Extracting
transfer functions from an input to a specific output is made
more difficult by the fact that the disturbing influences of
the axis couplings must be taken into account or
eliminated.

The high vibration level in helicopters leads to very noisy
measured values, especially in acceleration and rotation
rate signals. Here, an attempt must be made to filter out
these vibrations from the measurement signals without
influencing frequency ranges that contain useful signals
and are to be included in the analysis.

Furthermore, the natural instability of the helicopter allows
only short test durations. Too large amplitudes of the
dynamic movements no longer fulfil the requirement to
linearize, which may be necessary in many areas —
especially in the context of system identification.

Another integral part of system identification is the
verification of the results. For this purpose, simulation
calculations are carried out with inputs from flight tests and
the calculated outputs are compared with the outputs
measured in the test. For the verification of identified
simulation models, it is genrally not very informative to
compare the simulation data with the flight tests from which
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the model was identified (except, for example, to prove the
sensitivity of the identified models and parameters as being
done in the present research).

Dissimilar test data, i.e. data that was not used for the
optimisation itself, is therefore suitable for the verification
of identified models. Good agreement can be achieved
with these if the identified models and parameters describe
the system well and no disturbing influences (turbulence,
errors in the measurement chain, etc.) are represented in
the data. This in turn presupposes that the experimental
data are also comparable and have been treated in the
same way for data preparation.

For the verification of identified models, it is important to
take this into account, as the information content of the
flight test data is reflected in the models identified with
them. Thus, models identified from flight test data with
“3-2-1-1 control inputs” contain more information than
those identified from test data with doublets as inputs. A
“higher information model” should be able to simulate
“lower information trials” sufficiently well. The reverse may
result in a less good match, depending on the frequency
range in which the system excitation of the respective
identification and verification trials took place.

3.2.2. Robustness

The concept of robustness!® occupies a significant position
in the entire application cycle of parameter optimisation
and system identification. The more complex the task and
the more demanding the system under consideration, the
more obvious this becomes.

A list of five points!5! which are decisive for the identification
of the system in the sense of robustness clarify this rather
general concept:

1. robustness and reliability of the a priori information for
identification and the relevance of the data used,

2. robustness of the identification procedure for defining
the model structure, as well as for estimating the
parameters,

3. robustness, consistency and accuracy of the identified
model structure,

4. robustness, consistency and accuracy of the
estimated parameters,

5. overall robustness of the resulting mathematical
model.

These points clarify that system identification is a
procedure that offers great potential, but in return requires
great care in preparation, implementation and verification.

3.2.3. The numerical method

The choice of the estimation method and the optimisation
algorithm has a significant influence on the way the
routines are integrated into the simulation environment.
Various methods of system identification were examined
with regard to their efficiency with respect to the task at
hand. The maximum likelihood method was selected from
the available methods. This is a widely established method
in aeronautical research, which has already led to good

results in other projects.

The maximum likelihood method defines the error e at
each time step k by the difference between the measurand
z and the simulated (observed) output y. The measurand z
contains both, the measured value and the observed value.
The measured variable z is composed of the measured
output ym and the measurement noise of the output
variables v.

e(k)=z(k)-y(k)

(1) _
=Yalk)+v(k)-y(k)

Based on the error definition (1), the cost function J to be
minimised is given by equation (2). The establishment of
this cost function is based on the essential hypothesis that
the covariance matrix of the measurement error R is known
and given. This results in the adjustment of the cost
function. A weighting with respect to the given a priori
values Qo is introduced here.

50}=3 [ 2(k)-y(k) ] B[ 20K)- y(k)]
(2)
- wle-o,] ;[0-0,]

The right-hand side of the cost function contains the term
(W[Q-QO]T&I[Q-QD]). This can be used to consider

known a priori parameter values Qo. Here, the factor W
additionally offers the possibility to weigh this share. Ro
denotes the covariance matrix of the parameter vectors,
which is also to be specified. Since an exact specification
of Ro is difficult, an estimate in the form of the magnitudes
of the expected values of the matrix elements of Ro is often
applied. A common method is to generate Ro as a diagonal
matrix of the squares of the expected parameter values. If
it is not possible to pre-specify Ro all together, then this
entire branch can be omitted by defining W = 0.

While the maximum likelihood method defines the error
and the cost function to be minimised, parameter
optimisation requires an iteration algorithm that varies the
variable parameters @ in such a way that the parameter
values for the minimum error are reached in as few
iteration steps as possible.

It became apparent early on that a first-order algorithm
does not satisfy the need for the smallest possible number
of iterations, especially with multiple parameters to be
optimised simultaneously!’®. From the second-order
methods, the non-linear Gauss-Newton optimisation
algorithm was chosen.

If the estimated parameter vector (;5(/) is reached at the

end of iteration step /, the first and second order gradients
must be formed to calculate the parameters for iteration

step (/+1).

- ai(l)

,2.9%0)
o)’

©) = doyl)

Since the cost function J enters the calculation of the
gradients as a scalar and the parameters © in form of a
vector, the first-order gradient results in a vector of the
dimension [VJ]=(1xN)and the second-order gradient
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results in a square matrix of the dimension [V ,J]=(NxN),
N being the total number of parameters to be estimated.
The estimated parameter vector Q at iteration step (/+1)
is then given by equation (4).

) O(1+1)=6(1)~(V,)" VI

Applied to the cost function of the maximum likelihood
method (2), the differentiation for the first-order gradient
yields the relationship shown in (5) for each element
O(i),ie[1,N] of the parameter vector ©.

« [oy(k)T
V’('):Z{agﬁﬂ R 2(k)-y(k)]
(5) -

W|: aQ :| Bt;l(@_@o)
00(i)

The first-order gradient differentiated by the elements
i,je[l,N] of the parameters O results in the second-order

gradient. Assuming small deviations of calculated and
measured responses (5(k)zx(k)) the second-order

gradient yields equation (6).

o &leytk)T L[ aytk)
6 VAL _;{a@m} . {aem}

i)
00(i) 00(j)

From the consideration of the first-order gradients (5) and
second-order gradients (6) it can be seen that the

sensitivity function [8X(k)/66{i)} is directly involved. For

the numerical implementation of the sensitivity function, the
partial differentiation is converted into discrete
differences (7). These are determined with two separate
calculations for a nominal case y(k)=f(0©) and an

incremented case y'(k)=f(Q+A0Q).

oy(k)
(7) { 50 }—>

y'(k)-y(k)
20

In the numerical implementation, this means that for each
time step k, two complete simulation calculations — for the
nominal and for the incremented state — are required,
which underlines the need to minimise the iteration steps
to be performed.

For the problem of axis cross coupling of a helicopter
described in this paper, it is necessary to process several
sequentially concatenated data (flight test TOPs) and to
estimate the model parameters to be optimised for all test
data TOPs simultaneously. In doing so, this “multi-run
function” performs a trim calculation internally before each
selected TOP and determines the cost function collectively
for all TOPs. Using separate TOPs for separate axis inputs,
the user gains the ability to simultaneously optimise those
parameters that limit their sensitivity predominantly to
control excitations about a specific axis.

4. HELICOPTER AXIS COUPLING

Several physical mechanisms interact in a complex way in
the development of axis coupling effects of helicopters.
Effects dominated by the design of the rotor hub play a
large part in the coupling behaviour. This “acceleration-axis
coupling”™! is caused by the phase angle of less than
90 deg, which is caused by the flapping hinge offset of the
rotor. It causes that every initiated control moment is
accompanied by a coupling moment acting orthogonally.
The fact that the first flapping natural frequency of a rotor
blade decreases with increasing flapping hinge offset has
a decisive impact here.

As a helicopter with hingeless main rotor hub, the BO 105
does not physically have flapping hinges. However, an
equivalent flapping hinge offset can be applied, which
corresponds to the physical properties of the rotor and
allows a calculation with the same equations. It should be
noted that the equivalent flapping hinge offsets of
hingeless rotors are usually considerably larger than the
structurally realised ones of articulated rotor hubs.
Therefore, comparatively strong axis coupling effects
occur in helicopters with hingeless rotors. Design
measures, such as mounting the swashplate with a lead
corresponding to the phase angle, can reduce the coupling
effects, but cannot completely eliminate them due to
different axis coupling effectsl® and their variation with
flight condition.

In addition to these rotor-specific coupling mechanisms, for
the sake of completeness, inertial coupling must also be
counted among the design-related origins of axis coupling.
However, the resulting effects are comparatively small.

In the case of a constant rate of rotation (roll and/or pitch)
applied to the rotor, moments also arise orthogonal to the
direction of rotation. This “rotational rate axis coupling” is
independent of structural parameters such as the flapping
hinge offset.

In this context, manoeuvre effects are phenomena that
show their impact during transient manoeuvres. On the one
hand, the variation of the rotor coning angle leads to
coupling effects!'"], on the other hand, an existing side slip
angle can lead to the longitudinal flapping motion of the
blades being aligned with the new trajectory, thus also
generating a coupling moment.

The individual effects have different consequences!, so
that it is difficult to estimate the magnitude of the axis
coupling, or even to clearly predict the direction in which it
takes place. As discussed, many dependencies, such as
the physical parameters of the helicopter and the flight
condition, have a decisive influence.

In addition to the mechanisms listed here, there are
aerodynamic effects that have not been mentioned so far.
Since the rotor operates in a global wind field, which it
simultaneously influences by its downwash, this in turn
causes reactions of the rotor and thus of the generated
rotor loads. The modelling of the rotor inflow is of particular
importance in this context. In the following, the theory of
inflow modelling briefly is discussed and the model derived
with which the prediction of the axis coupling is to be
improved using parameter optimisation.
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Figure 1 Qualitative distribution of induced velocities over the rotor disk area in hover flight (left) and with superimposed

forward velocity (right).

5. INFLOW MODELLING

A distinction must be made between two parts of helicopter
rotor downwash modelling. Indispensable for a description
of the forces and moments on the rotor is the modelling of
the induced velocities across the rotor azimuth and radius
coordinates. This provides a two-dimensional profile of
those velocities, which result from the thrust generation of
the rotor in the rotor plane. These velocities in turn are part
of the input variables for the load calculation on the rotor
and are used accordingly in the next simulation time step.

The rotor wake propagation can be regarded as a
dependent part of the model. Here it is considered how the
downwash behaves after passing through the rotor and, for
example, affects the airframe, external loads, the tail boom,
the stabiliser and the fin, as well as the tail rotor. Likewise,
the rotor downwash is important when considering ground
effects. This description of the downwash propagation is
based on the one hand on the induced speeds calculated
over the rotor area and on the other hand on an assumption
of how the downwash behaves after passing through the
rotor. Essentially, the helicopter/rotor motion, the wake
contraction, possibly an approach for the swirl in the
downwind, as well as the external atmospheric influences
are included in the considerations.

The following assessment refers to the inflow modelling in
the rotor disk area. In the implementation, improved inflow
models are combined with the wake propagation models in
order to provide a global model improvement.

5.1. Dynamic inflow modelling

Dynamic inflow modelling extends the part of the
momentum theory of the trust equation by a time
dependence, which takes into account the inertia of the
moving air masses for the calculation of the loads and
induced velocities. This model, which dates back to the
work of Pitt and Petersl?l8l and is commonly named after
its developers, is still based on the relationship derived
from Bernoulli's law of energy conservation and is usually
described using dimensionless quantities.

The theory of dynamic inflow allows to consider transient
effects at the level of the rotor disk loads. First, the
averaged thrust equation from the momentum theory is
written in integral notation as a function of the radius
coordinate r and the azimuth coordinate .

R2n

(8) T:2pj_[(v1+v,)v,rd¢;dr

This formulation concentrating on the axial thrust T of the
rotor introduces the induced velocity v; to the airflow and
also acknowledges a possible axial velocity of the rotor v;
relative to the surrounding air.

The aim now is to find a formulation that includes the three
principal degrees of freedom of the loads on the rotor hub,
consisting of thrust, moment about the x-axis and moment
about the y-axis of the non-rotating rotor hub system. The
moment components can be written analogously to (8) as
follows.

M, ==2p| | (v, +v,)v,r’sin(y)d dr
()

M, ==2p| | (v,+v,)v,r’ cos(¢)dy dr

Ct— 3 o=
ote—y oe—Y

Here the signs are chosen in such a way that Mx > 0 causes
as primary response a roll to the right and My > 0 causes a
pitch-up. In this context, the distribution of the induced

velocities v, =v,(r,¢) over the rotor disk area is important.

A common trapezoidal inflow distribution!'? is given by
equation (10), where a distinction is made between the
uniform (vo), the longitudinal (vc) and the lateral component
(vs). A corresponding inflow distribution underlies the
visualisation in Figure 1.

(10) v,(r,t,b):vo+v5%cos(¢)+v5%sin(¢)

In the case of a superimposed in-plane flow, e.g. when the
helicopter is executing forward flight, the downwash field is
distorted according to Figure 1, right. Here the rotor is
exposed to a lateral flow from the front left and which
causes an inclination of the trapezoidal inflow field (and of
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the thrust vector) into the direction of the lateral flow. Thus,
the longitudinal and lateral components, vc and vs, are no
longer zero, as assumed in the left part of Figure 1.

This approach constitutes a purely trapezoidal inflow
distribution across the rotor disk area, given the strict
cosine and sine relations with the azimuth coordinate .
Other “classical” approaches go beyond a pure trapezoidal
assumption, such as those of Beddoes (a vortex lattice
method that includes single blade effects) or Mangler-
Squire (a higher-harmonic method that does not consider
discrete single effects).

The momentum theory equations can now be transformed
into a dimensionless notation by introducing load
coefficients C and inflow ratios A instead of the unitary
variables according to the following definition.

T L c..M
(11) TopSQR?T T psPRPT T pSQPR?
v, V. . v
=2 A =—=sin(yP), A =—cos
° OR TR (b A OR ()

Following this notation, the vertical speed of the rotor, or its
relative vertical flow, vz, which is added to the induced
speed v, is employed in dimensionless form as
A, =-v,/(QR) . The negative sign here takes into account

the relative incident flow from the rotor coordinate system
compared to the wind axis system. Furthermore, it should
be mentioned that the investigation is limited to the first
harmonic form (“1 per rev”). Higher harmonic functions can
be neglected here with the aim of a flight mechanical
application of the models/?l.

In equation (11) Cr describes the thrust coefficient in
z-direction and C; and Cm the moment coefficients at the
rotor hub about the local, helicopter-fixed x- and y-axes,
respectively. Ao denotes the portion of the local induced
velocity independent of the azimuth coordinate, while As
describes the distribution of the induced velocities in the
direction of the y-axis and Ac that in the direction of the
x-axis. With these six variables, all main loads acting on
the rotor hub, as well as the entire induced velocity field in
the rotor disk plane, are covered. Taking into account the
vertical speed of the helicopter at the rotor hub A,
conditions for these three degrees of freedom must now be
established from both the momentum theory and the blade
element theory, just as in the one-dimensional case.

Applied to the equation of the momentum theory, a notation
in dimensionless quantities can be set up for all three
degrees of freedom (12).

C, A,
(12) C |=L|A,
C, A,
It should be noted that the load coefficients given here
represent purely aerodynamic loads. Inertial loads are not
considered at this point. The gain matrix £ now contains

the terms that relate the load coefficients to the induced
velocities or the flow rates. A detailed derivation of the

elements of [ exists for arbitrary incidence flow conditions

at the rotor Bl In the simplest case, i.e. for a pure vertical
movement of the rotor without lateral components of the

surrounding airflow, the gain matrix [ assumes a diagonal

form and contains only the transfer functions Ao — Cr,
As — Crand Ac — Cm.

Taking into account an additional lateral flow to the rotor,
[, on the other hand, is fully occupied and thus completely

describes the couplings through the induced velocities
between the three degrees of freedom for the loads on the
rotor. This formulation thus makes a direct contribution to
the description of the axis coupling behaviour due to
aerodynamic inflow effects on the main rotor.

According to the first line in equation (13), [ is composed
of a matrix L, which contains the angles of incidence at
the rotor, and an inflow parameter matrix V, in which the

total rotor flow rate and the mass flow rate parameters due
to cyclic variations are represented. The second line in
equation (13) again indicates the assignment of these two
matrices for the case that only a vertical external flow v;
occurs at the rotor (vx = vy = 0), i.e. the rotor performs a
vertical but no lateral movement relative to the surrounding
air.

[t=ve!
_ 1 -
(13) ) A=A, 0 0 100
= 0 2A,-4 0 020
0 0 2A,-AJl0 0 2

Expanded, the following assignment results for the
amplification matrix £ .

2(A,-4) o0 0
(14) i'= o A-iA, 0
0 0 A-1A

If this diagonal matrix is applied to equation (12) , the
following relationship explicitly results.

G =2(A—A,)A,
(15) C/:(AD_%AZ)AS
Cm :(AD _%AZ)AC

If the definitions of the dimensionless quantities from
equation (11) are now inserted into these relationships, the
first line directly results in that of the thrust equation of the
one-dimensional momentum theory, which verifies the
approach presented here. As indicated, the 3-degree-of-
freedom consideration of momentum theory becomes
considerably more complicated when lateral inflows in the
rotor disk plane are taken into account.

Compared to (12), the model of the dynamic inflow now
introduces a time-dependent term in order to account for
the acceleration of the air masses.

C, A A
(16) C |=M| A |+L7| A,
Cm A‘C AC

Thus, the purely algebraic relationship (12) becomes an
inhomogeneous, first order linear differential equation (16),
which can be solved for each time step of a simulation with
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Figure 2 Principle of wake propagation with pitch and roll motion in hovering flight(°l,

constant coefficients. The acceleration term is based on
the Newtonian relationship between load and accelerated,
inertial mass. Therefore, the elements of the matrix M
introduced here assume the function of an “apparent”
mass, or inertia, which, however, are introduced without
dimensions.

Pitt and Peters!? describe the derivation of this "apparent
mass matrix" as the result of an approximation of the
pressure distribution over the rotor disk area by Legendre
polynomials, which goes back to the work of Joglekar,
Loewy and Kinner!'3l. Pitt and Peters prove the applicability
of the given dimensionless pressure distributions

<D((,b,r)=p/(p.QZR2) to the linear first order problem of
dynamic inflow modelling. The Legendre formulation
directly results in a constant occupancy of the apparent
mass matrix M in the rotor plane, given in (17).

% 0 0
(17) M=o -£ o
0 0 -5

45n

In order to focus the results on the problem of helicopter
rotors, Pitt and Peters propose a corrected pressure

distribution compared to the matrix M . This is adapted to
the special case by assuming a pressure at the location of
the rotor hub of ®(¢,r=0)=0 due to the rotor operation,
as well as a horizontal tangent at the same location in the
direction of the radius coordinate 0®(y,r=0)/or=0. This

assumption, justified among other things by the twist of the
rotor blades, leads to a corrected apparent mass matrix M

which is shown in (18).

9 0
(18) M=l0 -3 0
0 0 256

9asn

It is worth noting that the resulting apparent mass matrices

are diagonal for all the pressure distribution approaches
considered and the second and third elements on the
principal axis are identical.

The dynamic inflow model improved the prediction of the
induced velocities and the rotor thrust considerably since
its conception. Especially with regard to the effects of
unsteady, transient control inputs and state changes, it
thus made a valuable contribution to improving the
simulation quality of helicopter models especially when
addressing axis-coupling phenomena as will also become
evident when assessing the Parametric Wake Distortion
approach.

5.2. Parametric wake distortion

The inclusion of a dynamic acceleration term makes it
possible to describe the thrust generation of manoeuvring
helicopters considerably better, since the acceleration
forces of the air masses, as was shown, are not negligible.
However, this improvement was mainly effective in forward
flight. In hovering flight and in slow horizontal flight, there
was still potential for improvement after the introduction of
this model!®.

A promising approach was achieved by feeding back the
two rotational degrees of freedom of the main rotor (pitch
and roll) into the inflow equation. An essential basis for this
was created by the work of Keller and Curtiss['4l'3l, who
scaled the feedback via a free parameter Kr. This created
the basic formulation of “Parametric Wake Distortion”
modelling, with the specific aim of achieving an
improvement in the prediction of axis cross coupling.

Figure 2 illustrates the principle of the wake distortion
theory. When a helicopter is in hover, the tip vortices
generated at the blade tips propagate symmetrically
downward. This condition is shown in Figure 2 in the upper
half in the side view and in the front view. We will now look
at manoeuvres that distort the downwash asymmetrically.
Two cases come into consideration.
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1. translational manoeuvres, also relative changes of
state with respect to the surrounding atmosphere,
which do not act in the direction of the symmetry axis
of the downwash (i.e. the rotor vertical axis) and shift
the wake "outwards" in a direction below the rotor
plane.

2. rotational manoeuvres, e.g. due to cyclic control
inputs, which do not act around the downwash
symmetry axis and compress the rotor wake on one
side and expand it on the opposite side.

A translational change of state causes the centres of the
vortex core lines as they depart from the blade tips to no
longer lie on the extension of the rotor axis, resulting in an
uneven induction of the velocity field in the rotor plane.

In terms of the coupling effects studied, rotational
manoeuvres have much greater consequences, as can be
seen from section 4, which is why the main focus in the
following lies on these manoeuvres. Here, the vortex core
lines are compressed on one side of the rotor wake and
pulled apart on the opposite side. In Figure 2, the bottom
line illustrates this condition for a transient pitch motion
(left), as well as a roll motion (right).

The approach assumes that the uneven compression, or
expansion, of the vortex field in the wake of the rotor exerts
an influence on the induced velocity field surrounding the
rotor. This manipulation of the inflow field thus has a direct
effect on the effective angles of attack at the blade
elements of the rotor, which in turn leads to changed loads
at the blade elements and thus in the entire rotor system.
The axis coupling mechanisms described in section 4 then
cause an impact on the coupling behaviour of the
helicopter.

This phenomenological description makes it clear that the
approach of wake distortion suggests to be applied to
helicopters which have a high degree of axis coupling due
to their design. This includes helicopters with a hingeless
rotor hub design, such as the BO 105.

The development of a mathematically closed formulation
was based on the theoretical work of Rosen and Isser!'®],
Later followed an applied model, which introduces a
feedback of the rotational effects as well as the
translational effects to the rotor inflow!'I'7l, Hamers and
von Griinhagen!'®l introduced the closed formulation (19)
as an extension of the dynamic inflow model (16) of Pitt
and Peters.

/\0 A C, 0
(19 M4 [+D|4 || ¢ [+ L -,
A‘c AC Cm q_Bc

The vectorised terms added on the load side of
equation (19) describe the relative motion of helicopter and

blade tip plane about the roll axis (p—Bs) , as well as about

the pitch axis (Q—BE): with Bs, Bc representing the rotor

disc inclination in roll and pitch, respectively, based on the
blade flapping angles B(y). The gain matrix [ explained

above must also be included in this added term, according
to its definition by Pitt and Peters. The parameter Kr
related to the rotor speed Q is used to scale the relative

rates of the blade’s tip path plane that is fed back to the
load vector ([Ct Ci Cm]"). The scaling factor Kr thus offers
the possibility of a parametric analysis of the physically
occurring interaction of rotor wake distortion and load
balance at the rotor hub. Keller offers a value of Kr = 1.5
as a result of his theoretical observations!'4l.

The model approach with a single feedback parameter
appears to be predominantly useful for observations in
hover flight. In this condition, the only difference for the
downwash description around the two axes is the different
influence by the fuselage flow interaction, as well as the
difference in the helicopter reaction caused by different
inertia about the axes, which is, however, implicitly
considered in equation (19).

However, the conditions develop differently in horizontal
flight. In this case, the downwash is shifted in “backward”
direction below the rotor plane. A superimposed roll or
pitch rate leads to different responses about the two axes
in response to the wake distortion effect. An obvious
extension of the model was to split the model into
separately scaled components around the roll and pitch
axes. Equation (20) introduces for this consideration the
wake distortion parameters K, and Kj.

A.U Ao o 0
@) M A LA = 6 [+5L7 K, (p-B)
AL AL LG K,(a-8.)

The two introduced parameters weigh the coupling
reactions separately. The parameter K, is responsible for
the feedback of the reaction of a roll control input to the
pitch rate and Kj for the feedback of the reaction of a pitch
control input to the roll rate.

In this sense, the newly introduced parameters coincide
with the formulation (19) in that they assume Kp = Kq = Kr
according to the theory applied for hover flight. In forward
flight it can be assumed that with increasing speed the rotor
wake is increasingly pushed out of the sphere of influence
of the rotor and the effect diminishes until, as a result, the
parameters K, = Kq = 0 can be assumed for higher flight
speeds.

With regard to the system identification procedure, the
Parametric Wake Distortion model offers several decisive
aspects which qualify it for this application. First and
foremost, it is a model that describes a physical situation
by means of a variable parameter. As shown above,
theoretically unambiguous values can be derived for the
boundary conditions hovering flight and fast forward flight.
The value of the parameter provides direct information
about the extent to which the effect under investigation is
involved in the load budget of the helicopter rotor over the
entire speed range.

In addition, the model can be equipped with multiple
parameters that are sensitive to the problem. The ability to
estimate several parameters simultaneously can be
considered as a basic competence of the optimisation
routine as part of the integrated modelling procedure. The
multi-run capability must be used in order to be able to
consider test data adapted to the individual parameters
simultaneously in a single optimisation run.
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Figure 3 Effect of the PWD model on simulation fidelity — BO 105, hover, swashplate controls, 3-2-1-1 input signal.

6. RESULTS

This section presents the results obtained by implementing
the Parametric Wake Distortion Model (20) and optimising
the parameters Kp and Kq contained therein. This analysis
is applied to the BO 105 helicopter, which has a number of
distinctive features for this application:

e Due to the hingeless main rotor hub with a
comparatively high equivalent flapping hinge offset,
the BO 105 is exposed to strong axis couplings. As
explained previously, this implies that a large effective
amount of wake distortion on the axis coupling is to be
expected.

e The available overall model of the BO 105, in which
the Parametric Wake Distortion model is integrated,
has a fairly high overall simulation quality. Therefore,
it may be assumed that parasitic influences from other
model deficits to flow into the estimated parameters to
only a relatively small extent. This assumption hast to
be challenged when interpreting the results.

e The available experimental databasel'™ s
characterised by high quality and integrity. The
measurement data from flight tests generated within
the framework of the international GARTEUR working
group were generated and processed specifically with
data quality aspects in mind.

From the selection outlined in section 3.1 a model is
composed, which is suited to the requirements of the
application discussed. In addition to the naturally required
selection of the dynamic inflow model as reference, which
is compared here to the Parametric Wake Distortion Model,

a rigid rotor blade formulation is applied for the simulation.
The flapping and lead-lag motion of the blades is taken into
account by an equivalent first-order spring-mass-damper
system with two degrees of freedom (the flapping angle 8
and the lead-lag angle (), but the Eigenmotions of the
blades themselves are neglected. This is assumed
permissible because the influence of elastic blade models
on the simulation quality of flight mechanical investigations
plays a rather subordinate rolel®l. Calculations addressing
other objectives (e.g. noise and vibration calculations, as
well as investigations of rotor dynamics) require a
corresponding formulation of elastic blades.

6.1.
6.1.1.

Optimisation results BO 105, hover
Model verification results

First, the effects of the pure implementation of the
Parametric Wake Distortion (“PWD”) model with nominal
parameters will be investigated. For this purpose, the
parameters Kp and Kg are set to the theoretically derived
values of K, = Kq = 1.5 determined by Keller!' and the
simulation results are compared with the recorded flight
test data for a hover case. In addition, a comparison is
made with those simulation results which were generated
with the pure dynamic inflow modelling of the dynamic
downwash (16).

Figure 3 shows this result. Depicted in the upper row are
the control inputs. In the case shown, these are the
swashplate angles, which represent the cyclic control
commands at the rotor hub. Here @1 describes the input
for the pitch control about the lateral axis and ©1s the input
for the roll control about the longitudinal axis. The control
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commands measured in flight test are fed to the model as
simulation inputs. Then the measured outputs are
compared with the simulated outputs (in this case the roll
and pitch rates, respectively). In the bottom line of the
figure, the roll rate p (as primary response to a cyclic roll
control) and the pitch rate g are found as system outputs
of the helicopter.

With the aim of achieving an improvement in the prediction
of the axis coupling behaviour through the introduction and
optimisation of the PWD model, these two system outputs,
roll rate and pitch rate, are used in the following to form the
optimisation criterion. Against this background, the
evaluation of the simulation result in these two variables is
of particular importance. The optimisation criterion itself
corresponds to a quadratic optimization criterion, which
represents the enclosed areas between the measured and
simulated system outputs. The optimisation routine tries to
minimise this area criterion by a suitable choice of
parameters.

The different curves overlaying each other represent the
respective data of the flight test (dashed black line), the
simulation with the conventional dynamic inflow model
according to Pitt and Peters (solid red line), and the
simulation using the PWD model with nominal parameter
values (solid green line). For the sake of clarity, all the
following figures are formatted in the same way (black for
the flight test, red for the simulation with a reference model
and green for the simulation with the modelling improved
by the contributions elaborated here).

Discrepancies between measured variables and
simulation outputs, as well as drifts resulting from
numerical integration, can be neutralised by keeping a
constant offset between the control inputs of
measurements and simulations. In the figures, this offset
of the controls is removed, as they do not contribute any
additional information and tend to overload the
representation.

The control input in Figure 3 is a pure input command about
the roll axis. The fact that the pitch control angle ©1s does
not remain at the trim value results from the fact that the
phase shift of the flapping motion of the blades is
represented in the swashplate angles. If the pilot executes
a pure roll control command with the cyclic stick, this input
is distributed both, to the longitudinal and lateral pitch of
the swashplate according to the reference phase angle of
the BO 105 of 67 deg.

Figure 3 shows that the primary response (the roll rate p,
bottom left) is simulated relatively well by both the dynamic
infow model (red), and the model with Parametric Wake
Distortion "PWD" formulation (green). While the PWD
model agrees slightly better with the flight test (black) in the
holding phase of the second pulse (second 2 to 3.5), a
slight overshoot can be seen at the beginning of the
holding phase of the third pulse (around second 3.5).

After completion of the control input, i.e. starting from
second 5, a slight divergence of the dynamic inflow
simulation, as well as a deviation of the PWD model, is
noticeable. This behaviour is not unusual for helicopter
simulations, especially for hover. The instability of the
helicopter in hover leads to the fact that small deviations
from the trimmed state bring the helicopter out of
equilibrium and the pilot has to stabilise the machine by

(small) control inputs. The simulation model behaves
accordingly. As can be seen from the recorded flight test
data, the helicopter remains relatively stable even without
significant control input. A small deviation in the simulation
states integrated up to that point around second 5.5 leads
to slightly divergent behaviour of the simulated response in
the case considered. The oscillations that are recorded in
the roll rate after second 5.5 can be attributed to an air
resonance excitation.

This fact must be taken into account when optimising the
parameters. Optimisation of the parameters only makes
sense if the system response, with which the cost function
is formed, does not diverge in the way described. Since the
described divergence arises from the integration of state
deviations, a parameter estimation in this time range would
falsify the parameter values, since the deposition between
experimental data and simulation does not originate from
the investigated effects, which are to be captured with the
parametric model.

The coupling response (the pitch rate g, bottom right)
shows a clear improvement in simulation fidelity through
the introduction of the Parametric Wake Distortion model.
While the dynamic inflow model at best only slightly
reproduces the trends, the simulation with the PWD
formulation also achieves a very good prediction of the
amplitudes. From second 3.5 onwards, a slight drift is
visible, which shifts the simulated system response
towards negative pitch rates. This is also due to integrated
smaller deviations in the system states.

In view of this result, it can already be anticipated that the
Parametric Wake Distorion model is quite capable of
fulfilling the set task, the improvement in the simulation of
the axis coupling behaviour. Yet, this can only be shown in
Figure 3 for the pitch coupling due to roll. The aim of the
PWD model is, however, to estimate the two parameters
Kp — responsible for the feedback of the rolling motion to
the pitching behaviour — and Ky — for the feedback of the
pitching motion to the rolling behaviour — simultaneously
and for both coupling directions. For this reason, the
already mentioned multi-run capability of the simulation
must be used for the parameter estimation. The aim is to
concatenate a flight test file with pitch control input and
another with roll control input and to carry out the
optimisation for both flight test cases simultaneously.

6.1.2. Optimisation results

Figure 4 shows a result generated in this way. The first
thing to notice is that there is a certain amount of control
activity over the entire simulation period. As in the
previously discussed case, these again are pure control
inputs, first about the pitch axis, followed by the roll axis.

The aim of using swashplate angles instead of pilot control
signals is to avoid the influence of the control chain model.
When using pilot stick signals, the control chain between
the stick deflection and the generated blade pitch angle is
included in the simulation. Any deficiencies of the control
chain model therefore also affect the simulation result.
When using parameter optimisation, these model deficits
have a negative influence on the optimisation results, as
the Parametric Wake Distortion model investigated is not
suitable to compensate for the errors in the control chain
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Figure 4 Simulation result with optimised PWD model — BO 105, hover, swashplate control, doublet/doublet input signal.

model. The result would be parameter values that are
polluted by this circumstance.

This result of a multi-run optimisation first shows a pitch
manoeuvre in the range between second 0 and 7, followed
by a roll manoeuvre, starting at second 7. These are
separately generated data. A trim calculation takes place
before both TOPs, which means that the individual output
signals do not merge at the interface between the runs.

The possible control signals differ in the frequency
bandwidth of the system excitation and in the information
content of the generated measurement datal®. As has
been shown, the 3-2-1-1 signal represents a good
compromise between flyability and excitation bandwidth. In
practical application, however, corresponding test data are
not available in all flight conditions to be investigated.
Furthermore, it must be assessed whether the higher value
of the input signals outweighs other potential deficits in the
recorded data (e.g. insufficiently timmed output conditions
or external disturbances). These considerations mean that
not all optimisation calculations can use test data with
optimal input signals. For reasons of the greatest possible
overall quality of the investigation, experimental data were
therefore selected which in this case have doublets as
control input signals.

In order to be able to successively discuss the phenomena
to be observed, the results are described starting with the
primary responses, followed by the coupling responses,
which the Parametric Wake Distortion model
predominantly targets. Firstly, when looking at the
simulation results in the lower half of Figure 4, it is
noticeable that the pitch rate g (bottom right) due to the
cyclic pitch control input, i.e. the primary response or “on-

axis response”, between seconds 0 and 7 is reproduced
relatively well by both the Pitt and Peters model and the
Parametric Wake Distortion model. Around second 4,
however, the simulation with the dynamic inflow model
overshoots significantly and only comes back into
agreement with the test data after the control deflection is
reduced (at second 5). The optimised simulation with the
PWD model also overshoots at first, but is then forced to fit
the measured output by adjusting the model parameters.
This effect is not in the actual interest of the model
approach to improve the prediction of the axis coupling
behaviour. Obviously, the simulation result is only sensitive
to a variation of the parameters in the sense of a real
improvement of the simulation quality in a limited range of
this section. This behaviour leads to excessive parameter
values, because the optimisation algorithm tries to locally
minimise the error criterion by strongly increasing the
parameter values that are less sensitive to this effect,
which can only succeed to a limited extent. After
completion of the control input (from about second 5),
however, it can be seen that the test result is predicted
much better by the optimised PWD model. So that, at least
in some areas, an improvement can also be recorded in
the primary response.

The primary response due to the roll control input, the roll
rate p (bottom row, left diagram) between seconds 7 and
16, shows similar effects as the pitch control primary
response. Between seconds 10.5 and 12.5, an
overshooting of both model responses is again
recognisable, whereby an attempt is made to force a
minimal deviation by means of parameter optimisation. The
first control deflection around second 9 could be simulated
quite well, as with the roll control primary response. After
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completion of the control input, from second 13, the roll
response shows strong differences between the two
simulations, as well as compared to the flight test data.
Both model responses experience a renewed increase in
the roll rate immediately after the completion of the control
input, whereby the PWD model predicts this earlier than
the dynamic inflow model. In the following three seconds
of the remaining simulation time, both models are more or
less inadequate compared to the simulation quality that
could be achieved in the control input period.

Two phenomena can be held responsible for this. Firstly,
the already discussed consequences of a departure from
the trim state after a control manoeuvre in hover, which can
lead to divergent results. On the other hand, inaccuracies
and deficits in other areas of the overall model, which
repeatedly come to bear in the course of the investigations.
This is also supported by the fact that both model
approaches deliver equally inaccurate results.

The coupling responses show clearly different qualities in
their results. The coupling response to the pitch control
input between second 0 and 7, the roll rate p in the left
diagram of the bottom row, directly shows that the
modelling and simulation of the off-axis response requires
special care. The results obtained with the dynamic inflow
model show only a low correlation with the test results,
which is increased by the application and optimisation of
the PWD model, but still appears to be improvable.

The coupling response to the roll control input can be seen
in the pitch rate q, in the lower right of the figure between
second 7 and 16. This time plot shows very clearly the
potential that lies in the use of the Parametric Wake
Distortion approach and its optimisation. The simulation
response of the dynamic inflow model shows only a very
limited correlation with the recorded test data. The PWD
model, on the other hand, shows an almost perfect
agreement between simulation and test data, which is only
impaired by the overshooting of the amplitudes after the
two control inputs, as well as the divergence of the results
after completion of the control input, for the reasons
already discussed. This shows both the effectiveness of
the model and the sensitivity of the parameters.

First, however, we will briefly discuss the quantifiable
improvement in simulation quality provided by the PWD
model compared to the dynamic inflow model. The value
of the cost function (the criterion J) makes it possible to
form a statement about the simulation quality of the models
used. The prerequisite for this is that the conditions are
identical when calculating the cost function, i.e. the same
parameters are used, the time range of the optimisation is
identical and the weighting of the cost function with regard
to the parameters is the same. This makes it clear that this
is a purely relative possibility of quantification and no
absolute statement can be made about the simulation
quality of a particular model.

An examination of the optimised parameters for Figure 4
shows that they are close to the theoretical values:
Kp=2.4, Kq=1.5. The relative reduction of the cost
function shows a decrease of AJ = 75%. This improvement
can be explained by the fact that the simulation quality with
the PWD model is relatively high, especially in the pitch
response.

In the two cases discussed so far, there is the problem of

divergent results after the control inputs are completed. In
the following section, the Parametric Wake Distortion
model is applied to forward flight. Since the static instability
of a conventional helicopter tends to decrease with
increasing airspeed (while dynamic instabilities increase at
higher speeds), this behaviour can be expected to be
reduced in level flight.

6.2. Optimisation results BO 105, forward flight

As explained in section 5.2, according to the theoretical
definition of the Parametric Wake Distortion approach, it is
assumed that the effectiveness of the described
phenomenon decreases with increasing horizontal speed
and finally disappears as the blade tip vortices are dragged
backwards, out of the sphere of influence of the helicopter
and its rotor. It therefore makes sense to compare this
theoretical statement with the results of the parameter
optimisation.

In the following, shown in Figure 5, the optimisation of the
PWD model is applied to a flight condition at 80 kts forward
flight speed. Again, this is a multi-run optimisation with a
pitch control doublet followed by a roll control pulse as
simulation input.

The primary responses, as in hover, show no substantial
improvement in simulation quality by optimising the PWD
model over the dynamic inflow formulation. There are slight
deviations in the correct prediction of the amplitudes and
the gradients in this range, mainly in the peaks of the
control signals, both around the pitch and the roll axis. In
detail, these are the pitch rate around second 2 and
between second 3 and 4, as well as the roll rate from
second 7 and around second 8. In the latter case, the
amplitude is clearly better matched by the PWD model than
by the dynamic inflow model, but an oscillation of about 2.5
to 3 Hz is superimposed, which is only inadequately
represented in the simulation model. As already observed
in Figure 3, this appears to be an air resonance vibration,
which is specified for the BO 105 with a frequency of
approx. 16 rad/s (= 2.55 Hz)[?9,

The expectation of increased inherent static stability in
forward flight can be confirmed by this result. The
divergence observed in hover flight in Figure 3 and Figure
4 after completion of the control inputs practically no longer
occurs in this flight condition (see pitch rate from second
4). In general, other phenomena come into play in forward
flight, such as a more or less pronounced Dutch Roll
oscillation, which must be taken into account by
appropriate modelling.

The coupling responses generally show a higher
simulation quality in the roll rate (up to second 6) than was
observed in the simulation calculations in the hover
condition. Comparing the results of the PWD model with
those of the dynamic inflow model, it should be noted that
the optimisation results in a slight improvement with regard
to the gradients as well as the amplitudes. The simulations
of both models show a good agreement with the
measurement data after the completion of the control
inputs.

In the pitch rate (from second 6), a considerable
improvement of the simulation quality can be observed by
optimising the PWD model. As described, the wake
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Figure 5 Simulation result with optimised PWD model — BO 105, forward flight 80 kts, swashplate control, doublet/pulse.

distortion theory does not provide an explanation for this
degree of effectiveness. Reasons for the sensitivity of the
model also in horizontal flight are obviously other effects,
which are insufficiently represented in the overall model
and correlated with the mode of action of the PWD model.
Of course, this improvement of the simulation quality can
be accepted and the parameters in the overall model can
be implemented accordingly, but it must be stated that this
improvement is not due to the actually intended description
of the wake distortion effect. In this sense, such a model
improvement represents a certain departure from
phenomenological analytical modelling.

However, consideration of the optimised parameters
shows that the theory can be confirmed by the calculation
to the extent that the parameter values have an overall
tendency to decrease with increasing horizontal speed.
With K, = 1.2 and Kq = 1.7, especially the parameter Kp,
which weights the pitch coupling due to a roll control input,
is significantly lower than determined in hover flight. The
improvement of the cost function in this flight condition
amounts to AJ = 65%.

7. DISCUSSION

The Parametric Wake Distortion model was able to meet
the objectives for the application of the system
identification procedure in a non-linear simulation
environment. Especially the possibility of interpreting the
results on the basis of theoretical preliminary investigations
represents a valuable basis for verification.

The basic findings of the application of the method to the

PWD problem are as follows:

e The evaluation of individual physical effects is possible
and effective by means of the applied method.

e The prerequisite for this is a high overall model quality,
as well as a hierarchical order of the considered sub-
model in the overall modelling, which allows the
resulting deficits to be assigned to the investigated
effect and quantified using the optimisation procedure.

e The optimisation procedure is able to achieve a
considerable improvement in the simulation quality
under certain boundary conditions without significantly
affecting the physically plausible basis of the overall
modelling.

e  The combination of the method with the model allows
several parameters to be processed simultaneously
and thus enables results, which only have the required
significance in the combination of the parameters, as
is the case with the presented problem of the axis
coupling modelling.

Thus, the approach of an improvement of the simulation
quality with simultaneous evaluation of the involved
physical effects of the considered system could be
successfully implemented.

The application to the simulation of the BO 105 helicopter
underlines the capability of the approach under the
mentioned aspects. In hover flight (see Figure 4) the
coupling response could be significantly improved,
especially the pitch rate as a reaction of a roll control input.
Furthermore, the parameters could be determined in a
relevant value range with regard to the theoretical
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prediction. In this case, a convincing subjective increase of
the simulation quality about the roll axis could only be
achieved to a limited extent. On the one hand, this is due
to the already higher simulation quality from the outset
(which can be seen in the results of the simulation using
the dynamic inflow model), on the other hand due to
obviously existing deficits of the global modelling, which
cannot be attributed to the Parametric Wake Distortion
effect.

The latter, the susceptibility of the optimisation to other
physical effects and model inaccuracies is a major concern
when coupling parametric optimisation methods to a
meaningful physics based nonlinear modelling.

The results in forward flight (Figure 5) underline the
applicability of the model approach beyond the limits of the
theoretically predicted range of use. However, some
caution is necessary here in the application and in the
evaluation of the results in order not to be subject to
misinterpretations in the evaluation of the physical effects
actually involved.

With the application of the presented identification
procedure, it could be shown which benefit the
implementation of physically plausible parametric models
offers within a non-linear simulation environment.
However, it also shows the difficulties and the fields of
improvement and future work. The inaccuracies of the
global helicopter model have an impact on the
performance of the procedure. To identify the exact model
parts whose inaccuracies couple with the Parametric Wake
Distortion optimisation would complete the applicability of
the procedure as a whole.
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