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FROM NAP-OF~-THE-EARTH FLIGHT TESTS AND INVERSE SIMULATIONS

D.G. Thomson R. Bradley

Department of Aerospace Engineering
University of Glasgow

Summary

In this paper it is shown that conventional validation techniques,
based on comparison of responses after the application of standard control
inputs to real and simulated vehicles, are not appropriate for models used
in NOE studies. It is further shown that when control inputs measured
during NOE flight tests are used to drive simulations, the simulated data
quickly diverges from the measured data, even for minor modelliing errors,
giving littlie information on the validity of the model. The development
of a new, more appropriate technique employing inverse simulations is
described and its ability to identify inadequacies in mathematical models
is demonstrated.

Nomenclature

Cr main rotor thrust coefficient

Crey tail rotor thrust coefficient

Dy, Q, ¥ hody axes rotational velocities

s length of linear translation

t time

Em manoeuvre time

U, v, W beody axes translational velocities

v helicopter velocity

v helicopter acceleration

Xy ¥, Z heljcopter position

X, ¥, 2 earth axes velogities

Bigs Bic lateral and longitudinal flapping angles

S8, ®©, ¥ pitch, rell and vaw attitude angles
i. Introduction

In helicopter nap—of-the—earth {(NOE) manoeuvres the pilot's task is
particularly demanding because of the constrained nature of the flight
path. The pilot is often required to adhere to both a particular track
(the projection of the flight path on the ground) and altitude. Limits on
the allowable flight path may be imposed bv the need for concealment or to
follow closely features of the terrain. If flight mechanics studies of
the helicopter's behaviour under these conditions ave to be successiul
then the mathematical models used must provide reliable predictions.
Flight dynamicists are continually improving and updating their models in
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order to meet these needs. As the models become more complex there is
always the danger that large scale modification to existing, proven codes
may yield only small improvements in model wvalidity, but at the same time
incur significant increases in computation time. It is therefore of great
importance that validation technigues are adopted which ave appropriate to
the situation so that effective use can be made of established models.

Conventional validation techniques (as used by the authers of
References 1 - 3, for example) have depended on comparison of responses of
simulated and real aircraft to a simple contreol input (Ltypically a step
input to one or more controls). This gives an indication of the model's
effectiveness in predicting the helicopter's behaviour in unconstrained
flight, but does not give any idea of how well it will predict the
behaviour in the tightly constrained realm of NOE flight. This paper
describes a new apprcach to model validation intended to overcome this
problem by using an inverse simulation method. An inverse simulation uses
a given model to determine the control displacements necessary to flv a
specific manoeuvre. Comprehensive details of an inverse simulation
package for helicopters, HELINV, are given in References 4 and 3. 1t has
been developed specifically to study constrained manceuvring flight such
as that encountered during NOE operations {(Refs. & and 7). The
modification of this package fer model validation purposes is detailed in
this paper, but to begin with, a discussion of the simulation tools used
in the development of the new model validation methodeology is presented.

2. Description of Conventional and Inverse Simulation Technigues

The mathematical model from the Roval Aerospace Establishment’s
HELISTABR helicopter simulation package will be used te demonstrate the new
validation technique. 'This model is widely used and has been extensively
validated for the Aerospatiale Puma, while its validation for the Westland
Lynx is a continuing exercise, It is, therefore, an appropriate choice
for this demonstration, and its incorporation into the HELINV package is
the basis for the appreoach to validation discussed in this paper. A
comprehensive description of the HELISTAB model is given bv Padfield (Ref.
1) but it is appropriate at this stage to list the main features of the
model, together with a brief description of HELINV in this context.

2.1 The HELISTABR Mathematical Model

HELILSTAB can be used to simulate single main and tail rotor
helicopters. Several versions of HELISTAB have been developed as various
refinements have been incorporated into the basic model. In this paper
"HELISTAB" refers to an earlv version, "HELISTAB2". It is a six degrees
of freedom model where the roter blades are assumed to be rigid and have
constant chord. Blade aerodynamic loads are calculated by assuming a
constant lift curve slope with steady incompressible flow (stall and
reversed flow effects are ignored). The flapping behavicur of hingeless
and small offset articulated rotors is simulated by the use of a centre
spring representation. The coupling between blade piteh and lag motions
is ignored and the rotor forces and moments are calculated by assuming
quasi-steady flapping and coning. The fuselage, tailplane and fin
aerodynamic loads are found from empirical expressions which were
developed using data from wind tunnel tests of fuselage models. On the
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basis of these assumptions a series ¢f expressions relating the rotor and
fuselape locads to the helicopkter’'s states have been developed. The
external forces and moments are calculated directly from these expressions
allowing solution of the equations of motion by standard means.

2.2 Inverse Simulation Package : HELINV

The main inverse algorithm within HELINV is a modification of the
HELISTAB trim routine. In its original form this routine solived the
equations of motion for the helicopter states and controls in a predefined
steady flight condition (i.e. all of the acceleration terms were
neglected). By introducing the acceleration terms into the equations it
is possible to find solutions for unsteady manoceuvring f{light. The
preliminarv stage when performing inverse simulations is to define the
manoeuvre of interest.

2.2.1 Analvtical Definition of Helicopter Manoceuvres

Conventional helicopters have four controls : main rotor collective,
lateral and lengitudinal cyclic and tail rotor collective. If a unique
inverse solution of the equations of motion is to be found then four
constraints must be applied on the motion of the vehicle. The most
obvious method of constraint is to force the helicopter te fly a
particular flight path. In effect this imposes three constraints on the
vehicle

x = £,(t)
v = f,{c) (1)
z = f,(¢t)

The form taken by the 4bove functions is dependent on the shape of the
flight path. Various flight path generating algorithms have been
developed for use in HELINV and are documented in Ref. 8. In purely
simplistic terms the three flight path constrainkts correspond to the three
controls : longitudinal cyclic controls displacements in the x~direction,
lateral cyclic the y-direction and collective the z-direction. As the
pedals (tail rotor collective) are used chiefly to centrol the heading of
the helicopter, it would seem logical to make this the fourth constraint,
i.e.

v o= £(t) (2)

Choice of this set of constraints is consistent with the work of Charlton
et al (Ref. 9) who use these four parameters for task definition in NOE
flight trials.

2.2.2 Inverse Algorithm

The displacements (x, y, z) are differentiated to give earth axes
velocities and accelerations which are transformed through the fuselage
angles (8, o, ¥) to give the corresponding bodv axes quantities.
Numerical differentiation is used to determine the attitude rates (hence
body axes rotational velocities). Adopting this approach, the equations
of motion become algebraic and can be solved for the attitude angles 8, o
and the rotor parameters Cp, Cpey, Bigs B;. by a ¥ewton-Raphson iterative



process., Finally, the control angles are calculated.

2.2.3 Examples of Inverse Simulation

It is possible teo simulate many types of manoeuvre using HELINV
(wing-over, hurdie-hop etc)}, however those of most interest in this study
are simple translations along a constant height, linear {light path from
one hover condition to another. This class of manoceuvre has been chosen
mainly because of the large amount and availability of flight data
recorded during helicopter agility trials at RAE Bedford (Ref. 9, 10).
There are two types of manceuvre : side-step (translation in lateral
direction) and quick-hop (translation in the longitudinal direction).
Manoceuvres of this sort are typically used to move swiftly between areas
of cover as indicated in Figure 1. As the flight path is a straight line,
manoceuvre definition is achieved by specifving the velocity profile of the
helicopter. If it is assumed that the helicopter reaches its maximum
velocity, Vgay, midway through the manceuvre, Figure 2, then the folleowing
conditions must be satisfied

t o= O, v =0, V=0
L= ty/2, V=V, V=0 (3)
£ =0, v = a, V=0 -
where t, is the manceuvre time. The simplest appropriate function which

will satisfy the above conditions is a fifth order poelynomial

V = at® + bt* + ct? + dt? 4+ er + f (5)

If the length of the flight path is s, then
]

Cm
s = J v (t) dt (3)
0
An algorithm has been written te calculate the manoeuvre time which
satisfies equation (3) as well as conditions {(3) for a user defined
maximum velocity and distance. For convenience the helicopter is assumed
to start the manceuvre pointing along the earth x—-axis, hence the earth
fixed axes velocities are given by

-

= v v = V
* Quick-~Hop Y Side-Step
g=2=0 $=2=0 |

The time histories shown in Figure 3 were genevated bv inverse simulation
of a Westland Lvnx helicopter flying both side-step (to the right) and
quick-hop manoeuvres. In each case the length of the flight path is 100m
and the maximum velocity reached was 30 knots. In the quick-~hop a nose
down attitude is adopted to produce the required acceleration, and the
nose is brought back up to decelerate the helicopter. In the side-step
manoeuvre the helicopter is rolled in the required direction to produce
accelerations, only very small excursions in pitch are noted. The time
histories of collective indicate a similar thrust requirement.
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3. Conventional Model Validation

Traditionally, wvalidation of aircraft mathematical models has been
achieved by comparing the responses to given control inputs of a real
vehicle with its corresponding simulation. The size of the inputs is
often kept small in order to prevent displacements Trom trim which would
take the helicopter bevond the region of linear responses. The control
sequences used usually consist of one cor mere step or ramp inputs. There
are problems associated with faithfully reproducing step or ramp inputs in
a real helicopter but they can be overcome, for example, by applving
preprogrammed inputs via the autostabiliser equipment (Ref. 12). A more
fundamental drawback is that simple step or ramp inputs are not
representative of contrel inputs the pilot is likely to use in NOE
flight. In this flight regime the pilot will be censtankly updating his
control inputs to meet the constraints of his desired flight path. It is
possible that a model may not simulate the behaviour of the helicopter in
constrained flight (due, for example, to poor prediction of coupling
effects), and use of simple control inputs for wvalidation may not show
this problem.

& new methodolopy is required rather than a different approach to
existing techniques if this problem is to be overcome. The most obvious
solution is to fly the real aircrait through a series of NOE type
manoeuvres, recording the control displacements throughout. The measured
control inputs could then be applied to the simulated helicopter and the
responses compared. Problems arise when this process is attempted, as
shown by the following example.

3.1 Time Response Calculation Using Control Displacements Measured
In Flight Trials

1

The flight data used in the preparation of this paper was supplied
by the Royal Aerospace Establishment. The data was gathered during
helicopter apility trials at RAE. Bedford. During the trials speaific
tasks were defined by giving the pilot limiting values for certain
parameters. In the side-step manceuvre, for example, the pilot's task is
to fly side-ways between two markers as aggressively as possible,
maintaining a constant heading and altitude. Flight path co-ordinates are
recorded by kinetheodolites, and aircraft parameters (states, controls and
accelerations) by a digital data acquisition system. Complete details of
the trials are given by Padfield and Charlton (Refs. 9 and 10).

The example used here is that of a 300ft (9i.5m) quick-hop manoeuvre
flown by a Lynx helicopter. The helicopter's control time histories are
shown in Figure 4. The rapid control changes needed to fly this manceuvre
are apparent from these plots. In an attempt to validate the HELISTAB
model using this data, a time response calculation {using a standard
Runge~Kutta-Merson technique) was performed. Points on the control time
histories were joined by ramps, and the helicopter's trim states and
controls correspond to a hover condition. Figure 53 shows a comparison of
the helicopter's body velocities and attitudes measured during the flight
trials with those generated by applying the control inputs from the same
trial to the HELISTAB model. Figure 6 shows the actual flight path flown
by the pilot and that calculated by integrating the helicopter's
velocities.



Over the first few seconds there is good agreement between the
simulated and actual velocity and attitude responses, however after about
5 seconds the two sets of data begin to diverge. It is clear that some
deficiency in the model eventually leads the time response solution intoe a
fiight regime cutside the validity of the model, so that after the first
few seconds there is no basis of comparison between the flight data and
the time response. Some inadequacy of modelling responds to aggressive
control inputs in such a way as to introduce a divergence away from the
flight results from which the model never recovers. As might be expected
in a time response solution, without corrective action the simulation and
flight path data gradually diverge, Figure 6, as slightly dissimilar
velocities and rates are integrated. It reflects the fact that there is
no closing of the loop in time response simulation and flight path
variations are not corrected as they normally would be by the pilot.

4. Model Validation by Inverse Simulation

In section 3.1 the method used by the Royal Aerospace Establishment
to define tasks in agility trials was discussed : the desired flight path
geometry is specified, and a constant heading is adopted. This is similar
to the manner in which manoceuvres are defined in HELINV, the difference
being that in HELINV the position of the helicopter is a prescribed
function of time whereas in the apgility trials, the pilot is told to
perform the manceuvre "as aggressively as possible’". It can be argued
that the pilot has a perceived trajectory and uses his skill to acheive
it, while at the same time maintaining a constant heading. If this is
done successfully the conditions of HELINV are met. This is an important
point because it has been shown {(Ref. 7) that the constraints of HELINV
can considerably modify the dynamics of the helicopter, and may contribute
to the demanding nature of NOE flight. The stance taken in this paper is
that the pilot is sufficiently skilled as to justifyv the use of HELINV in
this context. There is evidence for this view in the flight data (Ref.
13).

A measure of comparison can be obtained from the example of section
2.2.3 and flight data from a similar manceuvre. Figure 3 shows control
time histories from an inverse simulation of a Lynx flying a i00m
quick-hop, whilst Figure 4 has the control time histories measured in a
flight test where a Lynx was flown through a 300ft (91.3m) quick-hop
manoeuvre. As the flight paths are geometrically similar and in both
cases a constraint is applied te the helicopter's heading, the control
time histories in Figures 3 and 4 are comparable. The main rotor
collective plots are similar both in trend and magnitude, lateral cyclic
and tail rotor collective both show the same trend but with small
differences in magnitude. Only longitudinal cyclic shows poor
correlation. In order to isclate modelling aspects from the discrepancies
caused by variations in the flight path, the next section discusses the
use of test data to define the trajectory for HELINV.

5.1 Processing Flight Data for Inverse Simulations

Because it is defined analytically, the quick-hop flight path used
originally for inverse simulation consists of a perfectly straight line,
and the heading is held exactly ceonstant. This level of precision is
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obviously not possible with a human pilot flying a real aircraft - the
actual trajectory flown in the flight trial (shown by the broken line in
Figure 6) is far from a straight line, and the heading varies slightly
also. Comparisons of inverse simulations and flight trials data both
should be made with identical simulated and acktual manceuvres. Since the
flight path co-ordinates are vecorded during flight trialsg, by means of
kinetheodolite measurements, it is possible to do this.

4.1.1 Flight Path Data

The HELINV inverse algorithm is used to calculate helicopter states
and controls purely on the basis of user supplied earth fixed axes system
velocities and accelerations. Until now these have been in the form of
analytical expressions (as demonstrated in section 2.2.3), but the aim now
is to use flight path data measured in trials to produce the velocities
and acceleraticons. Flight path co-ordinates are measured at a low
frequency (usually &4/sec) in the earth axes frame because of wind
conditions in particular. The flight path data can contain a degree of
noise, and if used " " large and rapid fluctuakions in velocity and
acceleration will arise as a consequence of numerical differentiation.
This can cause problems of a numerical nature within the inverse algorithm
{often due to extremely high accelerations). To avoid this problem, cubic
spline curves are fitted through each of the co~ordinate time histories.
This has the effect of smoothing the datz and eliminates large
fluctuations in derivatives. Calculation of velocities and accelerations
is then a simple matter of differentiating the spline.

raw

:

4,1.2 Airceraft Heading

As discussed earlier, it is necessary Lo constrain heading if a
unique inverse golution of the equations of motion is to be found. Rather
than attempting to hold heading constant, and also to maintain
consistency, the time history of heading measured in the flight trial is
used. Héading is not directly measured during the flight trials and
thevefore has to be calculated from the attitude rates which are
recorded. The heading angle is found by integrating

¥ = (q sine + r cose) secd (6)

where 8, ¢, p, g, r are all measured as functions of time throughout the
manoeuvre. Having calibrated the control displacements (from servo
movements to degrees at the rotor) all of the flight data has been
processed and it is possible to make direct comparisons between the
control inputs and responses of the real aircraft and those of the
simulated wvehicle.

4.2 Comparisons of Flipht Data and Inverse Simulation Results

Two examples of comparisons between data recorded during flight
trials and inverse simulations using flight path data measured in the same
tests are now presented. These examples will demonstrate the power of
inverse simulations for model validation.



4.2.1 Quick-Hop Manoeuvre

The control time histories for the Lynx flying a simulated and real
quick-hop manoceuvre {(Figures 3 and &) were compared at the start of this
section. A more direct comparison is given in Figure 7 where both
simulated and real helicopter have been "flown" through precisely the same
manoeuvre. Correlation between the data sets is much better although
there are still large differences in the plots of cyclic pitch angles and
tail rotor collective angle. The discrepancies between the plots will be
discussed in section 4.3.

4.2.2 Side-Srep Manoeuvre

Figure 8 is a comparison of time histories (measured and simulated)
for the Lynx flying a 200ft (6lm) side-step manceuvre (in the left hand
directioen). A trend similar to the gquick-hop can be observed - good
correlation in ceollective and attitude angles but relatively poor
prediction of cyclic and tail rotor collective angles. Discussion of
differences in the plots in Figures 7 and 8 follows in the next section.

4

4.3 Discrepancies Between Flight Data and Inverse Simulations

There are two main areas which c¢ause the discrepancies between the
flight path and inverse simulation data. The first concerns the nature of
the flight test and the conditions under which it was flown - it is
important that the inverse simulation is compatible with the flight test.
The second cause of discrepancies arises from modelling faults. A minor
problem is the numerically induced transient at the initial hover state of
the inverse solution, where there is some difficulty in smoothing the data
in a manner which is consistent across all the channels.

4.3.1 Comparisen of Flight Test and Inverse Simulation

a) Pilot Control Strategy

The results in Figures 7 and 8 quickly reveal how the manoeuvres are
flown by the pilot. Consider first the side-step of Figure 8. The
collective shows the application of rotor thrust from the start of the
manoeuvre at 3 seconds to its end at about 1]l seconds. The application of
thrust only drops for a short interval around 7.3 seconds, and inspection
of the bank angle, o, shows that during this interval the helicopter is
rotating from large negative (port) bank to large positive (starboard)
bank. The manceuvre is thus flown by a rapid bank to port , then
application of increased thrust to accelerate the helicopter until halfway
through the manceuvre where the thrust is dropped while the bank is
changed rapidly from port to starboard, followed by an increase in rotor
thrust , this time to decelerate to rest. The manceuvre is completed with
a rotation back to vertical. All of this is clear from the inverse
solutions, and flight data. The contreol movements corresponding to this
manoeuvre are expected to be a pulse of positive lateral cyclic at the
begining of the manoeuvre, a negative pulse about the mid point and
ancther positive pulse at the end. These features are clear in the flight
data but are not so well defined, although discernable, in the simulation
results, and indicate a need for a close lock at the modelling. The
flight data for the tail rotor shows the pilot coping with the torque
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variations introduced by sharp changes in the collecktive, but the inverse
solution again omits these features.

The quick hop of Figure 7 has similar features to those discussed
above, but in the longitudinal plane. There are, however, significant
differences. Note that the changes in pitch are not so sharp as those in
bank for the side step. The obvious explanation for this is that the
moment of inertia about the pitch axis is larger than that about the roll
axis, and so the manceuvre takes a longer time and hence has a smoother
loock. The flight data shows the pilet sharply applying longitudinal
cyclic in an attempt to overcome the pitching inertia, so much so that it
has to be reduced and even changed in sign as the helicopter eventually
responds. This behaviour is not present to the same degree in the inverse
solution, and possibly indicates some transient degredation of control
power not included in the model.

b) Wind Conditions and Ground Effect

No provision is made in the mathematical model for the prevailing
wind conditions or the effect of ground on the helicopter which may have
been present during the flight trials. The data used here was measured on
days when the wind velocity was less than 5 knots hence any wind effects
should be small. A helicopter's proximity to the ground can produce
thrust augmentation due to an increase of induced velocity at the rotor.
This effect becomes negligible at a height of about two rotor diameters,
Reference 11, (approximately 25m for the Lynx). The sidestep manoeuvre
was performed at a height of approximately 12m, and the guick hop at a
height of 20m. The helicopter may, therefore, have experienced ground
effect during the trials.

4,3.2 Model Deficienciés

The following are examples of where inverse simulation has
highlighted specific deficiencies in the HELISTAB model, and in one case,
led to an immediate enhancement of the model.

a) Incorrect Data in Model

Validation by inverse simulations have already led to improvements
to the basic meodel. For example, the mass of the helicopter in the
standard data file was corrected when main votor collective angle was
found to be consistently different to the flight data by an offset of a
few degrees. The values of other parameters have still to be verified,
for example the location of the helicopter's centre of gravity. This can
influence the fuselage pitch attitude and longitudinal cyclic values.

b) Rotor Dwvnamics

Within the HELINV algorithm the six equations of motion are solved
for the attitude angles (8, ¢) , the main and tail rotor thrust
coefficients (Cp, C7rp) and the longitudinal and lateral flapping angles
(Blc’ B,g?+ Having solved for these parameters the control angles can be
found bv consideration of the rotor blade dynamics. As the principal
fuselage attitude angle and collective angle are accurately predicted it
can be assumed that the correct thrust, and rotor forces and moments, are
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being calculated. However, as the cyclic pitch angles are being poorly
predicted, it can be deduced that there are inadequacies in the rotor
model.

c) Coupling Effects

The principal attitude angle in the side step manoceuvre is obviously
the roll angle, and in the quick hep it is the pitch angle. Figure 7 (the
quick hep) shows good prediction of piteh angle and reasonable prediction
of roll angle. In Figure 8 (the side step) there is good prediction of
roll angle but poor correlation between pitch angle traces. The ability
of the model to predict coupling effects must therefore be in doubt. It
appears as if HELINV is simulating the dominant motions of the heliicopter
without predicting its secondary motions quite so well.

5. Conclusion

The HELISTAB model when embedded in the inverse simulation, HELINV,
gives realistic values for aggresive manoeuvres in NOE flight and may be
used for validation when forward simulation is unsuitable. Some
discrepancy between flight data and the inverse solutions must be expected
to arise because the heading constraint which is applied exactly in the
theoretical simulations is relaxed to some extent in the flight trials
where a variation of x15 degrees is allewed. Despite this, the
comparisons of flight and simulated data are encouraging, and while the
interpretations of the data in terms of pilot strategy and model
deficiency given in this paper may be open to discussion, the main point
to make is that the inverse simulation, by obtaining realistic solutions
through the whole manceuvre has enabled analysis and interpretation to
take place while the forward simulation gave little information towards
model validation. The conclusion is that inverse simulation is an
important contribution to model validation.
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