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Extending the Objective Motion Cueing Test to Measure
Rotorcraft SimulatorMotion Characteristics

W.H. Dalmeijer

The Objective Motion Cueing Test (OMCT) refers to a way to measure motion characteristics
of a simulation objectively, by constructing so-called frequency response functions of the cue-
ing system. Research in recent years has applied theOMCT to a number offixed-wing research
simulators. However, the effect of aircraft dynamics on predictedmotion fidelity of theOMCT
is poorly understood. The goal of this research therefore is to increase the understanding of
theOMCT, by applying it to helicopter simulations.
From literature, it was found that abstractions on the input signals of theOMCTmay affect the
representativity of predicted motion characteristics. As a first step in this thesis, the effect of
these assumptions on the predicted motion characteristics of the OMCT was studied. It was
seen that the current OMCT has a set of input signals which may be representative for heave
motion, but might not be representative for pitch and surgemotion characteristics.
Therefore it was investigated whether a potentially superior OMCT, better representing heli-
copter motion, can be defined. An OMCT was tailored to longitudinal helicopter motion. No-
table differences in pitch and surgemotion characteristics were found.
However, for pilot-in-the-loop training, the aircraft motion does not only depend on the dy-
namics of the aircraft model, but also on pilot input. Therefore, using pilot-in-the-loop sim-
ulation data, the effect of manual pilot control behaviour on the proposed methodology was
studied. It was seen that, although differenceswere identified, themain trend of the frequency
response functions was determined by the dynamics of the helicopter model, not the pilot in-
put.
Further research is recommended to evaluate the current set of input signals of theOMCT for
a variety of models, also incorporating lateral motion, and tasks using a similar method pre-
sented in this thesis.
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Abstract

The Objective Motion Cueing Test (OMCT) refers to a way to measure motion characteristics
of a simulation objectively, by constructing so-called frequency response functions of the
cueing system. Research in recent years has applied the OMCT to a number of fixed-wing
research simulators. However, the effect of aircraft dynamics on predicted motion fidelity
of the OMCT is poorly understood. The goal of this research therefore is to increase the
understanding of the OMCT, by applying it to helicopter simulations.

From literature, it was found that abstractions on the input signals of the OMCT may affect
the representativity of predicted motion characteristics. As a first step in this thesis, the effect
of these assumptions on the predicted motion characteristics of the OMCT was studied. It
was seen that the current OMCT has a set of input signals which may be representative for
heave motion, but might not be representative for pitch and surge motion characteristics.

Therefore it was investigated whether a potentially superior OMCT, better representing he-
licopter motion, can be defined. An OMCT was tailored to longitudinal helicopter motion.
Notable differences in pitch and surge motion characteristics were found.

However, for pilot-in-the-loop training, the aircraft motion does not only depend on the
dynamics of the aircraft model, but also on pilot input. Therefore, using pilot-in-the-loop
simulation data, the effect of manual pilot control behaviour on the proposed methodology
was studied. It was seen that, although differences were identified, the main trend of the
frequency response functions was determined by the dynamics of the helicopter model, not
the pilot input.

Further research is recommended to evaluate the current set of input signals of the OMCT
for a variety of models, also incorporating lateral motion, and tasks using a similar method
presented in this thesis.
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Chapter 1

Introduction

Research Context

For the training of flight crews, the general aviation sector has come to rely heavily on flight
simulator training devices and even full flight simulators, [1]. This is because the advantages
of simulators are apparent. Firstly they offer a safe environment for the student develop his
skills before he takes control of the real aircraft. Secondly, they are a cheaper alternative to
performing all flight training in the air. And thirdly, situations and flight conditions can be
practiced that would be too dangerous for an aircraft to perform in real life.

Besides education, simulators are used widely for their research purposes. In this field the
simulator can be used to develop and asses new flight control systems. When testing a new
flight control system for example, it is convenient that the designers can first test such a
system on the ground. The simulator is than used as a pilot-in-the-loop testing station. Also
for off-line testing, the simulator can be used. Secondly simulators provide a more controlled
(and cheaper) environment to perform research in human factors, [1].

From the above it may be concluded that the industry is aided with simulators that simulate
pilot sensory input as close as possible to the real aircraft. The hypothesis here is that pilot
sensory input more closely resembling the real aircraft will result in better training of aspirant
pilots. With the development of computer technology and the easy access to cheap computing
power, especially the visual part of the simulator has improved tremendously, [2].

Also the motion cueing system has improved over the last few decades. In the 1970’s, the
6 degrees of freedom hexapod motion system, like the one used for the SIMONA Research
Simolator (SRS), was introduced. With this system, due to the concept of washout filters,
it is possible to convey aircraft motion to the human vestibular system in a convincing way.
However with the introduction of this new technology came the need to certify and control
the standards of the simulator industry and in 1983, the FAA published the first version of
an objective standard for flight simulator testing [3].

Nowadays simulator certification is conducted based on a series of objective tests, consisting
of dimensional requirements for the motion cueing system and time-domain response charac-
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teristics. However, the integrated performance of motion cueing systems is evaluated using
subjective pilot assessment, according to ICAO guidelines, [4]. For simulator certification,
This means that before a simulator can be used for training, an experienced test pilot eval-
uates its performance. Based on his feedback, engineers modify the settings of the Motion
Cueing Algorithm (MCA). A disadvantage of subjective assessment however, is that the re-
sults are often hard to repeat, that is, different pilots may assess the same motion cueing
system differently, [5].

Recently, a new method for objective evaluation of integrated motion performance of simula-
tors has been developed by Advani and Hosman, [5]. Whereas standard objective evaluation
methods rely on requirements in the time domain, the OMCT looks at the frequency domain
of the motion spectrum.

Relevant Literature

Similarly to Sinacori in [6], the OMCT studies the gain and phase shift of the MCA. However,
whereas Sinacori only studies the frequency response at 1 [rad/s], the OMCT evaluates cueing
performance by constructing so-called frequency response functions of the motion system,
by exciting the motion system with a sinusoidal input signal at 12 predefined frequencies.
Each of the six axes is excited separately, resulting in 6 direct frequency response functions.
Furthermore, to study inter-axes coupling, four extra tests are included to study pitch-surge
and roll-sway coupling. The OMCT was added as an amendment to ICAO document 9625
in [4] in 2009.

An effort has been made to combine the OMCT with a criterium for motion fidelity. A
criterium for motion fidelity was proposed by Advani and Hosman in 2007, given in [7], but
was not adopted. In 2013, a practice of industries best standards was given by Hosman in [8].
At this point, the OMCT is therefore a useful tool to investigate the motion characteristics
and have meaningful discussion about the relative motion fidelity between different cueing
settings. Unfortunately the OMCT is not (yet) a stand-alone method to evaluate the absolute
motion fidelity of the cueing system.

Practical implementation of the OMCT was described in [8] in 2013. On the limitations of
the OMCT, Stroosma concludes that due to uncoupled input axes and assumed linearity of
the input spectrum the OMCT may give an incomplete picture of motion characteristics:
”Input signals may have abstracted away some characteristics of the aircraft motions that
play an important role in operational use. An example is the fact that for large [fixed-wing]
aircraft a yaw motion is usually also accompanied by a sway specific force due to the distance
of the pilot station to the center of gravity.” [9]

Furthermore, Seehof concluded in 2014 the following on general applicability of the OMCT
for all aircraft and training purposes in [10]:

• The OMCT uses a simplified set of input signals. For example, during take-off, in
surge direction, the accelerations of the aircraft might be larger than 1 [m/s2], which
is the amplitude prescribed by the OMCT. Results of the OMCT therefore may not be
representative for this particular maneuver.

• The training purpose of the simulation may vary to a large extend. Up to now, no
helicopter simulation has been investigated with respect to the OMCT.
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From previous research into the practical implementation of the OMCT, it can be concluded
that there exist doubts about the representativity of the input signals of the OMCT. To date,
no studies have been conducted into the representativity of the OMCT for different aircraft
dynamics. Therefore the effect of aircraft dynamics on predicted objective motion fidelity is
poorly understood. This report aims to improve the understanding of the OMCT by studying
the effect of aircraft dynamics on predicted objective motion fidelity.

Investigating the Representativity of the OMCT in the Helicopter
Domain

One way to evaluate the effect of aircraft dynamics on predicted motion characteristics is
by applying the OMCT to a fundamentally different aircraft model. Since the input signals
of the OMCT were developed with fixed-wing aircraft in mind, [5], it hypothesized that an
application into the rotorcraft domain might yield different predicted motion characteristics.
The following question was therefore posed.

To what extend is the set of input signals of the OMCT representative for helicopter mo-
tion and how do deviations from this set affect the predicted motion characteristics of the
simulator in the longitudinal plane?

This question consists of two parts. Firstly, the current set of input signals needs to be
compared to helicopter motion. Secondly it important to see which deviations from this set
of input signals might affect the motion cueing algorithm and therefore the predicted motion
fidelity of the simulation.

Furthermore it can be seen that this research is narrowed down to the longitudinal plane.
Due to time constraints an analysis with 6 degrees-of-freedom is considered outside the scope
of this project.

To answer this question, the following research objectives were set for this project.

1. Identify the state-of-the-art in motion fidelity assessment techniques for simulators, by
performing a literature study.

2. Study the motion characteristics of helicopters by finding or simulating representative
motion and converting relevant time-traces to the frequency domain.

3. Study the motion characteristics of a classical washout algorithm on a 6DOF hexapod
motion cueing system, by performing a OMCT sensitivity analysis to changes in the
input signals set.

The result from these objectives will be a qualitative analysis of the representativity of the
OMCT in the helicopter domain. It is possible that the OMCT is found to be representative,
either because the current set of input signals resembles helicopter motion well, or due to the
the fact that identified misrepresentation from this set do not affect the MCA. In that case,
this research will serve to support the OMCT in its current form.
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A Better OMCT?

However, since previous research has already identified potential misrepresentations by the
OMCT for fixed-wing aircraft motion, it is hypothesized that potential misrepresentations
in the helicopter domain can be identified. If it is found that the OMCT might not be
representative for particular motion characteristics, a logical next step would be to attempt
to design a better OMCT. By doing so an answer is sought to the following research question.

Is it possible to define a potential superior set of OMCT input signal, that better represents
helicopter motion in the longitudinal plane?

To this end, the following research objective was identified.

4. Design a tailored OMCT, better representing helicopter motion, using knowledge from
the first three research objectives.

If it is found to be possible to construct a test with a different set of input signals than the
current OMCT, it is interesting to see the predicted motion characteristics from such a test.
If predicted motion characteristics differ from the original OMCT, this result will serve as a
support for the findings from the first research question.

Helicopter motion is not only influenced by the dynamics of the aircraft, but also by atmo-
spheric disturbances and pilot control input. It is therefore hypothesized that the answers to
the research questions described here are influenced by pilot control strategy.

Investigating the Influence of Pilot Control Strategy

A logical next would therefore be to investigate the influence of pilot input to the preceding
analysis. Therefore there can be distinguished a third part to this research project. The
research question to be answered here is the following.

What is the influence of pilot control behavior on the frequency response functions computed
by means of a tailored OMCT?

Whereas atmospheric turbulence is standardized and easily implemented in off-line simula-
tions, models for pilot control strategy are often complex and difficult to implement. Pilot
control strategy was therefore taken into account by performing a pilot-in-the-loop experi-
ment on the SIMONA Research Simulator (SRS). This resulted in a final objective for this
research project.

5. Study the effect of pilot control behaviour on the predicted motion characteristics of a
tailored OMCT, by performing a pilot-in-the-loop experiment on the SRS.

A secondary purpose of the pilot-in-the-loop experiment is to validate identified differences
in predicted motion fidelity between a tailored OMCT and the original OMCT by means
of subjective assessment of different motion conditions. In this report, this final research
objective will therefore be referred to as validation experiment.
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Thesis Roadmap

Figure 1-1 links proposed research objectives for this research project in a roadmap. Figure 1-1
indicates objectives described by the preliminary analysis with a blue dotted line. A validation
experiment in the SRS is indicated by a red dotted line.

Pilot-In-The-
Loop 
Simulation

Validation Experiment
Literature 
Study

1

5

Simulated 
MTEs

2

Preliminary Simulations

OMCT 
Sensitivity 
Analysis

3

Design 
Tailored 
OMCT

4

Figure 1-1: Roadmap linking different objectives for this research project.

Results from the pilot-in-the-loop simulation will be used for redesign of the tailored OMCT,
hence the feedback structure depicted in Figure 1-1.

Report Structure

This final report consists of four parts. The first part is an article written for intended
publication on the 73rd annual forum of the American Helicopter Society in may 2017, Part I.
This article entails the results of all research objectives presented in this introduction, and
can be read as a stand-alone document. For readers with little time, it is recommended to
focus on the first part of this thesis.

In the second part the results of preliminary simulations are presented, that is, all results
from research objectives that could be achieved off-line, without the need for pilot-in-the-loop
simulation. After several addenda and errata were found in the original published preliminary
report, [11], it was decided to create a revised version of several chapters for this document,
Part II. Table 1-1 links the revised chapters from [11] to the research objectives as were
identified in this introduction.

Table 1-1: Report Structure, allocating research objectives to appropriate chapters.

Research Objective Chapter
1. Literature Study chapter 2
2. Simulate Helicopter Motion chapter 3
3. OMCT Sensitivity Analysis chapter 4
4. Design Tailored OMCT chapter 5
5. Pilot-in-the-loop Simulation -

It can be seen that, for a description of the validation experiment, the reader is not referred
to the Part II, but to the paper, Part I.
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Subsequently, in Part III, revised appendices to the preliminary simulations are given. These
appendices are presented in the order to which they are referred to in chapters 2 to 5 and
contain background information and specific results for the off-line analysis. In Table 1-2 the
contents of these appendices is explained.

Table 1-2: Structure of the revised appendices to the preliminary report.

Appendix Contents
Appendix A Derivation of a Flapping Equation - In this appendix, background infor-

mation will be given about helicopter dynamics. A form of the flapping equa-
tion will be derived without the influence of forward flight velocity. Readers
with limited knowledge about helicopter dynamics and its symbol conventions
are recommended to read this appendix.

Appendix B The DRA (RAE) Research Lynx, ZD559 - A schematic side, top and
front view, and numerical values used in the mathematical helicopter model
will be given here, [12].

Appendix C MTE Description and Performance Standards - A description and per-
formance standards for the take-off and abort and hover MTEs from ADS-33,
[13], will be given here.

Appendix D OMCT Verification - The results from an off-line Objective Motion Cueing
Test will be presented together with results from an on-line implementation on
the SRS by Stroosma, [9]. Furthermore, the shapes of the frequencies response
functions will be explained with reference to the classical washout algorithm.
Readers that are new to the OMCT are encouraged to read this appendix.

Appendix E OMCT Sensitivity to MCA Settings - Sensitivity of the frequency re-
sponse functions of the OMCT was investigated in the longitudinal plane by
means of a parametric study. Results are presented here.

Appendix F SRS Geometry - This appendix presents the lay-out of the SRS, together
with some key parameters, taken from [14].

Appendix G OMCT Sensitivity to MCA Settings: Tuning - Frequency-domain in-
formation from the Mission Task Elements is combined with the results from
Appendix E.

Appendix H OMCT Sensitivity to Input signals - In this appendix, a sensitivity analy-
sis of the OMCT with respect to the amplitude of the input signals is presented.
The OMCT structure, including cross-tests is maintained.

Appendix I Tailored OMCT Sensitivity to MDA Settings - Results from a sensitivity
analysis conducted in a similar fashion as in Appendix E are given here. Two
sets of input signals are considered: firstly a set based on a take-off and abort
MTE and secondly a set based on the hover MTE.

W.H. Dalmeijer Motion Fidelity Assessment for Helicopter Simulations



7

Finally, appendices to the paper are presented in Part IV. Here the results from the valida-
tion experiment on the SRS are given in 6 chapters. Table 1-3 gives the contents of these
appendices.

Table 1-3: Structure of the appendices to the validation experiment.

Appendix Contents
Appendix J Time-Domain Data - Firstly, the performance in terms of the longitudinal

and vertical position of six runs from the validation experiment is presented
here. Three runs correspond to the take-off and abort MTE and three runs
correspond to the hover MTE. For each MTE, an example of a run with good
performance, average and bad performance is given. Secondly, corresponding
time-traces of the specific forces and pitch rotational accelerations are given.

Appendix K Frequency-Domain Data - The amplitude and phase spectra of the six
example runs from Appendix J is given in this appendix. Also the least-
squares fit for the pitch, surge and heave motion characteristics is given.

Appendix L Tailored OMCT Input signals - This appendix gives the tailored input
signals for a tailored OMCT based on each run of the validation experiment,
together with a mean and standard deviation of the phase and amplitude.

Appendix M Tailored OMCTs - In this appendix gives the frequency response functions
based on all runs of the validation experiment, including a mean and standard
deviation of the phase and gain.

Appendix N Analysis of Pilot Control Input - Pilot input was studied in the frequencies
domain. In this appendix frequency-domain characteristics of the collective
and cyclic pitch are presented.

Appendix O Pilot feedback - Finally, in this appendix the pilot feedback in terms of a
simulation fidelity metric and verbal comments is given for all three pilots.

W.H. Dalmeijer
Delft, December 2016
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ABSTRACT
In search of a more objective way to evaluate motion cueing fidelity, the Objective Motion Cueing Test (OMCT) was
proposed by Advani and Hosman in 2006. However, an application of this test for rotorcraft has not yet been studied.
The objectives of this paper are therefore (1) to investigate the extent to which the OMCT is representative for rotor-
craft, (2) to investigate whether a potentially superior OMCT, better representing helicopter motion, can be defined
and (3) to validate potential differences in the prediction of motion characteristics between an OMCT based on the
helicopter motion, and the current OMCT, with a pilot-in-the-loop experiment on the SIMONA Research Simulator
(SRS). It was found that the current OMCT has a set of input signals which is representative for helicopter heave
motion, but might not be representative for pitch and surge motion characteristics. Using an OMCT tailored to longi-
tudinal helicopter motion, notable differences in helicopter pitch and surge motion characteristics were found. Using
pilot-in-the-loop simulation data, the effect of pilot control behaviour on the proposed methodology was studied. It
was seen that, although differences were identified, the main trend of the frequency response functions was determined
by the dynamics of the helicopter model. It is recommended to evaluate the current set of input signals of the OMCT
for a variety of models, also incorporating lateral motion, and tasks using a similar method presented in this article.

INTRODUCTION

For simulator certification, the integrated performance of mo-
tion cueing systems is evaluated using subjective pilot assess-
ment, according to ICAO guidelines in Ref. 1. This means
that before a simulator can be used for training, an experi-
enced test pilot evaluates its performance. Based on his feed-
back, engineers then modify the settings of the Motion Cue-
ing Algorithm (MCA). A disadvantage of subjective assess-
ment however, is that the results are often hard to repeat, that
is, different pilots may assess the same motion cueing system
differently, as was stated in Ref. 2.

In search for a method to more objectively evaluate simu-
lator performance the Objective Motion Cueing Test (OMCT)
was proposed by Advani and Hosman in Ref. 3 in 2006.
Similarly to Sinacori in Ref. 4, the OMCT studies the gain
and phase shift of the MCA. However, whereas Sinacori only
studies the frequency response at 1 [rad/s], the OMCT evalu-
ates cueing performance by constructing so-called frequency
response functions of the motion system, by exciting the mo-
tion system with a sinusoidal input signal at 12 predefined

To be presented at the AHS 73rd Annual Forum, Forth Worth,
Texas, May 9–11, 2017. Copyright c� 2017 by the American
Helicopter Society International, Inc. All rights reserved.

frequencies. Each of the six axes is excited separately, result-
ing in six direct frequency response functions. Furthermore,
to study inter-axes coupling, four extra tests are included to
study pitch-surge and roll-sway coupling. Table 1 gives a ma-
trix containing the input and output axes for longitudinal tests.
The OMCT was added as an amendment to ICAO document
9625 in Ref. 1 in 2009.

Table 1: Longitudinal OMCT test numbers, according to
Ref. 3.

Input Axis Output Axis
Pitch Surge Heave

Pitch 1 2 -
Surge 7 6 -
Heave - - 10

An effort has been made to combine the OMCT with a cri-
terium for motion fidelity. A criterium for motion fidelity was
proposed by Advani and Hosman in 2007, given in Ref. 5, but
was not adopted. In 2013, a practice of industries best stan-
dards was given by Hosman in Ref. 6 and again in 2016 in
Ref. 7. At this point, a fidelity criterium does not exist. the
OMCT is therefore a useful tool to investigate motion char-
acteristics of different cueing settings, but unfortunately not

1



(yet) a stand-alone method to evaluate the motion fidelity.
Practical implementation of the OMCT was described in

Ref. 8 in 2013. On the limitations of the OMCT, Stroosma
concludes that due to uncoupled input axes and assumed lin-
earity of the input spectrum the OMCT may give an incom-
plete picture of motion characteristics:
”Input signals may have abstracted away some characteris-
tics of the aircraft motions that play an important role in oper-
ational use. An example is the fact that for large [fixed-wing]
aircraft a yaw motion is usually also accompanied by a sway
specific force due to the distance of the pilot station to the
center of gravity.” Ref. 8

In the time domain, these abstractions become apparent.
Figure 1 shows the motion output of a helicopter model during
10 [s] of hover in a longitudinal pilot-in-the-loop simulation,
together with the input signal of an OMCT for a pitch fre-
quency response function. For this particular test, the OMCT
excites the MCA with Aisinwit on the pitch rotational channel.
However, since it is assumed that aircraft pitch-surge motion
is uncoordinated, also a term gsinq is put on the surge chan-
nel. In this case, q is the aircraft pitch angle. Heave motion is
not excited.
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Fig. 1: Typical motion input to the MCA for a helicopter
during hover, plotted together with the seventh input sig-
nal for the pitch frequency response function, OMCT test
1, (w7 = 1.585[rad/s]).

It can firstly be seen that the OMCT excites only pitch and
surge axes, whereas during a hover simulation all three lon-
gitudinal degrees-of-freedom are excited. Secondly it can be
seen that the OMCT input signals are not of the same phase as
those of the hover task. Looking at the specific force in surge
direction, fx, from 1 to 5 [s], it can be seen that the OMCT ex-
cites this axis at roughly 180 [deg] phase difference with the
helicopter motion, whereas at the same time the pitch axis, q̇,
is excited with a similar phase, 0 [deg].

Furthermore, Seehof concluded in 2014 the following on
general applicability of the OMCT for all aircraft and training
purposes in Ref. 9:

• The OMCT uses a simplified set of input signals. For
example, during take-off, in surge direction, the acceler-
ations of the aircraft might be larger than 1 [m/s2], which
is the amplitude prescribed by the OMCT. Results of the
OMCT therefore may not be representative for this par-
ticular maneuver.

• The training purpose of the simulation may vary to a
large extent. Up to now, no helicopter simulation has
been investigated with respect to the OMCT.

For a representative test in the case of figure 1, the ad-
dition of all 12 OMCT input signals should result in a signal
with similar characteristics as the hover task of figure 1. How-
ever it can be seen that the amplitude of for example the surge
input is similar to that of the hover task, already for just one
frequency. A reconstruction of all 12 frequencies would likely
result in a signal with too large amplitude for this task.

From previous research it can be thus be concluded that
doubts exist about the extent to which the OMCT is represen-
tative in the helicopter domain. Underlying assumptions of
the OMCT about the motion of fixed-wing aircraft may not be
fully transferable. The first objective of this paper is therefore
to investigate the extent to which the OMCT is representative
for rotorcraft. A second objective is to investigate whether a
potentially superior set of input signals better representing he-
licopter motion can be defined. A third objective is to validate
potential differences in the prediction of motion characteris-
tics between an OMCT based on the helicopter motion and
the current OMCT with a pilot-in-the-loop experiment on the
SIMONA Research Simulator (SRS).

EFFECT OF OMCT ASSUMPTIONS ON
THE FREQUENCY RESPONSE FUNCTIONS

From literature two main assumptions of OMCT input signals
on helicopter motion were identified: an uncoupled input and
a linearity of the input spectra. However, what is the influence
of these assumptions on the evaluation of motion characteris-
tic of a classical washout algorithm in the longitudinal plane?

fx,AP

gsinθ

fx,SP

qAP

.
qSP
.

K
x

Kθ

-gsinθ

rate limiter 

ax

Fig. 2: Schematic representation of a cueing algorithm for
pitch and surge in the longitudinal plane.

Figure 2 shows a schematic representation of a classical
washout algorithm based on Reid an Nahon, Ref. 10, but for
pitch acceleration and surge acceleration only. In figure 2,
surge and pitch acceleration from the mathematical model
are indicated with indices AP and the outgoing motion to
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the simulator is indicated with indices SP. Two main chan-
nels can be distinguished: a translational channel and a rota-
tional channel. Furthermore, sustained accelerations are sim-
ulated by means of tilt coordination channel. Figure 3 shows a
schematic representation of a classical washout algorithm for
heave.

K
z

fz,AP

-gcosθ

fz,SP

gcosθ

Fig. 3: Schematic representation of a cueing algorithm for
heave in the longitudinal plane.

Note that all frequency response functions presented in this
paper were obtained using a classical washout algorithm ac-
cording to figure 2 and figure 3. Parameters were set accord-
ing to table 2, unless specifically specified otherwise.

Table 2: Longitudinal settings for the classical washout
algorithm.

K wn z wb wLP
[�] [rad/s] [�] [rad/s] [rad/s]

Pitch 0.7 0.8 1.0 0.0 -
Surge 0.7 1.0 1.0 0.0 2.0
Heave 0.5 2.5 1.0 0.2 -

Coupling of Input Signals

Crosstalk from Surge to Pitch The most important cou-
pling in the cueing algorithm is crosstalk from surge to pitch.
Sustained surge motion is simulated by tilting the simulator
through a low-pass filter in the tilt coordination channel. This
form of crosstalk is studied by the OMCT in 2 tests. Firstly in
test 7 the surge axis is excited and the output on the pitch axis
is measured, resulting in a pitch frequency response function
due to an input on surge. Figure 4 shows the gain, |H7|, and
phase, 6 H7 of test 7 for different cueing settings.

It should be noted that the simulator pitch angle was taken
as output for this test, as was done by Hosman in Ref. 7, as
opposed to the simulator pitch acceleration, as was done by
Stroosma in Ref. 8. Since test 7 is essentially a frequency
response function of the low-pass filter in the tilt coordination
channel, such a representation can be more intuitively related
to the MCA.

A typical tuning purpose of this test would be to determine
the low-pass break frequency of the tilt coordination channel.
As can be seen from figure 4, a higher break frequency will
result in more cross coupling from surge to pitch, since the
gain is larger for higher break frequencies. However, it is hard
tune the algorithm based on this figure alone. It is is not clear
which combination of gain and phase results in a simulation
with a high predicted motion fidelity. Crosstalk from surge to
pitch is a false cue, but due to the presence of tilt coordination
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Fig. 4: Pitch frequency response function for a surge in-
put, test 7 of the OMCT.

unavoidable. The gain of test 7 should not be as low as possi-
ble. However, a too large gain might result in unwanted pitch
acceleration.

A solution to this problem might be to compare the results
from test 7 with vestibular thresholds, such as obtained in Ref.
11. The hypothesis here is that if the frequency response func-
tion stays below thresholds of the semi-circular canals, the
crosstalk from surge to pitch is acceptable. However, it could
be that the characteristics of the crosstalk are sub-threshold
in the frequency-domain, but are super-threshold in the time
domain. Secondly motion cues presented to the pilot do not
only depend on the cueing system, but also on the motion of
the aircraft, which is not taken into account with such an ap-
proach. Another way to get a more complete picture of the
pitch motion characteristics is to combine test 7 with a direct
pitch frequency response function, test 1.

Test 1 studies crosstalk from surge to pitch in a pitch fre-
quency response function using both surge and pitch input.
Since for fixed-wing aircraft it is assumed that there is an un-
coordinated motion between pitch and surge, also a signal is
fed into the simulator on surge: fx = gsin(q). These signals
were visualized in the time domain in figure 1. The frequency-
domain response is visualized in figure 5.

In figure 5 three situations are depicted. Firstly a frequency
response function from the current OMCT is depicted, indi-
cated by fx = gsin(q). Helicopter motion is mostly coordi-
nated, which is a common assumption for helicopter dynam-
ics in simulator fidelity research, used for example in Ref. 12
and Ref. 13. This is an indication that during a regular heli-
copter task, fx = u̇�gsin(q) ⇠= 0. In figure 5 this scenario is
represented by fx = 0. Thirdly a test is shown were instead of
fx = gsin(q), fx = �gsin(q) is cued. This is corresponding
to the findings from figure 1, where it was seen that the rel-
ative phase difference between pitch and surge was roughly
180 [deg] between 1 and 5 [s].

It can be seen that the choice of input on the surge chan-
nel significantly influences pitch motion characteristics, espe-
cially at low frequencies.
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Fig. 5: Pitch frequency response computed with an input
on pitch and surge axes, test 1 of the OMCT

Crosstalk from Pitch to Surge Crosstalk from pitch to
surge originates from the transformation between the aircraft
body frame of reference and the simulator inertial frame, in-
dicated by �gsinq in figure 3 and the transformation from the
inertial frame of reference of the simulator to the simulator
body frame, indicated by gsinq . q in this case is the filtered
pitch angle of the simulator. The OMCT studies this crosstalk
by means of test number 2. Figure 6 shows a surge frequency
response function due to an input on the pitch and surge chan-
nels.

10-1 100 101

ω [rad/s]

0.001

0.01

0.05

|H
2
|[
m
/d
eg
]

ω
nθ

=0.5 ω
nθ

=1.0 ω
nθ

=2.0

10-1 100 101

ω [rad/s]

-200

-100

0

̸
H

2
[d
eg
]

Fig. 6: Surge frequency response function due to pitch in-
put, test 2 of the OMCT.

A typical tuning purpose of this test would be to determine
the high-pass break frequency of the pitch channel. As can
be seen from figure 6, a higher break frequency will result in
more cross coupling from pitch to surge. However, as was the
case for figure 4, the results from figure 6 are hard to interpret.

• As for test 1 displayed in figure 5, both an input on pitch
axis and on the surge axis is used for this test. Therefore,
not only is pitch-surge coupling included, but also surge-
pitch coupling.

• Furthermore, surge acceleration ax, not specific force fx

is taken as the output for this test.
• Cross talk from pitch to surge is a false cue but, like

surge-pitch crosstalk not entirely unavoidable, as was
discussed in Ref. 12. Similar to figure 4, it is therefore
hard to judge surge motion characteristics based on test
2 alone. For a more complete picture of surge motion fi-
delity, test 2 should therefore be combined with a direct
surge frequency response function, test 6 of the OMCT.

Linearity of Input Signals

From figure 1, it was seen that the amplitude of the surge in-
put for an OMCT for pitch motion characteristics is larger
than the actual input on the surge axis during pilot-in-the-loop
hover simulation. The difference in amplitude might affect
the OMCT for all non-linear elements in the motion cueing
algorithm. Looking at figure 2 and figure 3, it can be seen
that the most important non-linear element in the filter is the
rate limiter in the tilt coordination channel. This limiter is
present in the MCA to ensure that rotational rates from the tilt
coordination channel are below perception thresholds. OMCT
sensitivity to rate limiting was studied by Advani and Hosman
in Ref. 7.

The effect of this non-linearity is illustrated by looking at
test 6 with different amplitudes of the input spectrum, given
in figure 7.
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Fig. 7: Surge frequency response function computed us-
ing an input signal on the surge axis, fx = Asin(wt), with
different amplitudes, test 6 of the OMCT.

It can be seen that for this particular motion setting, the fre-
quency response at the Sinacori frequency of 1 [rad/s] ranges
from a modulus from 0.05 to 0.3. In practice this means that
this cueing setting can have an OMCT gain varying with a
factor 6 depending on the method of evaluation.

Issues with a possible implementation of the OMCT in the
helicopter domain can be summarized essentially in three cat-
egories. Firstly surge-pitch coupling is represented incorrectly
in the direct pitch frequency response function, figure 5. Sec-
ondly the results from cross coupling tests 2 and 7, given by
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figure 6 and figure 4 respectively, are hard to interpret. Finally
there is a large sensitivity to rate limiting in the tilt coordina-
tion channel.

These issues boil down to to the fact that the OMCT might
not incorporate knowledge about the physical motion of the
helicopter sufficiently. Therefore, to find a more representa-
tive set of input signals for the OMCT, helicopter motion in
the longitudinal plane needs to be studied in the frequency
domain.

A BETTER OMCT?
An off-line simulation using a helicopter model and a non-
human controller was conducted. Time traces of this simu-
lation were thereafter transformed to the frequency domain
and used to tailor a set of input signals, and subsequently an
OMCT, to the motion of the off-line simulation.

Setting Up an Off-line Simulation

A reference task is needed for the set-up, yielding a reference
trajectory that is representative for regular helicopter simula-
tor training operations. Secondly it should be standardized,
such that any results from this analysis can be compared to
other research. A third requirement would be that the trajec-
tory should sufficiently excite the dynamics of the aircraft on
the frequency range of the OMCT.

Considering these requirements it was decided to use a
Mission Task Element (MTE) from ADS-33, Ref. 14, a mili-
tary design standard for handling qualities requirements. The
resulting off-line simulation is schematically represented in
figure 8.

Lynx Model

Non-human 
ControllerMTE

+

-

fx 
fz
q.

Fig. 8: Schematic flow chart of the off-line simulation.

A longitudinal MTE which is frequently used in simulator
training, is an aborted take-off, referred to from now on as a
take-off and abort. This task is initiated during hover at 35
[ f t] wheel height. The helicopter is accelerated to 40-50 [kts],
keeping the altitude constant as much as possible, at which
point the take-off is aborted and the helicopter is decelerated
back to hover again. Figure 9 shows the velocity profile of the
take-off and abort MTE.

The goal of this MTE is to perform the maneuver in as
little time as possible. The maneuver should be stopped if the
helicopter is stabilized in hover at 800 [ft] from the starting
point of the task. Figure 3 gives the desired and adequate
performance for this task.

As can be seen from figure 9, the take-off and abort task
is maneuver containing mainly low-frequency signals. To ex-
cite the higher frequencies on the OMCT spectrum, it was

V [kts]

V = 40-50 [kts]

t [s]

Fig. 9: Schematic of the Take-Off and Abort Mission Task
Element.

Table 3: Adequate and desired longitudinal performance
for a take-off and abort Mission Task Element.

Adequate Desired
Altitude [ f t] < 75 < 50
Time to complete [s] < 30 < 25

therefore decided to also study a hover MTE using turbulence,
since this task is more precise and requires higher frequency
inputs from the controller.

A hover MTE is started at a small forward velocity of 6-10
[kts]. It is the goal of the pilot to stabilize the helicopter in
hover at a specific location and remain in stabilized hover for
30 [s]. Figure 10 shows the velocity profile of a hover MTE.

V [kts]

t [s]

V0 = 6-10 [kts]

Hover

Fig. 10: Schematic of the Hover Mission Task Element.

Figure 3 gives the desired and adequate performance for
this task.

To control the aircraft during these two MTEs, a controller
consisting of two parts was designed and implemented. Firstly
there is a PD controller, controlling the collective to keep the
altitude constant throughout the maneuver. Secondly there is
a PID controller computing a desired cyclic pitch to follow
a velocity trajectory, according to the specific Mission Task
Element.

A 3 Degrees-Of-Freedom, non-linear, longitudinal heli-
copter model was implemented, with numerical values taken
from a DRA Research Lynx, Ref. 15. Equations of motion
are given in appendix A. The following assumptions made on
the dynamics and on the main rotor blades have particular in-
fluence on a tailored set of OMCT input signals.
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(b) Surge.
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(c) Heave.

Fig. 11: Amplitude and relative phase spectra used for a tailored OMCT.

Table 4: Adequate and desired longitudinal performance
for a hover Mission Task Element.

Adequate Desired
Time to stabilize [s] < 8 < 3
Longitudinal position [ f t] +/�6 +/�3
Altitude[ f t] +/�2 +/�5

• Fuselage drag was estimated by D = CD
1
2 rV 2S, with

CD = 0.08[�] taken from Ref. 15. All other aerodynamic
forces on the fuselage were neglected.

• A non-eccentric, spring-less flapping hinge and no drag
forces on the main rotor were assumed. The effect of this
assumption is that there are no moments or drag acting
on the main rotor hub. Since these forces are small com-
pared to the thrust force, as was stated in Ref. 16, this
is considered a valid assumption for the purposes of this
research.

• Quasi-steady inflow velocity and flapping dynamics are
assumed.

• The engine is assumed to deliver the power required
without delay, resulting in a constant RPM.

The result of these assumptions is that the only contribu-
tions to the specific forces in surge and heave direction are the
main rotor thrust and the fuselage drag force. Furthermore,
any pitch rotational acceleration is due to the main rotor thrust
force.

To excite the higher frequencies on the OMCT spectrum,
a turbulence model was implemented during the hover MTE.
This turbulence model set a deviation from the body velocities
u and w are using a Dryden spectrum according to Ref. 17. No
rotational component in the turbulence was used.

Time traces of specific forces fx and fz and pitch accelera-
tion q̇ were computed for both MTEs. These time traces were
subsequently converted to the frequency domain by means of
the Fast Fourier Transform (FFT). This process results in 2
sets of 3 Power Spectral Densities (PSDs).

Tailoring the Input Signals

The amplitude from the PSDs can be used to make an estimate
of a tailored amplitude spectrum directly. However, it is of im-
portance to capture the relative phase between degrees of free-
dom. From figure 5 it was seen for example, that an OMCT
pitch frequency response function is influenced significantly
by the input of the surge axis. If the surge axis is excited
by gsinq , the pitch motion characteristics at lower frequen-
cies seem favourable. However, if the surge axis is excited by
an input with 180 [deg] relative phase difference, or �gsinq ,
there is a 180 [deg] phase shift in the response function at low
frequencies.

Following this reasoning it was decided to use both the
amplitude and phase information from the PSDs. The abso-
lute phase of the pitch axis was therefore set to zero and the
relative phase for surge and heave was computed according
to:

6 fx = 6 q̇� 6 fx (1a)
6 fz = 6 q̇� 6 fz (1b)
6 q̇ = 0 (1c)

However, due to the characteristics of the FFT, not on ev-
ery OMCT frequency there is an estimate of the amplitude
and phase. Therefore a model was made based on univariate
splines to estimate amplitude and phase on OMCT frequen-
cies. One set of input signals for the take-off and abort task
and one set for the hover MTE were determined. Figure 11
shows the amplitude and relative phase models for pitch-surge
and heave respectively.

Several interesting observations can be made from fig-
ure 11.
• Firstly it can be seen that amplitude at most points is a

factor 50 times smaller than 1 [m/s2], which is the am-
plitude used for the current OMCT according to Ref. 1.
This indicates that the signals going into the classical
washout algorithm are over-sized in the original OMCT
for this specific MTE and helicopter model.
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(c) Heave.

Fig. 12: Comparison between two tailored OMCTs and the original OMCT.

• Secondly it can be seen that noise is present in the sig-
nals for frequencies above 2 [rad/s]. This noise due to a
combination of the effect of atmospheric turbulence for
the hover task and windowing from the FFT.

• Thirdly, the relative phase in figure 11b shows that the
relative phase between pitch and surge is about 100
[deg] for low frequencies and about 180 [deg] for w >
0.7[rad/s]. A positive pitch motion therefore means a
negative surge acceleration and vice versa.

A mathematical explanation for the last observation can be
sought in the equations of motions that were used for the he-
licopter model. The expression for the specific force in surge
direction is given by:

fx =�D
m

cosq f �
T
m

sin(q1c �a1) (2)

In this expression, q f is the pitch angle of the helicopter, q1c
is the angle of the control plane and a1 is the longitudinal
flapping angle. However, since pitch acceleration is solely
caused by the thrust force, the second term in equation 2 can
be substituted, resulting in the following expression,

fx =�D
m

cosq f �
Iyy

mhR
q̇ (3)

where Iyy is the moment of inertia of the helicopter body and
hR is the distance between the c.g. and the rotor hub.

To evaluate the relative phase between fx and q̇, it is impor-
tant to note that angular acceleration is the double derivative
of the helicopter pitch angle, q̇ = q̈ f . If it is assumed that
q=̇sin(wt) then q f =� 1

w2 sin(wt) =� 1
w2 q̇. Substituted into

equation 3 this gives:

fx =�D
m

cos(� 1
w2 q̇)�

Iyy

mhR
q̇ (4)

It can be seen that for high frequencies, � 1
w2 q̇ becomes small,

and fx is only influenced by � Iyy
mhR

q̇, meaning that the relative
phase between pitch and surge for high frequencies is that of
� Iyy

mhR
or 180 [deg].

Tailoring the OMCT

During pilot-in-the-loop simulation, different DOFs are ex-
cited simultaneously. Therefore it was decided to use the tai-
lored input signals to excite different DOFs simultaneously.

A classical washout algorithm as was given in figure 2 and
figure 3 with a parameter set equal to that of table 2 was ex-
cited on pitch, surge and heave simultaneously. The result is
presented in figure 12, where the tailored OMCT is compared
to the original OMCT. Figure 12a, figure 12b and figure 12c
show the frequency response functions of the pitch channel,
the surge channel and the heave channel respectively.

It was chosen to tailor the OMCT using the same 12 pre-
scribed OMCT frequencies ranging from 0.1 to 15.8 [rad/s],
since a larger amount of frequencies would hinder any prac-
tical implementation of a tailored test in the future. Since all
axes are excited simultaneously, the cross tests for the original
OCMT lose their significance and are no longer performed.

The following observations can be made from the compar-
ison between the original and tailored OMCT.

• At low frequencies for the pitch frequency response
function, the current OMCT predicts favorable motion
characteristics, with a gain of close to 1 and a phase close
to 0 [deg]. However, both the tailored OMCT based on
the hover task and on the take-off and abort task predict
poor motion characteristics with a low gain and a phase
around 200 [deg] lead. This is an indication pitch-surge
motion in this case is more coordinated, corresponding
to the case of fx = 0 in figure 5. At high frequencies
upswing is present in the hover task. For the take-off
and abort task, the gain is lower than the current OMCT.
These phenomena are the result of crosstalk from the
surge to the pitch axis. Similarly to figure 4, in fig-
ure 13 the low-pass break frequency on the tilt coordi-
nation channel was varied.
From figure 13 it can be seen that when tuned such that
little coupling is expected from surge to pitch, the pitch
frequency response function resembles a high-pass filter.

• From figure 12b it can be seen that the surge frequency
response function for the original OMCT predicts a ’gap’
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Fig. 13: Pitch frequency response function tailored to a
Hover MTE.

in motion characteristics between the tilt coordination fil-
ter and the surge translational channel. However, for the
tailored OMCTs, surge motion is cued more than in ac-
tual helicopter flight. From figure 12b it can be seen that
the magnitude becomes larger than 1, for some frequen-
cies. This effect is due to crosstalk from pitch to surge.
Similarly to figure 6, in figure 14 the high-pass break fre-
quency on the pitch channel was varied.
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Fig. 14: Surge frequency response function tailored to a
Hover MTE.

It can be seen that by tuning the classical washout algo-
rithm such that little coupling is expected from pitch to
surge, the surge frequency response function resembles
the original OMCT.

• There is little difference between the frequency response
function for heave for the original OMCT and a tailored
OMCT. This is an indication that in the classical washout
filter, heave is mostly uncoupled with other DOFs.

With this methodology, notable differences in the motion
cueing characteristics were identified for the pitch and surge
axes. Most importantly it was seen that coupling between
pitch and surge are directly visible in the frequency response
plots figure 12a and figure 12b, as an addition to frequency

response functions from the original OMCT.
For actual pilot-in-the-loop simulation, the human con-

troller will influence the control input of the model and there-
fore the characteristics of the helicopter motion. A limitation
of the preceding analysis is therefore that the amplitude and
relative phase of different degrees of freedom are not only in-
fluenced by the dynamics and Mission Task Element, but also
by pilot control behavior.

VALIDATION EXPERIMENT
Identified differences in the prediction of motion characteris-
tics between a tailored OMCT and the current OMCT were
validated with a pilot-in-the-loop experiment. The primary
objective of this experiment is to study the influence of pilot
control behavior on a tailored OMCT. Secondly, it interesting
to see if upswing on the surge axis due to pitch-surge coupling
has any influence of pilot fidelity ratings. Figure 15 shows a
schematic representation of the experimental set-up.

Lynx Model
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Fig. 15: Schematic flowchart of a pilot-in-the-loop simula-
tion.

Experimental Set-up

For the validation experiment, the SIMONA Research Simu-
lator (SRS) at Delft University of Technology, figure 16, was
used. The SRS is a 6 Degree-Of-Freedom simulator devel-
oped for human-machine interface and handling qualities re-
search. The motion system is hydraulic, consisting of 6 ac-
tuators. Figure 16 shows the exterior and the interior of the
SRS.

(a) Exterior. (b) Interior.

Fig. 16: SIMONA Research Simulation (SRS).

The SRS is equipped with an 180 by 40 [deg] field of view
collimated outside visual display, which together with a high
quality scene detail and an update rate of 120 Hz results in
high fidelity visual cues provided to the pilot. The visual cues
are synchronized with the motion cues to within 10 [ms].
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Control was provided to the pilot by means of a collective
and a the longitudinal cyclic only. A basic 6 instrument set-up
was provided digitally on the center Multi-Function Display
(MFD) of the SRS

For this experiment, a non-linear 3-DOF mathematical
model equal to that of the off-line analysis was implemented
in the simulation architecture of SRS.

Mission Task Elements Similarly to the off-line analysis
two MTEs were flown. Firstly a take-off and abort task was
performed. Table 3 depicts desired and accurate performance
according to Ref. 14 for this task. Dedicated visual cues for
this task were implemented in the SRS visual display and are
illustrated by figure 17.

Fig. 17: Front view of the take-off and abort symbology.

Secondly a hover MTE was performed. Table 4 depicts
desired and accurate performance according to Ref. 14 for
this task. Figure 18a and figure 18b show dedicated visual
cues implemented in the SRS visual display.

(a) Front. (b) Diagonal.

Fig. 18: View of the hover symbology.

Motion Cueing Settings Besides the MTEs, a second in-
dependent variable for this experiment was considered. In
the off-line simulation, the most notable difference in mo-
tion characteristics between the tailored OMCT and the cur-
rent OMCT was the upswing on the surge frequency response.
This upswing was due to crosstalk from pitch to surge, influ-
enced mostly by the high-pass break frequency on the pitch
channel. It is therefore interesting to see the influence of this
parameter on pilot fidelity ratings. To this end, four differ-
ent motion cueing conditions were presented to the pilot. The
high-pass pitch break frequency was varied, wnq = 0.5, 0.8,
1.2 and 1.5[rad/s]. Other parameters were set similarly to the
off-line simulation, given in table 2.

Experimental Procedure Three experienced helicopter pi-
lots participated in this experiment. Credentials are presented
in figure 5.

Table 5: Participants.

No. Flight Type Last Pilot
Hours Flight Type

1 1000 CH47D-F active Military
2 1000 CH47D-F active Military
3 Over 4000 Alouette III, 2014 Military

Cougar

Pilots were instructed to fly the simulator with a similar
control strategy as they would fly the aircraft. They were
also requested specifically to strive for desired performance
as much as possible. After a familiarization period in which
pilots were presented with all test conditions and were al-
lowed to practice until a stable performance for both tasks was
achieved, 8 test conditions were presented to the participant.
Each test condition was flown until 3 consecutive runs with a
stable performance were achieved. Thereafter the participant
was asked to award a fidelity metric for that particular condi-
tion. To avoid any additional learning between runs, different
motion settings were varied between conditions according to
table 6.

Table 6: Test matrix for three participants.

Condition Task wnq s1 wnq s2 wnq s3
1 Hover 0.5 1.2 0.8
2 Hover 1.2 0.8 1.5
3 Hover 0.8 1.5 1.2
4 Hover 1.5 0.5 0.5
5 TO-A 1.2 1.2 1.5
6 TO-A 0.5 1.5 0.8
7 TO-A 1.5 0.8 0.5
8 TO-A 0.8 0.5 1.2

The motion output of the flight model was recorded. With
these time-traces, tailored OMCTs were conducted. Secondly,
the fidelity of the different motion settings of the classical
washout algorithm will be assessed using the Simulation Fi-
delity Rating (SFR) scale, given in appendix B, as was pro-
posed by Perfect and Timson in Ref. 18. The SFR assumes
a high fidelity simulation when the attainable performance of
the simulation is similar to the performance in the real heli-
copter with minimal task strategy adaptation. Although nu-
merical values for the mathematical model were taken from
a Lynx reference helicopter, model fidelity permits a direct
comparison between simulator and helicopter performance.
Performance will therefore be judged based on the experience
of the participants.
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Hypotheses

Since the model outcome is influenced by pilot control be-
haviour, it is expected that tailored OMCTs based on the ex-
perimental data will show differences with the off-line analy-
sis. Moreover, since pilots will not fly every run with a simi-
lar performance, it is expected that the experimental data will
show variance on both the gain and phase of the OMCT pre-
dictions.

A secondary purpose of this experiment is to validate the
pitch-surge coupling subjectively by means of the SFR scale.
Since upswing is present in the frequency response function
for surge at low values of wnq , it is expected that the pilot with
rate these simulations will a higher SFR, indicating a lower
total fidelity of the simulation. It is hypothesized that partic-
ipants will rate the simulation with a lower SFR for higher
values of wnq , indicating a higher total fidelity of the simula-
tion.

RESULTS

Objective Metrics - Time Domain

The performance of both MTEs is presented in figure 19 and
figure 20 respectively, in terms of longitudinal position and al-
titude. Also visualized are desired and adequate performance
according to Ref. 14.

Fig. 19: Altitude and longitudinal position for the Take-
Off and Abort MTE.

From figure 19 it can be seen that the take-off and abort
maneuver was performed with adequate performance. How-
ever, during the experiment it was noticed that participants
had trouble identifying the endpoint of the maneuver. This
resulted in an overshoot or undershoot of the desired end lo-
cation of the task. As was identified by Atencio in 1993, Ref.
19, due to a limited field-of-view, lateral and longitudinal drift
is known problem for rotorcraft simulations.

Figure 20 shows the performance for the hover task. It
can be seen that for most runs adequate performance was

achieved. However, also for this task, difficulty to maintain
longitudinal position was identified. Furthermore it can be
seen that for the first participant the initial altitude of the ma-
neuver was set too high, at 20 [ft]. This was corrected for
the subsequent participants. This was considered acceptable,
since the participant corrected the altitude within 5 [s].

Fig. 20: Altitude and longitudinal position for the hover
MTE.

Objective Metrics - Tailored Input Signals

The time traces of specific forces and rotational accelera-
tions from the experiment were converted to the frequency
domain and the relative phases were computed, according to
the methodology proposed in the off-line analysis. Figure 21
and figure 22 show the amplitude and relative phase for the
take-off and abort and hover task, respectively.

The following observations were made.
• The highest amplitude for the pitch input signals is

around 1[rad/s].
• For surge input signals, the amplitude is higher for low

frequencies than the off-line analysis, for the take-off and
abort task. Furthermore, it can be seen that a large vari-
ance is present in the relative phase for low frequencies
for the hover task.

• The amplitude in heave is larger as compared to the off-
line analysis. The controller is better capable to keep the
aircraft at a constant altitude than a human operator. The
relative phase for both tasks does not show a clear trend,
not unlike the off-line analysis.

Objective Metrics - Tailored OMCT

A tailored OMCT was computed by using a tailored set of in-
put signal for each test run. Result will be displayed here us-
ing a parameter set given in table 2. figure 24a and figure 23a
show the pitch frequency response functions for the tailored
OMCTs, together with the off-line analysis and the original
OMCT. The mean and standard deviation in the form of an
error bar are shown for all participants and all test conditions.
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Fig. 21: Amplitude and phase spectrum for a tailored OMCT based on experimental data for a take-off and abort MTE.
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(b) Surge.
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Fig. 22: Amplitude and phase spectrum for a tailored OMCT based on experimental data for a hover MTE.
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Fig. 23: Frequency response functions for the take-off and abort MTE.

11



10-1 100 101

ω [rad/s]

0.02

0.1

1

|H
1
|[
−
]

10-1 100 101

ω [rad/s]

-100
0

100
200

̸
H

1
[d
eg
]

(a) Pitch.

10-1 100 101

ω [rad/s]

0.2

1

3

|H
6
|[
−
]

10-1 100 101

ω [rad/s]

-200
-100

0
100

̸
H

6
[d
eg
]

(b) Surge.

10-1 100 101

ω [rad/s]

0.001
0.01

0.4

|H
10
|[
−
]

OMCT Offline Experiment data

10-1 100 101

ω [rad/s]

100

200

300

̸
H

10
[d
eg
]

(c) Heave.

Fig. 24: Frequency response functions for the hover MTE.

From figure 24a it can be seen that the experimental data
follows the same trend as the off-line analysis. It can be seen
that no data point exists for the lowest OMCT frequency point,
w = 0.1[rad/s]. This is because the tasks do not provide suffi-
cient measuring time for the lower frequencies of the OMCT.
Furthermore there is variance on the amplitude and phase for
frequencies below 0.3 and above 2 [rad/s] for the hover MTE.
This is an indication that a combination of pilot input and tur-
bulence has an effect on the motion characteristics. Variance
above 2 [rad/s] is thought to originate from turbulence, since
no variation is present in the take-off and abort task. Further-
more there is a large variance present at lower frequencies of
the take-off and abort MTE, according to figure 23a.

Figure 24b and figure 23b show the surge frequency re-
sponse function for the tailored OMCT. Again, experimental
data is compared to the original OMCT and the off-line anal-
ysis. It can be seen that for the hover MTE, upswing on the
surge axis at low frequencies is higher for the experimental
data as compared to the off-line analysis. Furthermore, it can
be seen that there is large variance at the low frequency re-
sponse points. Secondly it can be seen that for the take-off
and abort task indicated upswing is also present. However,
variance exists on frequency point 0.4, 0.6 and 1.0 [rad/s] of
the OMCT.

Finally, figure 24c and figure 23c show the heave fre-
quency response function for the tailored OMCT, for both
MTEs. It can be seen that there is little difference between
a tailored OMCT and the original OMCT, both for the off-line
simulation and the experimental data. However at low fre-
quencies, both the off-line and the experimental data predict a
higher amplitude than the original OMCT.

Crosstalk from Pitch to Surge For the secondary objective
of this experiment a tailored OMCT was performed for ev-
ery test run on the motion cueing settings of that particular
test run. Figure 25 shows the mean of the surge frequency
response functions for the 4 different motion conditions, for
the hover task. It can be seen that a similar trend is visible as
was seen during the off-line analysis, presented in figure 14.
For low values of the high-pass break frequency on the pitch
channel, there is an upswing in the surge specific force at low

frequencies.
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Fig. 25: Frequency response function for surge motion
characteristics for 4 motion conditions, hover.

A similar result was obtained from the take-off and abort
MTE, presented in figure 26, where the surge frequency re-
sponse functions for the take-off and abort task are presented.

Subjective Metrics - SFR

Pilot ratings have been summarized for the different test con-
ditions in figure 27. Similar motion conditions are rated with
a different SFR, but in some cases also with a different fidelity
level. It can be seen that condition 2 is awarded the lowest fi-
delity ratings for the hover MTE. For the take-off and abort
MTE, condition 3 seems of the lowest fidelity. From discus-
sion about the ratings during the experiment, participants gave
the following explanations.

• Participant 1 rated all conditions equally, with an SFR
of 2, indicating all simulations were of fidelity level 1.
As explanation he gave: ”we are trained to not trust the
motion of the helicopter, but rely on instruments as much
as possible”.

• Participant 2 indicated for the second test condition in
hover: ”turbulence interfered with motion”. Further-
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Fig. 26: Frequency response function for surge motion
characteristics for 4 motion conditions, take-off and abort.
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Fig. 27: Awarded SFR rating per test condition for both
the Hover and Take-off and Abort MTEs.

more, he indicated for the third test condition in the take-
off and abort task ”I miss the motion cue for longitudinal
acceleration” and ”for this condition I relied more on my
instruments.”

• Participant 3 indicated for the second test condition in
hover: ”There is a delay in the response of the aircraft”.
Secondly, he indicated for the first test condition in the
take-off and abort task: ”There was little difference in
motion, but due to large travel in de cyclic stick, the simu-
lation was less realistic.” Lastly he indicated for the third
test condition in take-off and abort: ”The pitch movement
for this condition was too large for my liking.”

DISCUSSION

In this paper the extent to which the current OMCT is repre-
sentative for rotorcraft was studied. The effect of assumptions
in the input signals on the frequency response functions was
studied. It should be noted however, that this analysis is lim-
ited to the classical washout algorithm. Furthermore any ef-
fects of the cueing hardware on the frequency response func-
tions were not taken into account.

A methodology was proposed to compute a set of input
signals that potentially better represents motion of a specific
helicopter model and two specific MTEs. This was done by
modeling the amplitude and relative phase for the three lon-
gitudinal axes. The following advantages have been identi-
fied. The first advantage is that crosstalk between the degrees
of freedom is now directly visible as an addition to the di-
rect frequency response functions. This makes it possible to
see the effect of a parameter in the classical washout algo-
rithm on all axes simultaneously. For tuning purposes, the
off-axis performance can therefore be assessed directly. For
example, the influence of the high-pass break frequency on
the surge axes directly be tested by varying wnq and comput-
ing the surge frequency response function, without the need
for cross tests. Secondly, test duration is reduced significantly,
since all response functions can be computed using only one
sweep through the frequencies.

A downside of the proposed method is firstly that the
tailored OMCT outcome is very sensitive to the signal-
processing of the amplitude and relative phase spectra. Since
there are often no exact estimates of the amplitude and phase
form the FFT at the OMCT frequencies, a least-squares fit had
to be made. It was seen that this fit is very sensitive to the de-
gree and amount of splines used. Furthermore it was seen that
the resulting signals often had an amplitude 50 times smaller
than the current OMCT. This might give problems with the
signal-to-noise ratio of sensors in practical implementation of
such a test in the future. Thirdly the shape of the frequency
response functions is less intuitively related to the classical
washout algorithm.

Finally it should be noted that the model output is not only
influenced by the dynamics of the helicopter, but also by the
pilot control input. For any off-line analysis in the future, it
might be considered to use a pilot model that better portrays
pilot control behavior.

A validation experiment on the SRS was subsequently con-
ducted. It was seen that pilot input did have a noticeable in-
fluence on the motion characteristics of the simulation, espe-
cially for surge and pitch. An explanation this can be sought
in the fact that the relative phase of the surge input spectrum
for both tasks varies largely depending on the run, as can be
seen from figure 22b and figure 21b. Especially for hover, the
relative phase varies between 100 and 200 [deg]. This in turn
is due to the fact that the drag component in the specific force
is unpredictable since it is influenced by pilot control input
and due to turbulence present in the hover task. If the relative
phase is close to 200 [deg], specific force due to the pitch ro-
tation will be canceled out by acceleration in surge direction
of the helicopter body. The amplitude for the pitch frequency
response plot will thus be lower. If the relative phase is close
to 100 [deg], surge due to pitch rotation will be canceled out
less. The amplitude for the OMCT pitch frequency response
function will higher.

Performing the analysis with a more complex mathemat-
ical model might influence the relative phase between pitch
and surge and will therefore also influence the fidelity of a
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tailored OMCT. It would therefore be interesting to see the
influence of a horizontal tail, the presence of a spring and/or
drag forces on the main rotor on the relative phase between
pitch and surge.

Finally a subjective analysis of four motion cueing settings
was performed to see if pilot subjective opinion was is agree-
ment with the objective metrics. No trend was found in ac-
cordance with the hypothesis that a low high pass pitch break
frequency would results in a better SFR rating. An explana-
tion can be sought in two aspects of the simulation.
• Firstly the model fidelity might have interfered with the

SFR evaluation. Pilots indicated that they frequently en-
countered a pilot-induced-oscillation, especially in the
training phase. This was due to the fact no augmentation
was present in the model and pilots had to close the pitch
feedback loop manually. Secondly pilots commented on
the stick travel as being too large as compared to real
helicopter flight. During the experiment, pilot were in-
structed to focus on the motion fidelity as much as pos-
sible. However, in one case the pilot reported still giving
a bad fidelity metric, due to unusually large stick travel.

• Secondly performance was judged subjectively by the pi-
lot and the experiment leader. There was implemented a
display which plotted the velocity and altitude profile of
the run real-time. However, the ADS-33 criteria were not
included in this graph.

CONCLUSION
The objectives of this paper were (1) to investigate the extent
to which the OMCT is representative for rotorcraft in the lon-
gitudinal plane, (2) to investigate whether a potentially supe-
rior set of input signals better representing helicopter motion
can be defined and (3) to validate potential differences in the
prediction of motion characteristics between an OMCT based
on the helicopter motion and the current OMCT with a pilot-
in-the-loop experiment.

The following conclusions can be drawn.
1. The current OMCT is representative for heave motion

characteristics, but issues arise when looking at the pitch
and surge motion characteristics. Firstly surge-pitch cou-
pling is represented incorrectly in the direct pitch fre-
quency response function. Secondly the results from the
tests for pitch-surge and surge-pitch coupling are hard to
interpret. Finally there is a large sensitivity to rate limit-
ing in the tilt coordination channel.

2. Notable differences in the motion cueing characteristics
were identified for the pitch and surge axes, when tailor-
ing a set of input signals to a specific helicopter model
and two Mission Task Elements.

3. From the validation experiment it was firstly concluded
that, although pilot control behavior significantly affects
pitch and surge motion characteristics according to a tai-
lored OMCT, the main trend of the frequency response
functions was determined by the dynamics of the heli-
copter model. Secondly it was concluded that the ob-
served changes in motion characteristics due to different

cueing settings were not accompanied by a reported loss
of motion fidelity by the pilots.

RECOMMENDATION
The ultimate objective of an objective motion cueing evalua-
tion is to find a set of input signals that incorporates all im-
portant characteristics of helicopter motion, such that it can
be used to evaluate a variety of different simulators and tasks.
To this end, it is recommended to evaluate the current set of
input signals of the OMCT for a variety of models, also in-
corporating lateral motion, and mission task elements using
a similar method presented in this article. Furthermore it is
recommended to implement a pilot model in future off-line
analysis, such that sensitivity of the OMCT to the pilot task
strategy is mitigated.

An Objective Motion Cueing Test with input signals more
closely resembling helicopter motion will enable simulator
engineers to evaluate the motion cueing fidelity in a more
representative way. This in turn could support the develop-
ment and configuration of motion cueing algorithms, which
are more suitable for the task at hand: the training of heli-
copter pilots.
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APPENDIX A
The non-linear, longitudinal equations of motion used for this
research were:

u̇ =�gsinq f �
D
m

cos(q f )+
T
m

sin(q1c �a1)�qw (5a)

ẇ = gcosq f �
D
m

sin(q f )�
T
m

cos(q1c �a1)+qu (5b)

q̇ =�T hR

Iyy
sin(q1c �a1) (5c)

q̇ f = q (5d)

Here u̇ and ẇ are the derivatives of the body velocities and
q̇ is the pitch rotational acceleration. Furthermore q f is the
pitch angle of the helicopter, q1c is the longitudinal cyclic in-
put and a1 is the longitudinal flapping angle.

Drag D is computed only taking into account the drag of
the fuselage. Thrust T is given by T =CT

1
2 rV 2S, where CT is

computed by means of iterative solving for the inflow velocity
of the main rotor, li, using the the Blade Element Method and
Glauert, given here:.
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In these expressions, a0 is lift coefficient of a rotor blade,
s is the rotor solidity, q0 is the collective input, W is the ro-
tational velocity of the main rotor and R the rotor radius. The
longitudinal flapping coefficient a1 was computed from:

a1 =
8
3 µq0 �2µ(lc +li)� 16

g
q
W

1� 1
2 µ2

(7)

Here the airspeed V , the angle of attack of the control plane
ac, the non-dimensional aircraft velocity µ and the inflow ve-
locity of the main rotor due to the aircraft velocity lc were
computed according to the following set of equations.

V =
p

u2 +w2 (8a)

ac = q1c � tan�1 w
u

(8b)

µ =V
cosac

WR
(8c)

lc =V
sinac
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(8d)
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Chapter 2

Literature Review on Simulation
Fidelity

This first part of this preliminary report discusses different methods for evaluating motion
fidelity. Its purpose is therefore to study the state of art the in the field of motion cueing
fidelity research by means of a through literature review.

For this literature review, special attention is paid to the implementation of an objective
motion cueing test in this field, especially for the use of evaluation helicopter simulations.
The main question was identified as follows:

What is the present state of research in the field of simulator motion fidelity and can
an Objective Motion Cueing Test contribute to an improvement of simulator fidelity
evaluation in the helicopter domain?

The proposed research question touches upon the concept of simulation fidelity, as well as
different assessment methods. However, knowledge is needed of the motion cueing system
to understand different assessment methods. Therefore, this literature review can be split
into several different chapters. Firstly the concept of simulation fidelity will be explored
in section 2-1. Thereafter, the characteristics of different motion cueing systems will be
discussed in section 2-2. Thirdly, different evaluation methods will be discussed in section 2-
3. Thereafter standard procedures in the industry will be discussed in section 2-4, where
simulator certification will be treated.

Each subtopic for the proposed research question will begin with an introduction stating
question for that particular topic. The literature survey will be concluded with a result and
a conclusion section, to reflect on the research question.

2-1 Flight Simulation Fidelity

The concept of flight simulation fidelity is important in the discussion about motion cueing
evaluation, since it narrows down the scope of this thesis. The subquestion that is to be
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Figure 2-1: Air France Simulator of the A320, in use at the Air France training centre in Toulouse,
France.

answered for this chapter is the following:

What is the concept of simulation fidelity and how does it relate to fitness-for-purpose and
simulator certification?

To relate fidelity to fit-for-purposes, it is important to know the functions of flight simulation
and flight simulators. Therefore this will be discussed first, in subsection 2-1-1. Thereafter the
main terms used in this thesis are stated in bold and subsequently explained in subsection 2-
1-2.

2-1-1 The Use of Fight Simulation

The use of flight simulators was clear from the beginning of aviation. Flight simulators were
made as far back as 1910, in the form of the early Link trainer, [1]. Apart from recreational
purposes, there can be distinguished a number of uses for flight simulation and flight simu-
lators. They boil down to four categories, as identified by [15]: 1. Training, 2. Systems and
equipment design, development test and evaluation, 3. Research on human performance and
4., licensing and certification.

1. Training
The very first flight simulators were developed for educational purposes, that is, the
training of pilot students. It’s primary objective is therefore the Transfer of Training
(ToT). Trainers were made from the beginning of aviation, as was stated in the preced-
ing. However, only in the 1950’s did large airlines kick start the industry by ordering
simulator to train their pilots. The first simulators from this era did not have a visual
system and were therefore primarily IFR training devices. The first visual system was
a point-light source projection. This worked well for helicopter simulators, since their
ground velocity was low. Later also the first motion platforms were introduced and by
1969, the first 6 DOF motion simulators were taken into service by the airlines. Nowa-
days, most training simulator use a dome-like structure to produce the visual, and a
hexapod motion system to convey motion cues to the pilot. A good example of such a
simulator is depicted in Figure 2-1
The following advantageous of training simulators can be distinguished [2], [16].

• Full Fight Simulators provide environment to train with a reduced risk. A stu-
dent can practice basic piloting maneuvers without the risk of crashing the aircraft.
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Figure 2-2: Illustration of the HPS at the Netherlands Aerospace Centre.

• It can readily be seen that conducting training in a simulator is more cost ef-
ficient than flying the actual aircraft. However, this difference in cost is less
significant for helicopter simulators. The reason for this is twofold. First, there are
simply less helicopter pilot students as the rotorcraft fleet is smaller. Furthermore,
the difference in cost of a helicopter training and a simulator training is smaller
than for a fixed-wing simulation, since the operating costs of a helicopter are less
than for for example a passenger transport aircraft.

• The pilot student is able to fly maneuvers that would not be allowed in the
aircraft. This means that they can explore area’s of the flight envelope, that are
not desirable to fly in under normal operational conditions, e.g. upset recovery
training. It should be noted however, that the behavior of the aircraft is hard
to validate for these kind of maneuvers. Upset recovery training not common in
helicopter full flight simulators. For military pilots this means that they get a
chance to practice flying close to terrain for example, when it is not desired by the
public or that can threaten strategic and tactical secrecy [2].

• Furthermore, training effectiveness can be increased by to option to start the
simulation anywhere in a particular the mission with the preferred weather condi-
tions. Simulator can for example be used to train pilots for icing conditions, when
they do not encounter them regularly. Furthermore, simulators allow the option to
playback events to provide better feedback to the student on their piloting skills.

• Simulators reduce carbon emissions and the noise footprint of air traffic
considerably.

2. Design
The primary objective of a simulator used for the design, development and evaluation
of e.g. cockpit instruments and Augmented Fight Control Systems (AFCS) is reliable
and valid data. Most R&D simulators incorporate a motion system. However, if
the design does not require evaluation using a pilot-in-the-loop experiment or if the
pilot is not subject of interest, motion system are not always the obvious choice. An
example of a R&D helicopter simulator is the Helicopter Pilot Station (HPS) at the
Netherlands Aerospace Centre (NLR). This simulator is primarily used for the testing
of new helicopter models or cockpit systems.

3. Research on Human Performance
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Figure 2-3: Illustration of the Simona Research Simulator (SRS) at the faculty of aerospace
engineering at Delft University of Technology (DUT).

The primary objective of a simulator used for research on human performance is also
reliable and valid data. However, research has shown that experience pilots have
a better performance when flying in motion-based simulators as opposed to fixed-base
simulators,[17]. Therefore, for research in human performance, a motion system is a
fundamental requirement. A good example of a research simulator designed for human-
in-the-loop experiments in the Simona Research Simulator (SRS), shown in Figure 2-3

4. Licensing and Certification
Lastly, simulators are used to fully certify pilots for a type of aircraft. This means that
under current regulations it is possible for a pilot to obtain a type rating for a specific
type of aircraft without ever having flown in that aircraft. Certification and licensing
is typically done in the same simulators as described in item 1.

2-1-2 The Concept of Fidelity

There are numerous definitions about simulation fidelity used in literature. However, for this
thesis the definition according to Pool is used:

The concept of fidelity, is the extend to which the simulation is capable of reproducing the the
in-flight environment and experience.[18].

Fidelity therefore compares the simulation to the situation in the aircraft and it can be applied
to every component of the flight simulator. However, the simulator and aircraft response are
not only based on the dynamics of the aircraft, but also on the pilot and the sensors provided
by the aircraft and the simulator. Fidelity can therefore be evaluated at different points in
the pilot-in-the-loop structure. The basic structure of a human-machine interaction consists
of three components, as in illustrated in Figure 2-4. Firstly there is the system, or here
indicated as the aircraft response. Secondly there is the human operator, or in this case
the pilot. Lastly there are the cueing system that rely information about the system to the
operator. The resulting system forms a human-in-the-loop structure, as is indicated by the
feedback loop in Figure 2-4.
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Figure 1.5. Schematic representation of how flight simulator fidelity can be evaluated at me-
chanical, perceptual and behavioral levels.

ulator cueing fidelity, corresponding to different locations in the closed-loop pilot-vehicle
systems where these systems are compared, are indicated with white-filled arrows.

Perhaps the most workable definition of fidelity shown in Fig. 1.5 is objective fidelity
(also referred to as engineering fidelity) [Anonymous, 1980; Ashkenas, 1986], which is the
degree to which the simulator replicates the true aircraft in an absolute sense. Objective
fidelity is therefore purely determined by the quality of the simulated aircraft dynamics and
the simulator cueing systems, as can be verified from Fig. 1.5. As aircraft model fidelity is
typically considered separately, objective simulator cueing fidelity is hence most often eval-
uated by explicitly considering the characteristics of the simulator cueing hardware. In fact,
the most notable available flight simulator fidelity requirements are stated in terms of sim-
ulator hardware capabilities, for instance, by specifying lower limits for characteristics of
the visual and motion systems such as time delay and bandwidth [Anonymous, 2003, 2005,
2009]. Furthermore, most of the criteria that have been proposed for evaluating simulator
motion cueing fidelity also purely account for the dynamic characteristics of the motion
filter algorithm and the motion system hardware [Sinacori, 1977; Schroeder, 1999; Advani
and Hosman, 2006].

One drawback of evaluating simulator cueing fidelity at the objective level is that it can
only be considered for each cueing component and, in case of motion cueing, degree-of-
freedom separately. Evaluating the total level of objective fidelity achieved in a simulator is
therefore not straightforward. Furthermore, when evaluating objective fidelity any discrep-
ancy induced by the simulator cueing systems corresponds, by definition, to a degradation
in fidelity. Even though optimization of simulator hardware and cueing systems may indeed
go a long way in the optimization of simulator cueing fidelity, it does not take any of the

Figure 2-4: Four different types of fidelity as described in [18]

In this loop, fidelity can be measured at four different places. In the following these fidelity
types are discussed, starting with the output of the sensors.

• Objective Fidelity
Firstly there is objective fidelity. Objective fidelity refers to the extent to which the sim-
ulator resembles the aircraft by comparing parameters that can be objectively measured
from the cueing systems.

• Perceptual Fidelity
However, certification describes fidelity also from a perceptual point of view. Perceptual
fidelity is the difference in perceived cues by the pilot in both the aircraft and the
simulator. This type of fidelity is often measured subjectively and in therefore also
referred to as subjective fidelity.

• Behavioral Fidelity
Thirdly, it is also possible to study pilot behavior. This can be done by directly quan-
tifying the control input. Secondly this can be done objectively by modeling the pilot.

• Error Fidelity
Error fidelity compares the aircraft response to the simulator response directly after
the system output. This type of fidelity specifically pertains to task performance. An
exemple of error fidelity is the validation of mathematical models to describe the aircraft
dynamics. However, model validation will not be the focus of this literature review, since
it is not a pilot-in-the-loop process

Fidelity vs. Fitness-For-Purpose

The concept of motion fidelity is closely related to the concept of fit-for-puposeness. However,
the two entities are often confused. Whereas fidelity deals with the accuracy with which the
aircraft cues can be relayed to the pilot in the simulator, fitness-for-purpose describes the
extend to which the simulator performs its job for which it was designed. Often, fitness-
for-purpose and fidelity lead to similar design decisions. This is particularly true for the
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research simulator, where control performance is studied in human-in-the-loop experiments.
It is of paramount importance here that the simulator represents the aircraft environment as
well as possible, such that the results obtained in the simulator can be extrapolated to the
real aircraft. However, for training simulators, the end goal is to prepare the pilot to make
the correct control input in particular situation in the real aircraft. Therefore a full flight
simulation is therefore not always desired, as it can distract the student from the task that is
being taught. In those instances, the interests of fit-for-purposeless do not align with those
of fidelity. It will be shown that in the fitness-for-purpose vs. fidelity discussion, especially
the motion system is still a topic of debate.

2-2 Motion Cueing Systems

Before focus is put on the evaluation of the motion cueing system, it is relevant to discuss
the characteristics of the motion cueing system first. The pilot perceives motion through a
multitude of sensors.

• Visually
Firstly the pilot can detect motion visually through either the instruments available in
the cockpit to him, or changes in the outside view of the aircraft.

• Vestibularly
Secondly, the pilot perceives motion through his vestibular organ, which consists of two
parts. Firstly there are the otoliths, which are essentially a sensor for specific forces.
Secondly there are the semicircular canals, which are a sensor for angular accelerations.
This thesis focuses on the motion as perceived by the vestibular system.

• Proprioceptively
Thirdly motion can be sensed by proprioceptively, that is by the contact forces and the
change in contact forces on the body. For example, as the aircraft experiences high
g-loads, the contact forces on the body of the pilot will also change.

• Haptically
Lastly, motion can also be relaid to the pilot used haptical feedback on the control input
devices in the cockpit.

The motion perception important to manual control, which is on a frequency range from
1-5 [rad/s], is mostly obtained though a combination of the visual organ and the vestibular
organ. There has been a large discussion in the academic world about whether the input of
the vestibular organ is needed for different simulator purposes. In the late 1990’s and early
2000’s, Burki-Cohen conducted many motion/no motion related experiments. However, a
hard conclusion was not reached, [19], [20].

The need for motion depends on the simulator purpose and the task that is being simulated.
McCauley concluded in 2006 that there is no hard scientific evidence to support the use of
motion for training simulators, [16]. However McCauley concluded as well that motion is
essential for pilot acceptance of the simulator. However, it can be stated that motion is
essential when simulating a manual skill-based control task, [21].

Motion system can be divided into two categories. Firstly there are systems that move the
whole simulator, of which the Stewart platform is the most commenly used example. For
simulators used to simulate helicopter motion, a vibration platform is also sometimes used to
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Figure 2-5: Position and working the semicircular canals, [22].

simulate higher frequency vibrations. These type of simulators rely motion propriocepticaly
and vestibularly. Secondly there are proprioceptive simulators, of which the g-seat is a good
example. These simulate motion by changes the contact forces on the body of the pilot.

This chapter will discuss the characteristics of a hexapod Stewart platform motion cueing
system, with the following research questions:

What are the characteristics of the motion cueing systems commonly used in the industry?
• How do motion cueing system make use of the limitations of the human vestibular

system?
• What types of cueing algorithms are used?
• What are the major advantages/disadvantages of those cueing systems?

This chapter will be split into three sections. The design and cueing algorithm of the Stewart
platform is based on the vestibular perception of motion. The vestibular system will therefore
be discussed first in subsection 2-2-1. Thereafter the hexapod motion cueing system will be
discussed in subsection 2-2-2. Finally, available cueing algorithms will be treated in Figure 2-
10.

2-2-1 Vestibular System

As stated, the human vestibular system has two types of sensors, located at the inner ear.
Firstly there are the semicircular canals, which give a cue for the rotational acceleration.
Similarly to a gyroscope, each inner ear has three semicircular canals. There is one located
horizontally inclined 30◦ to detect yaw, and two positioned vertically to detect pitch and roll
acceleration. Figure 2-5 shows the positioning of the semicircular canals.

A semicircular canal is filled with fluid that is stagnant in rest and at constant rotational
velocity. However, when the head experiences a rotational acceleration, the fluid start rotating
and causes a little sensor, called the cupula to move in the direction of the velocity of the
flow. This movement is converted to an electrical impulse to the brain.
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Figure 2-6: Working of the otoliths, [22].

Secondly, there are the otoliths, that measure specific force. Figure 2-6 shows the working
principle an otolith. As can be seen an otolith consist of a membrane that moves indepen-
dently form the cells located below the membrane. Haircell then measure the position of the
membrane.

As can be seen from Figure 2-6, since the otolith measure specific force, there is essentially
no difference between an acceleration and or a backwards rotation of the head, since the
membrane behaves similarly in both cases. Linear acceleration or deceleration can therefore
be simulated by tilting the pilot backwards and forwards respectively. This is an important
result, that will be exploited in subsection 2-2-3.

Since both the otoliths and the semicircular canals are essentially sensors, a transfer function
can be constructed to visualize their performance. It was found that the performance of the
otoliths resembles Equation 2-1 and the performance of the semicircular canals resembles
Equation 2-2.

HOTO =
1 + s

(1 + 0.5s)(1 + 0.016s)
(2-1)

HSSC =
s(1 + 0.11s)

(1 + 5.9s)(1 + 0.005s)
(2-2)

At frequencies used for manual control (1-5 rad/s) the semicircular canals practically behave
as a rate sensor, as can be seen from Figure 2-7a. However, at low frequencies an high
frequencies, the bode plot resembles an acceleration sensor, as can be seen from the positive
slope of the gain plot in Figure 2-7a at frequencies lower than 100 [rad/s] and higher than 101

[rad/s].

Figure 2-7b resembles a bode plot of the otoliths. Thresholds have been identified at 0.1◦/s
to 0.5◦/s for angular velocities and 0.05m/s2 for the specific force.

2-2-2 Hexapod Motion System

The Hexapod Motion Cueing Platform is a special type of Steward platform, using 6 actuators
to change the position of the simulator cockpit with respect to the ground. This type of system

W.H. Dalmeijer Motion Fidelity Assessment for Helicopter Simulations



2-2 Motion Cueing Systems 37

AE4307 13 | 31 

Vestibular system 

• Practically serve as rate sensors over interesting frequency range 
 
 

Semicircular canals modeling 

-60

-40

-20

0

20

M
ag

ni
tu

de
 (

dB
)

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

0

45

90

P
ha

se
 (

de
g)

Semicircular canals transfer of rotational rate

Frequency  (rad/sec)

(1 0.11 )
(1 5.9 )(1 0.005 )SSC

FR j jH
j j

ω ω
ω ω ω

+
= =

+ +

(a) Bode plot of the semicircular canals, [22]. AE4307 11 | 31 

Vestibular system 

• Otoliths as specific force (“acceleration”) sensors 
• Approximated with linear transfer function 

• plus thresholds 
 

 
 

Otolith modeling 

-20

-15

-10

-5

0

5

10

M
ag

ni
tu

de
 (d

B)

10
-1

10
0

10
1

10
2

-90

-45

0

45

Ph
as

e 
(d

eg
)

Otolith transfer function

Frequency  (rad/sec)

1
(1 0.5 )(1 0.016 )OTO

FR jH
f j j

ω
ω ω
+

= =
+ +

(b) Bode plot of the otoliths, [22].

Figure 2-7: Transfer functions of the vestibular system.
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Figure 2-8: Schematic representation of a steward platform using 6 actuators.

is used for level D training simulators. Figure 2-8 shows a schematic representation of the
hexapod system. With a system shown in Figure 2-8, motion in 6 degrees of freedom can be
achieved. These degrees of freedom (DOFs) are characterized in a frame of reference fixed
to the simulator platform, indicated here by the symbol M . The degrees of freedom are
indicated as follows:

• Surge, motion in x-direction.
• Sway, motion in y-direction.
• Heave, motion in z-direction.
• The Euler angles φ, θ, ψ, similar to aircraft rotations

The geometry of the platform and the positioning of the points where the actuators attach,
the upper gimbal points (UGPs) and lower gimbal points (LGPs), is determined by optimizing
the motion space of the center of the upper gimbal circle. In robotics, an entire branch of
research exists for the study of the geometry of steward platforms.

2-2-3 Classical Washout Algorithm

The motion of the aircraft cannot be fed directly into the platform, since there exists a limited
amount of actuator space. An idea to cope with this is to scale the motion such that the
position of the simulator rests within its motion space. However, the resulting accelerations
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FIGURE 2.4 RESPONSE OF A THIRD-ORDER HIGH-PASS FILTER TO AN ACCELERATION STEP INPUT 
Figure 2-9: Example third order filter response to an acceleration step input, [23].

and specific forces would be far below the thresholds of the otoliths and the semicircular
canals, such not yielding in a convincing simulation. Reid and Nahon, therefore came up
with the idea to use both scaling and a washout filter to relay the motion, [23].

A washout filter is a third or second order high pass filter that steers back the position of the
simulator to its original value, thereby optimizing the use of it workspace. A washout filter
has a structure according to Equation 2-3.

TF =
s3

(s2 + 2ζωns+ ω2
n)(s+ ωb)

(2-3)

If such a filter is applied to a step input in acceleration, the response is according to Figure 2-9.

Applying such a filter to each degree of freedom results in a set of three filters for the trans-
lational channel and a set of three filters for the rotational channel. Taking into account that
the input are scaled first, this yields a classical washout filter, illustrated by the flowchart in
Figure 2-10.

For sustained acceleration the platform makes use of the fact the the specific force measured
by the otoliths can also be simulated by a rotation. This results in a third channel. By
means of a low pass filter, sustained translational accelerations are converted to a suitable
”tilt angle” of the simulator. The resulting scheme has three channels and uses both scaling
a set of filter to modify the input for the simulator. The filters are in practice second order
instead of third order. This is because of the presence of the tilt coordination channel.

2-3 Motion Fidelity Assessment Techniques

This section gives an overview of different simulator fidelity assessment techniques, related to
the different types of fidelity, as describe in [18]. The question to be answered is therefore:

Which techniques are identified in literature to evaluate simulator fidelity and what are their
benefits and drawbacks?

W.H. Dalmeijer Motion Fidelity Assessment for Helicopter Simulations



2-3 Motion Fidelity Assessment Techniques 39

Aircraft 
Model

HP filterBody to 
Inertialfsp,AP

f-scale

ω-scale Body to 
Euler HP filter

LP filter fsp to ω Limiter

Translational Channel

Tilt Coordination Channel

Rotational Channel

Inertial to 
Body

fsp,SP
a

ωAP
.

ωSP
.Euler to 

Body

Figure 2-10: Classical washout algorithm as implemented in the Simona, adapted from Reid and
Nahon, [23].

This chapter gives an overview of fidelity assessment techniques identified by literature, struc-
tured according to Figure 2-11. Figure 2-11 shows the same figure as was presented in sec-
tion 2-1, but with different types of fidelity assessment techniques. Methods are divided in
objective assessment, indicated in red, and subjective assessment, indicated in blue.
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Figure 2-11: Four different types of fidelity as described in [18], connected to different methods
of assessment.

As can be seen from Figure 2-11, different methods of assessing fidelity have been linked
to the appropriate type of fidelity. subsection 2-3-1 and subsection 2-3-2 discuss the main
methods testing the objective fidelity by treating the Sinacori-Schroeder Criterion and the
OMCT respectively. In subsection 2-3-5 and subsection 2-3-3 perceptual fidelity is investigated
by looking at modeling the pilot and pilot rating scales. Thirdly, the control input will
be discussed in subsection 2-3-4 and task performance will be discussed insubsection 2-3-6.
Assessment methods are indicated in bold.
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Figure 2-12: Sinacori criteria for motion fidelity, given by the square regions, together with the
Schroeder criteria, given by the elliptical regions. Figure modified from [26].

2-3-1 Sinacori-Schroeder Criterion

To study the difference between the motion of the aircraft and the motion simulator directly,
either a comparison can be made in the time-domain or in the frequency domain. The
main topic of this thesis, the Objective Motion Cueing Test is objective assessment method
for objective fidelity in the frequency domain. Most certification is based on the technique
presented in this section. For the time-domain, physical limits such as maximum deflections
and rates, have been defined in the certification specification FSTD(H), [24] and will be
discussed in more detail in section 2-4.

However, most fidelity metrics are based on fidelity assessment methods in the frequency
domain and have to do with the phase delay and bandwidth of the motion base. Historically
filters were tuned using subjective pilot input. However, Sinacori recognized in 1977, [6], that
if the simulator response has a gain of 1 and 0 phase delay, the motion of the simulator is
identical to the aircraft and the motion fidelity is therefore of high quality. He defined therefore
regions for the phase delay and motion gain, that give high, medium and low fidelity, with a
maximum phase and gain limit for a specific level of fidelity, Figure 2-12.

Schroeder expanded upon the research of Sinacori by modifying the criteria somewhat in 1999,
[25], resulting in the Sinacori-Schroeder criteria, shown in Figure 2-12. In Figure 2-12,
the motion base gain at a frequency of 1 rad/s on the x-axis and the phase delay at 1 rad/s is
on the y-axis is shown. 1 rad/s was chosen, since the human operator is mostly active around
that frequency area.

Figure 2-12 defines three regions of fidelity. Table 2-1 gives the definition for the low, medium
and high fidelity regions respectively.

Tuning can be simplified by connecting the phase and gain limits defined by Sinacori-Schroeder
to the available motion space. Gouverneur performed tuning on the SRS, using these available
motion space boundaries,[26]. Figure 2-13 shows the design space that results, where each
point in blue is a specific combination of break frequency and gain of the motion filters.
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Table 2-1: Definitions for three fidelity regions according to [25]

Fidelity Rating Definition
Low Motion sensations are noticeably different from flight, and objectionable.

Medium Motion sensations are noticeably different from flight, but not objectionable.
High Motion sensations are like those of flight.
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task, it was possible to provide full pitch motion cueing 
with minimal impact upon the workspace left for heave 
motion. 
 
The motion filter settings of the other degrees-of-
freedom (surge, sway, roll and yaw) were chosen 
independently, in such a way that they did not require a 
large amount of the motion space but provided cues of 
sufficient fidelity to the pilot to perform this task.  The 
parameters of these filters are given in Table 2.  A low-
pass filter for tilt-coordination to provide sustained 
specific forces in the x-direction was used.  The initial 
motion filter settings were chosen by assessing the 
required amount of motion for this task from runs 
previously flown in the TIFS and a fixed base simulator 
at TU Delft and evaluation using the Sinacori fidelity 
criteria.  These settings were then evaluated by 
experienced test pilots who confirmed that they were 
not objectionable in the offset approach and landing 
task with the GLT aircraft model.  The remaining 
motion space was devoted to the heave motion cues.   
 

Table 2. ‘Off-Axis’ Filter Settings 

DOF k ωn ζn Order 

Surge 0.7 2.0 0.7 2 
Sway 0.5 2.0 0.7 2 
Pitch 1.0 0.1 - 1 
Roll 0.4 0.6 - 1 
Yaw 0.5 0.6 - 1 

 
 
Design of the Heave Filter Settings 
 
An approach utilising off-line simulation using data 
from previous GLT evaluations was developed.  The 
approach provides insight into the trade-off between the 
filter gain and break-frequency in the optimisation of 
the heave cues for the specific task, simulator and 
aircraft model.  
 
Step 1 in the Schroeder approach is the identification of 
predominant task frequencies.  Power Spectral 
Densities were generated from data of the previous 
experiments in the TIFS.  Activity in heave was mostly 
between 0.8 and 2.0 rad/sec, with no predominant 
discrete task frequencies identified.  
 
Step 2 in the Schroeder approach requires setting the 
filter break-frequency to give less than 30° phase shift 
at the predominant frequency.  However, a phase shift 
of less than 30° at 1 rad/sec can only be achieved by 
selecting a break-frequency of less than 0.2 rad/sec in 
the third order filter.  This would result in appreciable 
low-frequency content of the specific force being 

passed through the filter, requiring considerable 
workspace.  Therefore a low gain would have to be 
selected to remain within the motion limits of the 
hexapod motion system.  This low gain would also 
attenuate the high-frequency motion cues. Therefore 
steps 2, 3 and 4 in the Schroeder approach are highly 
interrelated.  In the following this trade-off will be 
performed and described thoroughly. 
 
Task Frequencies and Filter Characteristics 
Figure 3 shows the filter characteristics on the Sinacori 
fidelity criteria figure, with the boundaries modified by 
Schroeder.  Each dot represents a filter with a unique 
combination of gain and break-frequency of the second 
order poles (note that the third order pole was set at 0.2 
rad/sec for all filters).  The break-frequency of the high-
pass filter ranges from 0.1 rad/sec (bottom row of dots) 
up to 4.0 rad/sec (top row of dots), with increments of 
0.1 rad/sec.  The high frequency filter gain ranges from 
0.1 up to 1 (from left to right), with increments of 0.05.  
It can be seen that a higher break-frequency causes a 
higher phase shift and a lower gain at 1 rad/sec, 
changing the high frequency gain only affects the gain 
at 1 rad/sec. 
 

 
Figure 3.  Sinacori Figure with Filter Settings and 

Dominant Task Frequencies 

The upper and lower boundaries of the dominant heave 
cue frequencies are also drawn in this figure.  Motion 
cues with a frequency below the filter break-frequency 
will be attenuated strongly.  Therefore, to present 
motion cues perceptible for the task, the filter break-
frequency should be chosen preferably at or below the 
bottom boundary of the dominant heave motion 
frequencies. Then all motion cues within the dominant 
frequency range will be presented to the pilot with the 
magnitude of the high-frequency filter gain.  However, 
choosing a filter break-frequency on the 0.8 rad/sec line 
results in 90° phase distortion, which is not desirable 
from the fidelity criteria. 
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Figure 2-13: Available motion space boundaries, [26].

For each point in blue, it was checked if the simulator stayed inside its workspace for three
maneuvers. It can be seen that for a more aggressive maneuver, the achieved boundary line
lies at a high phase difference and lower gain. This indicates that for higher specific forces
and rotational accelerations, the achievable fidelity is lower.

2-3-2 Objective Motion Cueing Test

In 2006, an objective assessment technique for the motion cueing fidelity was proposed by
Advani and Hosman in [5], since the Royal Aeronautical Society started revision of the ICAO
simulator document that year. Three research centers performed the proposed objective
motion cueing test and results were published in [7]. It was found that between the three
research institutes: UTIAS, JAXA and TsAGI, there were significant differences between the
dynamic characteristics of the motion cueing system. This was considered remarkable since
two of the three research institutes are renowned for their research into motion cueing. After
this, the proposed test was amended in Attachment F of the ICAO manual 9625, [4]. In
2009 the OMCT was published furthermore in the fourth edition of the Aeroplane Flight
Simulation Training Device Evaluation Handbook, by the Royal Aeronautical Society [27].

To further evaluate the OMCT, 7 more research facilities participated and performed the
OMCT on their simulator. Results have been published in [8]. In [8], an attempt was made
to asses if a criterion could be possible to judge simulator motion cueing fidelity based on
the OMCT. It was found that the Sinacori Schroeder criterion, [28] does not cover the entire
frequency range of the OMCT and that a larger requirement is both possible and necessary.
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Figure 2-14: Generic flowchart of the motion cueing system for pilot-in-the-loop simulation and
for the OMCT.
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characteristics of the motion system hardware and its controller, such as for instance described in AGARD-AR-1445, 
to fall short in painting a complete picture. The OMCT expands the view by exciting the combined motion cueing 
algorithm and motion base hardware in one degree of freedom and with one frequency at a time to construct a linear 
transfer function from aircraft model output to motion base response. It also defines some unwanted cross effects to 
be minimized, such as simulator pitch motion due to aircraft surge. However, the essentially linear and per-axis tests 
can not capture the full characteristics of the motion cueing algorithm if it has significant non-linearities, such as 
adaptive behaviour, tight position or rate limits, or if it leverages knowledge of expected patterns in the aircraft 
motions, such as the relation between yaw and sway in aircraft where the pilot is located far in front of the aircraft’s 
centre of gravity.  

Many motion bases in use today use a motion cueing or washout algorithm that is based on the so-called 
classical washout algorithm, described by Reid and Nahon6. It also forms the basis for a set of algorithms running on 
the SIMONA Research Simulator (SRS)7 at the Delft University of Technology in the Netherlands. 

This paper describes the application of the OMCT to a typical classical washout algorithm running on the SRS, 
starting with an overview of the OMCT and the classical washout algorithm itself. An overview is given of the 
technical implementation on the SRS, as well as of the analysis process. Example results are given of how the 
OMCT was used to investigate some configuration choices impacting the cueing algorithm, followed by some 
lessons learned and conclusions. 

II. Objective Motion Cueing Test 
The OMCT measures the relationship between aircraft and simulator motion in terms of magnitude and phase 

distortion for different frequencies of the driving signal. By individually inserting sinusoid input signals into each 
axis of the cueing algorithm and measuring the motion base response, a linear estimate can be made of the transfer 
function of the combined cueing algorithm and motion base hardware. The main measurements in the six axes are 
supplemented with tests to examine the most important cross effects, see Table 1. Spurious surge and sway specific 
forces can occur when rotating the aircraft and simulator in pitch and roll, respectively. These false cues should be 
minimized and are evaluated in tests 2 and 4. On the other hand, longitudinal and lateral specific force inputs will 
trigger any tilt coordination mechanism in the cueing algorithm and can give rise to spurious rotational 
accelerations, which should also be minimized. They are examined in tests 7 and 9.  

 

The frequency range to be investigated currently ranges from 0.1 rad/s to 15.8 rad/s (see Table 2). To allow a 
correct analysis using Fourier transforms, the frequencies may have to be adapted slightly to properly fit into the 
measurement time, depending on the number of periods in the measurement and the simulator’s sampling rate. The 
amplitudes of the driving signals are nominally 1 deg/s and 1 m/s , but the rotational rates are reduced for very low 
and very high frequencies to avoid non-linear effects as much as possible. 

Since during operation of the simulator the pilot is the main sensor of interest, the measurements should 
primarily relate to the motions he or she experiences. For this reason the reference point for both the driving signal 
and the measured signal is a point at the pilot station, referred to in this paper as the OMCT reference point. This 
point is located 0.35 m below the Design Eye Reference Point of the simulator. Consequently the OMCT “aircraft” 
will pitch around the OMCT point for test 1 and 2, and the simulator rotations will be measured around the same 
point in the simulator. Any specific forces measured at the OMCT point due to the simulator rotating around a 
different point (e.g. the Upper Gimbal Centroid) will thus be considered spurious cues, to be included in the results 
of cross effect test 2.  Section VI will further explore this issue. 

Table 1. OMCT test cases 
 

Input axis of aircraft  Output axis of simulator 
Roll (P) Pitch (Q) Yaw (R) Surge (X) Sway (Y) Heave (Z) 

Roll (P) 3    4  
Pitch (Q)  1  2   
Yaw (R)   5    
Surge (X)  7  6   
Sway (Y) 9    8  
Heave (Z)      10 
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Figure 2-15: OMCT input and output channels as specified in [8].

Besides looking at the differences between the outcome of the OMCT for different simulators
and confirming the need for of the OMCT by pointing out differences between respectable
simulators, an attempt was made by Hagiwara in 2008, [29], to evaluate the OMCT by
comparing it to the gain and phase margins for a series of pilot in the loop experiments
for different settings of the motion filter. It was found that the phase margin was indeed
influenced by the test set-up, but the phase margin could not be correlated to the OMCT
results sufficiently.

The OMCT is intended as end-to-end test, meaning that it studies the difference between
cockpit motion and simulator motion at the position of the pilot in the simulated aircraft in
the frequency domain. Figure 2-14 shows a generic flowchart of the OMCT.

In the OMCT, the motion at the cockpit of the aircraft is replaced by a set of artificial
sinusoids from a signal generator. The simulator motion is then measured directly form the
cockpit by means of a sensor, and compared in frequency domain to the original signal from
the OMCT signal generator, [9]. For every axis (6 for a generic 6 DOF hexapod MCS), there
are 12 sinusoids prescribed, with a specific amplitude and frequency, ranging from 0.1 [rad/s]
to 15.8 [rad/s].

These input signals are then used as input for different simulator axes. It was chosen to
test 10 combinations, according to Figure 2-15. It can be seen that tests on the diagonal of
Figure 2-15 show single axis response of simulator motion. However, there are also present
four test which test the simulator motion cueing for cross-talk between the surge and sway
channels and the pitch and roll channels respectively. The result of the OMCT is a frequency
response plot, in the form of Bode- or a Nyquist diagram.
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The main advantage of the OMCT is that is repeatable, meaning no pilot judgment is needed.
Furthermore the test is relatively easy to set up, since it is an end-to-end test. However, there
can be identified some drawbacks:

• Firstly and most importantly, the OMCT assumes that the motion input is similar for
all maneuvers/aircraft types. However, motion cueing depends on the specific aircraft
and task element to be simulated, according to subjective pilot ratings, [30].

• No requirements exist for acceptable and unacceptable differences between simulator
output and input exist, [8]. However, an effort is made to bundle results from the
evaluation of industry and research simulators to come up with a ’best practice’.

• The input signals for the OMCT make assumptions on the aircraft motion.
– Decoupling of the input of specific forces and accelerations is assumed, expect for

the cross-coupling between pitch and surge and sway and roll, which are testing in
test 2, 7 and 4, 9 respectively.

– The amplitude of the OMCT signals is assumed to be 1 [m/s2] for the specific
forces and 1 [rad/s] for the rotational velocities.

– There is a limited range of frequencies, being 0.1 [rad/s] to 15.8 [rad/s]. Espe-
cially for rotorcraft, vibrations higher than 15.8 [rad/s] are to be expected. These
vibration are important for pilot experience and the recognition of certain events,
e.g. blade stall or buffer limits. However, vibrations in this frequency range are
not directly used for controlling the state of the aircraft. The influence of this
assumption is therefore unclear.

– Based on fixed-wing aircraft dynamics, an uncoordinated pitch and a coordinated
roll is assumed. The practical implementation of this assumptions is that for test
1 and 2, not only the pitch axis is driven, also an input according to the gravity,
g sin θ, is fed into the surge axis.

• The data processing to convert time data into frequency domain data is prone to errors.
An example is that leakage can occur if the simulation time is not properly adjusted to
the frequency of the input sinusoid.

2-3-3 Pilot Fidelity Ratings

Another option would be let pilots fly in the simulator, and let them evaluate the motion
cueing subjectively [13]. One of the first pilot rating scales was based on the Cooper-
Harper rating scale for workload, the Handling Quality Rating (HQR) scale, [31].

The HQR is basically a flow chart which results in a handling quality metric. The basic idea
behind this rating scale, is that if the simulator handles similarly to the real aircraft, the
simulator resembles the aircraft closely and has therefore a good fidelity. Figure 2-16 shows
a handling quality rating scale.

Evaluating the simulator requires the pilot to fill out two forms, leaving the simulator engineer
to make a comparison. Hodge therfore developed a rating scale to assess fidelity of simulators
directly, the Motion Fidelity Rating scale or MFR. As shown in Figure 2-17, This rating
scale directly results in a metric assessing simulator fidelity [32].

A problem with the reasoning of both the HQR and the MFR, is that the HQR only evaluates
fitness-for-purpose as if the simulator was an actual aircraft. However, the purpose of the
simulator is often very different.
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Figure 2-16: Handling Quality Ratings as defined by Cooper and Harper, [31].

39 

 

Another example of a custom designed fidelity rating scale is the Motion fidelity rating scale 

developed by Hodge et al at the University of Liverpool [38] (see Figure 2-14). This scale was 

designed with a similar structure to the HQR scale to determine pilot acceptability of motion 

cues. Pilots can award ratings in three coarse levels; (i) motion cues are acceptable, 

sensations are close to real flight or have insignificant deficiencies; (ii) motion cues are 

acceptable with some noticeable but not objectionable deficiencies; and (iii) motion cues 

are not acceptable [38]. Further descriptors then give more definition to the ratings. 

Although ratings obtained using this scale are a useful reflection of a pilot’s perception of 

the realism of motion cues, no information of the fitness for purpose of the motion is 

gathered.  

 

Figure 2-14 - The Motion Fidelity Rating Scale [38] 

ADS-33E-PRF [19] includes a subjective Handling Qualities Rating (HQR) scale, developed by 

Cooper and Harper (Figure 2-15). Comparison of HQRs awarded in flight and simulation has 

been used in many studies to serve as a formalised assessment of perceived simulation 

fidelity, for examples see references [40], [51], [62].  

Work conducted by the US Army in 1992 investigated the effects of time delays and motion 

cueing on handling qualities for seven rotorcraft operations: slalom, hover, quick-stop, bob-

up, sidestep [4]. It was concluded that the presence of motion improved the handling 

Figure 2-17: Motion Fidelity Rating Scale developed by the University of Liverpool, [32].
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Figure 2-18: Simulator Fidelity Rating scale, [34]

An attempt was made, during the lifting standards project, [33], to develop a subjective
metric with a better distinction between fidelity and fitness-for-purpose. The result was a
metric shown in Figure 2-18.

From Figure 2-18, it can be seen that there are indeed two separate questions for the fidelity
and the task performance of the pilot in the simulator. However, it does not distinguish
between fidelity and fitness-for-purpose, it actually makes a dubious connection between the
two .

Advocates of subjective assessment state that this form of fidelity assessment has key advan-
tages over objective analysis. Firstly, subjective assessment uses knowledge of the experienced
pilot. Since the interaction between the pilot and the system is of a very complex nature this
knowledge is an advantage when evaluating fidelity. Secondly, subjective ratings help deter-
mine thresholds of acceptable and unacceptable fidelity levels.

2-3-4 Control Input Analysis

Behavior fidelity can be measured by studied the pilot control input to the system and by
looking at the psycho-physiological response. A good example of the pilot psychological
response is the workload. Measuring workload is usually done by means of a Cooper-Harper
Workload rating scale. It is therefore a subjective assessment.

Secondly the control input of the pilot can be studied. Padfield et al. formulated a method
in the time domain analysis the control input in 1994, [35]. The Control Attack method
uses the total number of control deflections per maneuver, the average of the control rate
per deflection and average of the amplitude per deflection as variables to quantify the pilot
behavior. Some studies show that these metrics are in agreement with pilot opinion, [36].
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Wiskemann e.a. found in 2014 however, that the control attack method was not always in
agreement with pilot opinion [37]. Moreover, no criteria exist to judge differences in control
behavior.

2-3-5 Modeling the Pilot

Besides objective fidelity, perceptual fidelity is also of large importance to this discussion.
Since most simulators are for training purposed, the motion ’feel’ is of great importance in
simulator industry. A way to assess perceptual fidelity is by modeling the pilot. This way, the
control strategy of the pilot can be evaluated. If the control strategy of the pilot is similar to
that of a pilot in the simulator, than motion fidelity is assumed high.

The groundwork for modeling the pilot was done by McRuer in 1974, with the development
of the crossover model, [38]. However, pilot models were first used to assess fidelity by Hess
and colleagues in 1991, [39]. They used a Structural Pilot Model to identify problems
in motion fidelity by investigating a bob-up and side-step maneuver. An advantage of this
approach, is that difference in the motion cueing system are taken into account objectively:

It is not the differences [differences between the nominal and simulated vehicle dynam-
ics]themselves, but their effect on piloting technique and pilot/vehicle performance that
determines fidelity in such cases.[39]

The structural model however, does not take into account that for the inner control loop,
motion can also be perceived visually. This is a downside of this approach. Furthermore, in
real life, pilot control strategy changes based state variable of the aircraft, and is not constant
in a single maneuver.

In an attempt take into account the latter drawback, Padfield developed the Adaptive Pilot
Model in 2005 [40]. For this investigation, a rudimentary helicopter model was used to fly an
acceleration/deceleration task, with a simplified model of the pilot. However, the parameters
of the model were made dependent on the time to close on surfaces. The main drawback
however, is that the adaptation of the model is highly dependent on the mission task. The
adaptive pilot model is therefore hard to generalize.

More recently a cybernetic approach was used for assessing simulator fidelity by modeling
the pilot. Figure 2-19 shows the general set-up of the pilot-vehicle model as used in the
cybernetic approach.

As can be seen from Figure 2-19, the pilot model consist of a visual channel and a motion
channel and is based on the pilot model devised by McRuer in 1974, [38]. The cybernetic
approach determines the coefficients of this pilot model by a pilot-in-the-loop experiment
using a steady-state tracking task. By comparing coefficients from simulator experiments
to coefficients measured in real flight, as was done by Daan Pool in [18], pilot behavior
in the simulator can be compared to pilot behavior in the real aircraft. A big advantage
of the cybernetic approach is that it is an objective way to assess fidelity. However, the
cybernetic approach has several drawbacks [17]. The cybernetic approach can only be used for
steady-state tracking tasks, not for short-duration transient maneuvers. Also, the cybernetic
approach does not model higher-loop control tasks as effectively as lower loop control tasks.
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Figure 2-19: Flow chart of the simulated-pilot-in-the-loop structure for a manual tracking task,
[17].

Nevertheless, identification methods have improved to allow for more realistic tracking tasks.
The following drawbacks still remain:

• There are a limited amount of Degrees of Freedom that can be used.
• The pilot has limited freedom to select actual missions and task strategy.
• Lastly, during real flight, the pilot is able to look out of the window and acquire ad-

ditional cues for the aircraft motion and attitude. The cybernetic approach does not
provide a way to model these cues.

2-3-6 Task Performance

Finally, error fidelity can be used to evaluate total simulator performance. The reasoning
behind this is that if the pilot is not able to achieve comparable performance in the simulator,
the utility of the training device is in question. Two methods for evaluating error fidelity are
identified.

Firstly, Handling Qualities are defined in ADS-33E-PRF, rotorcraft handling qualities
for the american air force. ADS-33E-PRF prescribes requirements of aircraft responses to
standard inputs: E.g.: step, doublet or frequency sweep. The handling qualities can also
be applied to simulator performance. This way the simulator performance can be compared
through a fixed set of rules to aircraft performance.

Secondly, task performance can be used to measure fidelity. Task performance is described
accurately in ADS-33 for different Mission Task Elements (MTE’s), [13]. An MTE consist
of a prescribed maneuver, e.g. bob-up or acceleration/deceleration, coupled performance
indicators. Two categories are identified: ’adequate performance’ and ’desired performance’.
If a pilot has the same level of performance in the simulator as he has in the aircraft, then
the error fidelity is considered good.

The main advantage of MTE’s and Handling Qualities is that they are used for aircraft
certification and are therefore very well defined. However, The following disadvantages can
be identified:

• No limits on acceptable/unacceptable differences in performance between the simulator
and the aircraft exist.

• MTE were developed to evaluate A/C therefore they may be aggressive than training/-
operational tasks.
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• There are also many cases where simulator deficiencies lead to better task performance.
E.g.: performing a task will scaled motion cues may lead to less disorientation than
in the real aircraft. The pilot may be able to better concentrate on the mission task
element.

• However, the main problem with this approach is that the simulator may have a different
purpose than the real aircraft. This means that by using handeling qualities, fitness-
for-purpose and fidelity are confused.

2-4 Certification of Helicopter Simulators

With different fidelity metrics according to academia explained and classified, it is now time
to make the link to the simulator industry. To make this link, the following question is posed:

What is the current process of the qualification and certification of the motion of Flight
Simulator Training Devices (FSTD’s)?

To answer this question, two aspect are important. Firstly a certification basis needs to
be found. What are the necessary characteristics for an Flight Simulator Training Device
(FSTD). Secondly, how does the aviation authority check if these criteria are met? What
process is used? Furthermore it is interesting to view some of the challenges that are specific
to the helicopter simulator industry. Therefore, the following subquestions are identified:

• What are the specific challenges in the helicopter simulator industry?
• What are the requirements posed on on different levels of simulator fidelity?
• What process is used to verify stated requirements?

2-4-1 Helicopter Simulation Fidelity

The development of the market for full flight simulators for rotorcraft is somewhat lagging
behind the development of the fixed-wing market. Whereas many fixed-wing simulators are
being designed and produced, it is very rare for a helicopter type to have a fully certified level
D FFS. The reason for this can be found in four categories,[41].

1. Firstly the regulations for helicopter simulators are not up-to-date/
2. Secondly, the cost of designing and operating an FFS is too much for many helicopter

operators.
3. Thirdly, helicopters pose specific technical challenges to simulators. These challenges

boil down to three categories, which are still relevant today.
(a) Helicopter Dynamics

Firstly, helicopter dynamics require more complicated models, than their fixed-
wing counter parts. Is is mainly due to the complexity of the rotor. A more
complex model means more computing power is required. However, with the acces
of cheap computing power due to the rise of the personal computer, this problem
has become less critical in the past decade.

(b) Motion System
Secondly, the the traditional 6 DOFmotion system developed for fixed wing aircraft

W.H. Dalmeijer Motion Fidelity Assessment for Helicopter Simulations



2-4 Certification of Helicopter Simulators 49

is not ideal for rotorcraft use. The classical 6 DOF hexapod does not cue the high
frequency sustained vibrations that are characteristic for helicopter movement.
However, is this a problem for helicopter simulations? It seems at this point, the
inevitable motion-no motion question should be treated, as was already touched
upon briefly in subsection 2-1-1.
There has been done a lot of research about motion in helicopter simulation. Mc-
Cauley stated in 2006 after an extensive literature study to assess the need for
motion platforms in military helicopter pilot training[16], that there is no evidence
to support the effectiveness of motion platforms for training. However, motion
does contribute to the realism and thus to the pilot acceptance of the simulator.
Based on this last point civil regulations do mandate a motion platform for training
simulators in the helicopter industry in [42], as will be discussed in section 2-4.

(c) Visual System
Lastly there is the technical challenge of the visual system. Helicopter cockpits offer
a larger field of view that fixed-wing aircraft. This field of view is also frequently
used, especially in low velocity hover and maneuvering tasks. Large dome-like
structures offer the desired field of view, but are costly and hard to combine with
a motion platform. A possible solution is to rotate the dome with respect to the
cockpit to give the pilot flying more field of view, as was done for the Helicopter
Pilot Station (HPS) at the Netherlands Aerospace Centre (NLR).

4. Finally, training practices do not keep in mind daily operations of the helicopter fleet
well enough.

2-4-2 Qualification Basis

In Europe, certification and qualification of Helicopter simulator is regulated in the Certifi-
cation Standard for Helicopter Flight Simulation Training Devices, CS-FSTD(H) [24]. In the
United states, simulator certification is regulated in Advisory Circular (AC) 120-40b [43] for
fixed-wind aircraft and AC 120-63 [44]. In the CS-FSTD(H), requirements for all subsystems
are given, as well as integrated requirements. Since this literature study focuses primarily on
the European market, the following analysis will be focused on EASA regulations.

CS-FSTD(H) consists of two books: the certification specifications and the acceptable means
of compliance. In terms of qualification, EASE distinguishes 3 types of Flight Simulator
Training Devices (FSTD’s), given here in order of increasing fidelity:

• Flight Navigation Procedures Trainer (FNTP)
An FNTP is a training device which represents part of the flight deck/cockpit with
accompanying compute. Category: I, II, III and MCC.

• Flight Training Device (FTD)
An FTD is a is a training device which has a full size replica of the flight deck/cockpit,
but does not require a visual or motion cueing system. Category: 1, 2 and 3.

• Full Flight Simulator (FFS)
An FFS is a training device which has a full size replica of the flight deck/cockpit and
a visual system to provide visual cueing of the outside world to the pilot. An FFS also
requires a motion cueing system to provide vestibular feedback to the pilot. Category
A, B, C and D.
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Table 2-2: AMC1 FSTD(H).300

Testnumber Test name Tolerance A B C D
4.a.(1)(i) Pitch Displacement 20 deg x x

25 deg x x
4.a.(1)(ii) Pitch Velocity 15 deg/s x x

20 deg/s x x
4.a.(1)(iii) Pitch Acceleration 75deg/s2 x x

100 deg/s2 x x
4.a.(2)(i) Roll Displacement 20 deg x x

25 deg x x
4.a.(2)(ii) Roll Velocity 15deg/s x x

20 deg/s x x
4.a.(2)(iii) Roll Acceleration 75 deg/s2 x x

100 deg/s2 x x
4.a.(3)(i) Yaw Displacement 25 deg x x x
4.a.(3)(ii) Yaw Velocity 15 deg/s x x
...

...
...

...
...

...
...

Figure 2-20: Example of a characteristic mission for the subjective evaluation of a FFS.

In subpart C of the first book of AMC1 FSTD(H).300 the requirements are given per subsys-
tem. Requirements for the mathematical model and hardware subsystems are pooled together.
However, requirements are divided over performance, handling qualities, atmospheric models,
motion systems, visual system and FSTD Systems.

Table 2-2 shows the first five requirements for the motion system. It can be seen that they
pose physical limits to the actuation system, but not necessarily consider the motion cueing
algorithm.

2-4-3 Evaluation Procedure

The evaluation procedure of these requirements is however documented in subpart FSTD
of the Annex to ED Decision 2012/006/R. This document describes how the requirement
should be tested and is therefore more interesting for the purposes of this literature study.
It basically consist of two parts of evaluation of FSTD qualification. Firstly the certification
basis, based on objective tests, as was given in Table 2-2. These test are conducted in several
stages. Interestingly, the test guide does mention anything about tuning, or the methods that
can be used to achieve satisfactionary motion cueing characteristics.
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Within Book 2 about the subjective assessment methods, FSTD(H) states the following:
When evaluating functions and subjective tests, the fidelity of simulation required for the
highest level of qualification should be very close to the aircraft. However, for the lower levels
of qualification the degree of fidelity may be required in accordance with the criteria contained.
There exists therefore currently no technique or method to assess the overall fidelity of a
helicopter simulator other than letting an experienced pilot fly in the simulator and let him
’check’ if the fidelity of simulator is very close to the real aircraft.

2-5 Discussion & Conclusions

From the preceding literature review, it can be seen that there are many kinds of fidelity and
that there are subsequently many different ways to interpret the simulator motion fidelity.
In general, the field can be divided in subjective evaluation methods, like pilot rating scales
or measuring workload and objective methods such as searching a way to model to pilot or
objectively evaluation the motion cueing system.

In general, the main advantages of objective assessment is repeatability, that is, results about
simulator performance are not subject to pilot opinion. However, objective methods such
as pilot models are model and task specific. Generalized applicability is therefore limited.
Furthermore, there exist few criteria for the allowable difference between the simulator and
the aircraft for these metrics.

Subjective assessment on the other hand has the advantage that a clear distinction is made
between sufficient and insufficient simulator performance. Moreover, subjective ratings can
be applied regardless of the aircraft type or MTE and have therefore a more generalized
applicability.

The ’holy grail’ is the field of simulator motion fidelity is therefore to find a way to objec-
tively evaluate fidelity that is broad enough to cover the whole envelope of daily simulator
operations. The OMCT has been proven to find discrepancies between certified simulators
and is therefore a step towards this goal. However, the OMCT does not take into account
the specific characteristics of the aircraft type and Mission Task Elements. Furthermore the
OMCT is makes assumptions based on the input signal. To increase the applicability, these
aspects need to investigated. Furthermore, still no criteria or performance metric exist for
the OMCT.

This literature study was carried out to find an answer to the following research question:

What is the present state of research in the field of simulator motion fidelity and can
an Objective Motion Cueing Test contribute to an improvement of simulator fidelity
evaluation in the helicopter domain?

In light of the result section, the following observations have been made.

• There exist many initiatives to improve the evaluation of motion fidelity. However, in
the foreseeable future the academic world agrees that subjective evaluational will be
necessary.

• The Objective Motion Cueing Test provides an end-to-end test to evaluate the motion
cueing system and was developed for fixed-wing simulators. However, a close look

Motion Fidelity Assessment for Helicopter Simulations W.H. Dalmeijer



52 Literature Review on Simulation Fidelity

should be taken at the assumptions made on the input signals and their validity in the
helicopter domain.

In conclusion, it can be stated that the Objective Motion Cueing Test can therefore contribute
to an improvement of simulator fidelity evaluation in the helicopter domain.
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Chapter 3

Simulation of two Helicopter Mission
Task Elements

In this chapter the simulation of two helicopter Mission Task Elements (MTEs) is discussed.
A closed loop simulation structure will be used, illustrated in Figure 3-1.

Lynx Model

ControllerMTE

+

-

FPS

FPA

MDA

Figure 3-1: Schematic representation of the closed loop simulation of two Mission Task Elements.

As can be seen, a mathematical helicopter model will be implemented, controlled by a non-
human controller, to fly an MTE. Furthermore, a time trace of these mission task elements
will be fed into the motion filter of the SRS studying the cueing characteristics in the time
domain.

This chapter is structured as follows. Firstly the mathematical helicopter model in discussed
in section 3-1. Thereafter this model is trimmed, linearized and verified in section 3-2 and
section 3-3 respectively. Thereafter the loop is closed for the first MTE in section 3-6. A
second MTE is studied in section 3-5. Lastly, the time trace of the MTE is converted to the
frequency domain for use in the proceeding analysis in section 3-7.

3-1 3DOF Lynx Helicopter Model

In this section, the implementation of a three Degrees of Freedom (DOF), longitudinal heli-
copter model is discussed. This model is based on the description of a helicopter model given
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by Th. van Holten and J. A. Melkert in [45]. For this model numerical values will be based
on the DRA (RAE) research Lynx, ZD559, [12].

Figure 3-2 shows a schematic of the non-linear, 3DOF, longitudinal helicopter model.

3 DOF EoMCompute 
Forces

θ0 θc

Induced 
Velocity

Dryden 
Turbulence x

u w q

T D a1

θ0 θc

x
.

u = [θ0  θc]’

y = [x  x  T  D  a1]’
. T D a1

u w q λi

Figure 3-2: Schematic representation the computation architecture of the helicopter model.

From Figure 3-2, it can be seen that there are four computational blocks: the Equations of
Motion, the computation of forces, the iterative solver for the induced velocity and a Dryden
turbulence model. In subsection 3-1-1 to subsection 3-1-4 these blocks will be discussed
respectively.

3-1-1 The Equations of Motion

Just as for the dynamics of fixed-wing aircraft, the equations of motion are one of the most
important tools to model and predict rotorcraft behavior. For this research the following
assumptions were made on the aircraft body:

• Any coupling between the symmetric and asymmetric motion is not taken into account.
• There are no aerodynamic moments acting on the fuselage, but a drag force. This also

means that the aerodynamic forces of the tail-plane are neglected.
• The center of the rotor hub is positioned directly above the center of gravity of the

aircraft.
• Only the moment of inertia about the Y-axis is taken into account.
• H-forces in rotor plane are neglected (i.e. no ”Amer-effect”), thrust T normal to tip

path plane.

The result of these assumptions is there are only acting three forces on the simulated helicopter
body. In Figure 3-3, a Free Body Diagram (FBD) is given including the total drag force on
the helicopter D, the weight W and the thrust from the main rotor T .

Expressing stated forces in the appropriate directions results in a set of 3 equations, given by
Equation 3-1. Furthermore, to complete the longitudinal equations, one extra equation gives
the kinematic relation between the rotational pitch velocity and the pitch angle.

W.H. Dalmeijer Motion Fidelity Assessment for Helicopter Simulations



3-1 3DOF Lynx Helicopter Model 55

91  

R
cN

⋅
⋅=

π
σ  

 

( ) 22 RR
TCT πρ Ω

=  

 

11.5 Resulting angle overview of the aircraft in symmetric forward flight 
 
Figure 11.4 gives the resulting overview of the angles of the helicopter in the symmetric 
forward flight: 
 

- The X-axis of the body axis system makes an angle ff θυ −=  relative to the 
horizontal plane. 

- The airspeed V has components u and w in the direction of the X- respectively Z-
axis of the body axis system, and thus makes an angle ( )uwarctan=ε  with the X-
axis. 

- The angle between the control plane and the X-axis is cθ , so that the angle of 
attack cα  of the control plane is equal to ( )uwcc arctan−= θα . 

- The tip path plane is tilted backwards with an angle a1 relative to the control plane, 
so that the angle of attack of the tip path plane dα is equal to 1acd −= αα . 

- As a result of the longitudinal tilt a1 of the tip path plane relative to the control 
plane, the angle between the tip path plane and the X-axis will be smaller than its 
relative angle to the control plane, namely 1ac −θ . 

- Thus the forward tilt of rotor thrust force T relative to the negative Z-axis also 
equals 1ac −θ . 

 

 
Figure 11.4: Disc plane and Control plane in free symetrical forward flight Figure 3-3: Schematic Free Body Diagram, displaying relevant relevant angles of the main rotor

disk, [45].

u̇ = −g sin θf − D

m
cos(θf ) +

T

m
sin(θ1c − a1)− qw (3-1a)

ẇ = g cos θf − D

m
sin(θf )−

T

m
sin(θ1c − a1) + qu (3-1b)

q̇ = − T

Iy
sin(θ1c − a1) (3-1c)

θ̇f = q (3-1d)

3-1-2 The Computation of Forces acting on the Helicopter Body

Considering the assumptions stated in subsection 3-1-1, an estimate of the three forces acting
on the body can be found, using the equations shown in Equation 3-2.
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T = CTρ(ΩR)2πR2 (3-2a)

D = CD
1

2
ρV 2S (3-2b)

W = Mag (3-2c)

The drag coefficient CD was a single values for both the main rotor and the body, taken 0.08,
[12] for this simulation. Other numerical values used are given in Appendix B.

However, the thrust coefficient CT is not easily found. For fixed wing aircraft, lift can directly
be computed from the aerodynamics on the main wing. However, for rotorcraft, it is not
possible to compute the thrust force directly from the aerodynamics on a rotor blade. First,
it must be taken into account that the blade is free to flap around a hinge. The ability for
helicopter to do so is critical, since it firstly enables the blade to automatically equalize the
difference in lift force on the advancing and retreating blades of the rotor, [12]. Secondly, a
flapping blade enable the tilt of the rotor disk and thus control over the thrust force.

For more information on the dynamics of the rotor blade, the interested reader is referred
to Appendix A, where a rudimentary form of the flapping equation is derived and discussed.
Furthermore, if the reader is unfamiliar with the symbols used in this chapter, it is also
recommended to read Appendix A, as clear definitions are given here.

As was stated, the model implemented is largely based on the 3DOF longitudinal model
presented by van Holten and Melkert in 2002, [45]. They derive a form of the flapping
equation equal to Equation 3-3, which forms the basis for the model presented. Equation 3-
3 is an extension of the equation presented in Appendix A, Equation A-18, that includes
the influence of a forward velocity, µ, on the aerodynamic forces of the flapping equation.
Equation 3-3 is not derived in this report, but taken from [45].

β̈ +
γ

8

(

1 +
4

3
µ sinψ

)

β̇ +
(

1 +
γ

6
µ cosψ +

γ

8
µ2 sin(2ψ)

)

β =

− 2
q

Ω
sinψ +

γ

8

(

θ0(1 + µ2)− 4

3
(λc + λi) + µ(

8

3
θ0 − 2(λc + λi)) sinψ

+
q

Ω
cosψ +

4

3

q

Ω
µ sin(2ψ)− θ0µ

2 cos(2ψ)
)

(3-3)

For Equation 3-3, the following assumptions on the dynamics of the main rotor blades were
made:

• A spring-less, non-eccentric flapping hinge and an infinitely stiff blade are assumed.
Therefore, no moments are generated on the rotor hub.

• There is no coupling between the flapping and the feathering motion of the blade.
Therefore there is no δ3-effect.

• Blades with no twist and constant chord are assumed.
• Flapping angles are small, with linear aerodynamics and have no stall nor dynamic stall.
• Quasi-steady flapping dynamics and inflow velocity are assumed.
• A constant RPM is assumed: the engine is assumed to deliver the power required

without delay.
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Considering these assumptions, the solution of the flapping equation has the form of β =
a0 + a1 sin(ψ) + b1 cos(ψ). Coefficients a0, a1 and b1 are given with respect to the hub plane,
according to Equation 3-4, [45].

a0 =
γ

8
θ0(1 + µ2)− γ

6
(λc + λi)

a1 =
8
3µθ0 − 2µ(λc + λi)− 16

γ
q
Ω

1− 1
2µ

2

b1 =
4
3µa0 −

q
Ω

1 + 1
2µ

2

(3-4)

With the homogeneous solution for a1, an estimate for the thrust coefficient can now be found
by solving for the induced velocity of the airflow going through the main rotor, according to
Equation 3-5. The physical meaning of coefficient a1, is the longitudinal angle of the disk
plane, visualized in Figure 3-3.

a1 =
8
3µθ0 − 2µ(λc + λi)− 16

γ
q
Ω

1− 1
2µ

2
(3-5a)

CTBEM =
1

4
a0σ
(2

3
θ0(1 +

3

2
µ2)− (λc + λi)

)

(3-5b)

CTGLA = 2λi

√

( V

ΩR
cos(αc − a1)

)2
+
( V

ΩR
sin(αc − a1) + λi

)2
(3-5c)

(3-5d)

Equation 3-5 gives two relations for the thrust coefficient. Firstly there is the thrust coefficient
according to Blade Element theory, Equation 3-5c. Secondly, Glauert provides a relation that
estimates the CT coefficient based upon the airflow. The variables V , αc, λi and µ are non-
dimensional coefficients for the state of the aircraft and were determined using the relations
described in Equation 3-6.

V =
√

u2 + w2 (3-6a)

αc = θ1c − tan−1 w

u
(3-6b)

µ = V
cosαc

ΩR
(3-6c)

λc = V
sinαc

ΩR
(3-6d)

The variable λi, or the induced velocity of the rotor inflow, is not known. However, since
both Glauert and Blade Element Theory provide an equation for the thrust coefficient, there
is a system of two equations and two unknowns. To solve this system, a Newton-Raphson
solver was implemented.
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3-1-3 Newton-Raphson Iterative Solver

To solve for the induced velocity, the thrust coefficient according the the blade element method
and the thrust coefficient according to Glauert need to be similar, or CTBEM = CTGLA.
Therefore, a λi can be found for which CTBEM − CTGLA = 0. Substituting equations Equa-
tion 3-5c and Equation 3-5d gives Equation 3-7.

f(λi) =
1

4
a0σ
(2

3
θ0(1 +

3

2
µ2)− (λc + λi)

)

− 2λi

√

(
V

ΩR
cosαc − a1)2 + (

V

ΩR
sinαc − a1 + λi)2

(3-7)

Equation 3-7 was solved by means of a Newton-Raphson method, [46]. This method finds
where a function intersects the x-axis by using the derivative to make an estimate for the new

iteration, xi+1 = xi +
ḟ(xi)
f(xi)

A schematic overview of this method is given in Figure 3-4.

f(λi) = CTBEM-
CTGLA

f(λi)

M

xi+1

xi

/ +-
f(xi)

f(xi)

xi+1 = xi -f(xi)/f(xi)

while{(xi+1-xi)>10e-6}

. .

.

Figure 3-4: Flowchart of the computation scheme used to solve equation Equation 3-7.

The derivative of equation Equation 3-7 was found analytically, shown in Equation 3-8,

ḟ(λi) = −a0 σ

4
−

√

(V sinZ + ΩRλi)
2

Ω2R2
+

V 2 cosZ2

Ω2R2
−
λi
(

2λi +
2V sinZ

ΩR − 8V λi µ cosZ
ΩR (µ2−2)

)

2
√

(V sinZ+ΩRλi)
2

Ω2 R2 + V 2 cosZ2

Ω2 R2

(3-8)

where coefficient Z is given by the expression from Equation 3-9.

Z =

(

αc −
2µ (λc + λi)− 8µ θ0

3 + 16 q
Ω γ

µ2

2 − 1

)

(3-9)

After solving for the induced velocity, the thrust coefficient can be computed and in turn the
total thrust force. With the thrust force, all forces are now known.
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3-1-4 Turbulence model

The basic model set-up is now complete. However, in real-life simulation atmospheric distur-
bances excite the mathematical mode, on top of pilot input. Therefore an extra block was
added to the dynamics. This block models the dynamics of atmospheric turbulence by means
of a Dryden model, [47]. This model uses two filters to filter white noise inputs on the vertical
and horizontal body axes. The transfer function of the filters for the x- and z-axis are given
in Equation 3-10 respectively.

Hūw1(s) = σū

√

2
Lu

V

1
Lu
V s+ 1

(3-10a)

Hw̄w3(s) = σw̄

√

Lw

V

1 +
√
3Lw

V s

(Lw
V s+ 1)2

(3-10b)

In Equation 3-10, w1 and w3 give the white noise inputs for u and w respectively. It was
assumed that no rotational component is present in the turbulence.

A Dryden gust model relies on velocity of the aircraft, V to generate variations in the wind
speed. For the use in hover, this model will therefore not generate any turbulence. However, it
was considered outside the scope of this project to investigate more complex turbulence model
such as the Mixer Equivalent Turbulence Simulations (METS) or Simulation of Rotor Blade
Element Turbulence (SORBET) models, as described by Lusardi in [48]. Therefore it was
decided to use a Dryden turbulence spectrum to generate deviations from the horizontal and
vertical aircraft body speeds using fictive fixed airspeed of 90 [kts] or 45 [m/s], representing
a category A fixed-wing aircraft at approach, at 500 [ft].

The parameters for the turbulence model were then set according to military specifica-
tion MIL-F-8287C, [49]. Longitudinal turbulence scale Lu was set according to Lu =

h
(0.177+0.000823h)1.2 , where h is the altitude in feet. Vertical turbulence scale Lw was set ac-

cording to Lw = h
2 . Turbulence intensity σu was set to 2.5, corresponding to light turbulence,

[49]. Finally vertical turbulence intensity was set to σw = σu
2.5 . Coefficients for the Dryden

model are summarized in to Table 3-1.

Table 3-1: Chosen values for the Dryden turbulence model.

V [m/s] Lu[−] Lw[−] σu[−] σw[−]
45 944.7 250 2.5 1

Figure 3-5 shows a time-trace for 100 [s] of simulated turbulence, for both the longitudinal
and vertical component.

3-2 Trim

Before any simulation can be run with the constructed model, the aircraft needs to be trimmed
according to the airspeed. This process boils down essentially to the computation of control
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Figure 3-5: Visualization of on on the seeds for the longitudinal and vertical gust speeds.

inputs, for which the aircraft maintains its wanted velocity. Implicitly this means that it is
assumed that u̇ = ẇ = q̇ = 0. To simplify the trim computations for the purpose of this
simulation even further, also zero pitch velocity is assumed, q = θ̇f = 0.

The stated assumptions result in a Free Body Diagram with forces indicated in blue in Fig-
ure 3-6. Moreover, the forward velocity is indicated in red.

c.g.
XB

ZB

V

θf

u0

w0

W

D

T

Figure 3-6: Free Body Diagram and Kinetic Diagram of a helicopter in steady forward flight.

The first step to computing the control inputs is to compute the forces indicated in the FBD
in Figure 3-6. Weight and drag are computed readily from aircraft parameters, according to
Equation 3-11a and Equation 3-11b. The thrust can then be estimated with the aircraft pitch
angle, making use of the assumption there is no angle of attack, and that the thrust force is
in-line with the aircraft z-body axis,
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D = CD
1

2
ρV 2

0 S (3-11a)

W0 = Mag (3-11b)

θf0 = − tan−1(
D

W
) (3-11c)

T0 = W0 cos(θf0)−D0 sin(θf0) (3-11d)

where the pitch angle was found using the computed weight and drag forces, according to
Equation 3-11c. The only variably left that is needed for the computation of the initial control
input is the inflow velocity of the rotor. However, the thrust coefficient at this point can be
computed according Equation 3-12b and can be used directly to determine λi, without the
use of the blade-element method, directly from the Glauert equation, Equation 3-12b.

CT0 =
T0

ρ(ΩR)2S)
(3-12a)

CT0 = 2λi0

√

( V0

ΩR
cos(tan−1

(D0

W0

)

)
)2

+
( V0

ΩR
sin(tan−1

(D0

W0

)

) + λi0

)2
(3-12b)

µ0 =
V0

ΩR
(3-12c)

As can be seen from Equation 3-12b, use has been made from the fact that, since the thrust
is assumed to be in line with the z-direction of the body reference frame, the disk angle is
assumed to be equal to the pitch angle, given in Equation 3-13.

αd = αc − a1 = −θf0 = tan−1(
D

W
) (3-13)

Control inputs can now be found by using the equation for the thrust coefficient according
to blade element theory, and the solution for coefficient a1 of the flapping equation. For
convenience these equations are repeated in Equation 3-14.

a1 =
8
3µθ0 − 2µ(λc + λi)− 16

γ
q
Ω

1− 1
2µ

2
(3-14a)

CTBEM =
1

4
a0σ
(2

3
θ0(1 +

3

2
µ2)− (λc + λi)

)

(3-14b)

The induced inflow due to flight velocity can now be substituted by an expression, derived
using Equation 3-13.

λc0 =
V

ΩR
sinαc (3-15a)

=
V

ΩR
sin(αd + a1) (3-15b)

=
V

ΩR
sin(tan−1(

D

W
) + a1) (3-15c)

= µ0a1 + µ0
D

W
(3-15d)
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Furthermore, for a trimmed aircraft, the rotor pitch angle θ1c is equal to the solution for a1 of
the flapping equation. Since an infinitely stiff blade was assumed for this model, in this case
the thrust vector for this particular model is in line with the vertical z-axis, as can be seen
from Figure 3-3. Substituting θ1c = a1 and $lambdac0 = µ0a1 + µ0

D
W into Equation 3-14,

Equation 3-16 is obtained. Furthermore it should be noted that q̇ is assumed to be zero.

θ1c =
8
3µθ0 − 2µ(µθ1c + µ D

W + λi)

1− 1
2µ

2
(3-16a)

CT =
1

4
a0σ
(2

3
θ0(1 +

3

2
µ2)− (µθ1c + µ

D

W
+ λi)

)

(3-16b)

Equation 3-16 can now be rewritten in a matrix form equal to that of Equation 3-17 and used
to solve for control inputs θ1c and θ0.

[

θ1c0
θ00

]

=

[

1 + 3
2µ

2 −8
3µ

−µ 2
3 + µ2

]−1
[

−2µ2 D0
W0

− 2µλi0
4
σ
CT0
a0

+ µD0
W0

+ λi0

]

(3-17)

To verify the outcome of the trim procedure the aircraft was trimmed for a range of velocities,
up to µ = 0.3. This corresponds to roughly 70 [m/s]. The control inputs needed for a trimmed
aircraft are given in Figure 3-7.
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Figure 3-7: Trimmed control inputs vs. initial velocity, expressed in µ = V
ΩR .

As can be seen that collective blade pitch initially decreases when the initial velocity is
increased. However, thereafter it is increased. The longitudinal blade pitch gradually increases
up to 4 [deg], indicating a forward cyclic input. Furthermore, coefficient of the flapping angle
a1 is also given. It can be seen that up to µ = 0.2, a1 is roughly equal to θ1c. However after
µ = 0.2 the blue and red line start deviating, indicating that thrust vector is not fully in
line with the aircraft z-axis. This is due to the fact that small angle approximations used for
Equation 3-15 no longer hold for large velocities.
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In order to verify if the aircraft is indeed trimmed at t = 0, forces and moments were computed
for the resulting control inputs. Figure 3-8 shows the specific forces and rotational acceleration
at t = 0. Also indicated are the boundaries for the vestibular system. These boundaries are
used, since the primary use of this model is an application in a motion cueing research.
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Figure 3-8: Initial specific forces and rotational acceleration vs. initial velocity.

As can be seen, up to µ = 0.2, specific forces fx0 and fz0 are below the boundary of the
vestibular system. Thereafter however, initial forces and moments are not zeros and above
the boundaries of the vestibular system. Therefore the model is considered trimmed up to
70 [m/s]. Mathematically there could be found a way trim the aircraft at higher speeds.
However, this is considered outside of the scope of this research.

3-3 Verification

To verify if the mathematical model is correctly implemented, two steps have been undertaken.

• Firstly the eigenvalues and motions were studied by linearizing the model, and compar-
ing the output to the implemented non-linear model.

• Secondly, the linearized model is compared to data from a more complex model simu-
lating the lynx, given by Padfield [12].

3-3-1 Eigenmotions

The model was linearized analytically using the following procedure.

As can be seen from Figure 3-9, after trimming the model for a particular initial condition,
the initial forces are computed. Thereafter, the states and inputs perturbed, indicated by
∆, one by one. The resulting differences in forces and rotational moments were subsequently
computed, as is shown in the equation in Figure 3-9.
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Compute forcesTrim u = u0 + Δu Compute forces
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Xu = (X-X0)/(Δu Ma)

Figure 3-9: Schematic flowchart of the lenearisation procedure.

Stability and control derivatives were computed to construct a state space system according
to Equation 3-18.
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(3-18)

In Equation 3-18, gravity is added in the X and Z equation. Moreover, rational components
mu0 and −mw0 are also taken into account. Eigenvalues were subsequently computed and
are visualized in Figure 3-10.
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Figure 3-10: A comparison of eigenvalues to a fixed-wing example, the Cessna Citation II PH-
LAB.

As can be seen from Figure 3-10, also eigenvalues for the Cessna Citation II PH-LAB at cruise
speed are given. It can be seen that the the Citation has 5 eigenvalues. The two most right
eigenvalues correspond to a phugoid motion, which is unstable in this case. The most left
pair of eigenvalues correspond to a short period, which is periodic and stable. Lastly there is
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an eigenvalue corresponding to a heave motion, which aperiodic and stable.

The helicopter model however, has 4 eigenvalues. The corresponding eigemotions were found
using the eigenvectors. Similarly to the Citation, there is an unstable pair corresponding
to a phugoid. Secondly, there are two real eigenvalues in the left side of the plot. The
most negative eigenvalue corresponds to the short period, which in this case is an aperiodic
exponential function. The last eigenvalue is linked with heave motion and is also aperiodic
and stable.

The most interesting eigenmotion is this case is the phugoid, since it is highly unstable. To
visualize the response of the phugoid motion, the helicopter was trimmed in hover. Thereafter
a block input was given on the cyclic, as is represented in Figure 3-11a. For both the linearized
and the non-linear model the response was then computed and given in Figure 3-11b.
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Figure 3-11: Visualization of the phugoid eigenmotion.

As can be seen, up to 20 [s] the non-linear and linear models predict horizontal speed and
pitch angles similarly. However after 20 [s], the pitch angle exceeds -20 [deg]. At large
difference from the initial condition the assumption of linearity is no longer valid. The linear
and non-linear model therefore no longer overlap.

3-3-2 Comparison to Padfield

To further verify that the model output is as expected of a rudimentary helicopter model,
stability and control derivatives were compared to those of a more advanced helicopter model
of the lynx. Table 3-2 shows stability derivatives of the linearized model and a lynx 6 DOF
model given by Padfield for an initial condition of 0 [kts].

Table 3-2: Stability Derivatives for the Lynx helicopter at 0 [kts].

Xu Xw Xq Zu Zw Zq Mu Mw Mq

Padfield -0,02 0,02 0,8 0 -0,3 0 0,05 0,005 -2
Linearized -0,015 0 0,62 0 -0,27 0 0,006 0 -0,25
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The differences in stability derivatives are discussed subsequently:

• It can be seen that the force in x-direction is affected less by the linearized model than
by the model by Padfield. Xw is not even taken into account. The main reason for this
is thought to originate in the fact that it was assumed that there are no H-forces acting
on the rotor. With no in-plane forces acting on the rotor, Xu is only affected by the
drag force of the body. A similar explanation can be sought for the difference in Xq.

• The main contribution to Zw is the rotor inflow, which was modeled by the Newton-
Raphson iterator. As can be seen, this gives a good estimate.

• Since it was assumed that aerodynamic moments on the fuselage are neglected, contri-
butions to M are all due to the main rotor thrust force. Therefore Mu, Mw and Mq

are all smaller for the linearized model than for the more complex model by Padfield.
Furthermore, there is no offset from the rotor hub to the centre of gravity. This might
also explain the large difference in Mu.

Table 3-3 shows the control derivatives of the linearized model and a lynx 6 DOF model given
by Padfield for an initial condition of 0 [kts].

Table 3-3: Control Derivatives for the Lynx helicopter at 0 [kts].

Xθ0 Xθ1c Zθ0 Zθ1c Mθ0 Mθ1c

Padfield 7 2 -95 -0,5 1 -6
Linearized 0 9,81 -95,2 0,09 0 -3,88

Control derivatives are discussed subsequently:

• For the lynx helicopter, the rotor hub is not directly positioned above the c.g. Therefore
in hover, the rotor is tilted slightly forward. An input on the collective will result
therefore directly in an increade in the force in x-direction. Xθ0 is not affected by a
collective input in the linearized model, but is severely affected by Padfield. Secondly,
Xθ1c is affected more for the linearized model than the model according to Padfield.
Since an infinitely stiff rotor is assumes a change in cyclic pitch will result directly in a
change of aircraft pitch angle. The contribution to X is equal to g.

• Forces in z-direction also differ. It can be seen that Zθ0 is of similar magnitude but
that Zθ1c is of opposite sign. Zθ1c for the linearized model is positive since a positive
change in θ1c will result in a decrease in lift. Therefore, force in direction will become
more positive(ZB positive down). A typographical error is suspected in in the sign of
this control derivative in Padfield.

• Mθ0 is zero for the linearized model since it assumed that the rotor is positioned directly
above the centre of gravity. Therefore a change in collective does not result in a pitch
moment. Mθ0

Summarizing from the preceding, to assumptions with the most effect on the helicopter model
fidelity are:

• No aerodynamic moments acting on the body (no tailplane).
• The rotor is positioned directly above the c.g.
• No H-forces acting on the main rotor.

For improvement of the model, the first two assumptions can be relatively easily implemented.
To incorporate the H-forces, requires more work. At this point, these improvement are consid-
ered outside of the scope of this project, since focus is put on the performance of the motion
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cueing system. However, if during pilot trials it is found that the model in its current form
has insuficient fidelity, it is recommended to incorporate stated improvements.

3-4 Validation

No actual data of the Lynx helicopter was provided for this project. Therefore no validation
work was performed. However, the model was verified with a different model which was
validated by Padfield e.a. Although numerous differences were found, the model is thought
to capture the most rudimentary dynamic characteristics of rotorcraft. Since the focus of this
project is on motion cueing performance the model in its current form is therefore considered
sufficient to continue to the next step, the simulation of two mission task elements.

3-5 Mission Task Element I: Take-Off Abort

The first mission task element was chosen to explore coupling between the pitch motion and
the surge motion, focusing mainly on the low-frequency response of the mathematical model.
No turbulence was used for this task. It was therefore decided to choose the take-off and
abort task from ADS-33, [13]. For a complete description the interested reader is referred to
Appendix C.

Figure 3-12 shows a schematic representation of the maneuver. The maneuver is initiated
from hover, pushing the cyclic forward until a velocity of 40 [kts] is reached. Thereafter the
pilot immediately decelerates the aircraft to a hover again, simulating an aborted take-off.

V

V = 40-50 [kts]

x

xmax = 800 [ft] +/- 20 [ft] 
θf= +/- 20[°]
h = 35 [ft]

Figure 3-12: Schematic representation of the Take-Off/Abort MTE.

The box in Figure 3-12 indicates desired performance criteria from ADS-33. The total distance
traveled should be 800 ft. Furthermore, the maneuver should be flown at an altitude of 35
[ft] and the maximum pitch angle should be approximately +/- 20 [deg].

3-5-1 Controller

A controller was designed to fly the model for this MTE. It consist of three parts. Firstly,
the collective was used to keep the altitude to a constant value by means of proportional and
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derivative control. Secondly the cyclic was used to control the pitch angle of the aircraft and
in turn the velocity. Figure 3-13 shows a flowchart of the designed structure.
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Figure 3-13: Flowchart of the controller built to fly the TO-Abort mission task element.

Subsequently the three proposed controllers were tuned to achieve a desirable tracking per-
formance. Table 3-4 shows the gains that were used.

Table 3-4: Gains used to fly the TO-Abort MTE.

Kh Kḣ Kθ Kq Ku Kx

TO-Abort 0.3 0.1 -5 -0.25 -0.12 -0.01

3-5-2 Results

This section will show and discuss the state, input and output characteristic of the closed
loop simulation.

Firstly, the desired input for the controllers and the actual states of the aircraft is given in
Figure 3-14a. As can be seen, there is some overshoot present in the velocity controller, where
the aircraft state represented by the green lines lags behind the desired input represented
by the blue line. The aircraft reaches a maximum velocity of 23.3 [m/s], which is desired
performance for this maneuver.

At first glance it can be seen that the tracking performance of the altitude controller looks
bad. However, considering the scale, it can be seen that it does not deviate by more than 0.3
[m], which is considered sufficient for this maneuver.

Figure 3-14b shows the accompanying input for the collective and cyclic inputs. It can be
seen that there are no high frequent components or sudden jumps in the input. Therefore at
this stage, the input is considered of sufficient quality to continue the analysis.

Besides the input and tracking performance, the states in the model were also studied. Firstly
the thrust and drag forces have been plotted in Figure 3-15a. Furthermore, it is interesting
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(b) Input of the collective (TOP) and cyclic (BOT-
TOM).

Figure 3-14: Controller performance for MTE I: TO and Abort.

to look at the level of coordination of the maneuver. From literature it was seen that the
OMCT assumes a uncoordinated pitch-surge motion. In other words, the OMCT assumes
that when pitching, there is a gsinθ component on the surge axis.

Figure 3-15b shows the acceleration on the surge axis and the contribution of the gravity
vector in the same figure. For a coordinated maneuver, it would be expected that the two
lines would overlap. If the acceleration on the surge axis is equal to the contribution of the
gravity vector, then the specific force is equal to zero, and the motion is coordinated.
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(a) Thrust and drag during the TO-Abort MTE.
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Figure 3-15: Forces and states for MTE I: TO and Abort.

Looking at Figure 3-15b, it can be seen that for the surge direction, gravity and linear
acceleration mostly overlap, indicated that the maneuver is mostly coordinated.
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3-5-3 Simulator Response

The next step is to connect the output of the 3 DOF model to the motion cueing algorithm.
To do so however, the states firstly have to be converted into specific forces and rotational
accelerations. This is done according to Equation 3-19.

fspx = u̇+ g sin(θf ) + wq (3-19a)

fspz = ẇ − g cos(θf )− uq (3-19b)

ωspy = q̇ (3-19c)

The specific forces and rotational acceleration were subsequently fed into the motion cueing
algorithm of the SRS. As a test, similar parameter setting as the sensitivity analysis of the
OMCT were used. The interested reader is referred to Table 4-2.

Figure 3-16 shows a time domain trace of the specific force in x an z-direction, together with
the rotational acceleration.
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Figure 3-16: Specific forces of the aircraft (IN) and the simulator response (OUT).

Some general remarks on Figure 3-16:

• As can be seen, the performance on the heave axis is very poor. There a is large high
pass break frequency on the heave axis needed since there is a limited workspace of the
simulator. Low-frequency content is therefore filter out of the aircraft motion. Pilots
often refer to this as the lack of response of the motion system to the collective. No
’collective dip’ is felt. This is typical for helicopter simulations.

• High-frequency content is filtered out of the pitch acceleration by the cueing algorithm.
Secondly, it can be seen that sustained pitch accelerations are ’washed out’ by the filter
on the pitch channel.
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• On the surge channel, a similar response can be seen. Moreover, it can be seen that
the high-frequency content is exited earlier. This is due to the lead generated by the
high-pass filter.

• Lastly, from Figure 3-16 the presence of tilt coordination can be seen in the form of a
bump at around 35 [s] in the pitch acceleration output of the simulator. This bump is
the result of sustained surge acceleration of the aircraft at that time.

3-6 Mission Task Element II: Hover

To excite the higher frequencies more, it was decided to simulate a second mission task
element, included turbulence. Turbulence settings were chosen as explained in subsection 3-
1-4. It was chosen to simulate a hover motion, since it requires more precision from the
pilot.

The task is initiated with a small forward velocity of 6 [kts]. The goal is the stabilized the
aircraft in hover within 3 [s] and keep it at the same position +/- 3 [ft] for an extra 30 seconds.

V

t

xend = +/- 3 [ft] 
h < 20 [ft]V0 = 6-10 [kts]

3 [s] 30 [s]

Hover

Figure 3-17: Schematic representation of the hover MTE.

Figure 3-17 shows a schematic representation of the maneuver. Notice the desired performance
in the black square. For more information about the task, the reader is referred to Appendix C.

3-6-1 Controller

A similar control strategy was applied as for the Take-Off and Abort task. The collective was
used to control the altitude and the Cyclic was used to control the pitch altitude and in turn
the velocity. Figure 3-18 shows a schematic representation of the control scheme used for this
task.

Table 3-5 shows the gains used for the controller.

Table 3-5: Gains used to fly the hover MTE.

Kh Kḣ Kθ Kq Ku Kx

Hover 0.3 0.1 -2.5 -0.25 -0.1 -0.03
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Figure 3-18: Schematic representation of the simulation of two basic MTE’s.

From Table 3-5 it can be seen that Kx is higher that for the take-off abort maneuver. This
is to ensure a better tracking of the position in hover. Secondly, the gain on the pitch angle
Kθ is slightly relaxed, 2.5 instead of 5. This is to cope with the turbulence.

3-6-2 Results

The results of the simulation will be discussed here in a similar fashion as was done for the
Take-Off and Abort MTE.

Figure 3-19a shows the performance of the altitude and velocity controllers. Figure 3-19b
shows the accompanying input for the collective and the cyclic inputs.
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Figure 3-19: Controller performance for MTE II: Hover.

It can be seen that the actual altitude and horizontal speed of the aircraft are signals with
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some power at the higher frequencies. Furthermore, it is seen that the helicopter does not
stabilize in hover in under 3 seconds, but takes somewhat more, about 5 [s]. Due to the
severity of the turbulence, a less aggressive controller was implemented.

Figure 3-20a shows the thrust and drag for this maneuver. It can be seen that the forces
shows the characteristics of the turbulence, since both are directly related due to the inflow.

Figure 3-20b shows the acceleration along the body axes and compares it to the appropriate
gravitational component. It can be seen that the acceleration along the z-axis is especially
effected by the turbulence. This is to be expected, since this acceleration is directly coupled
with thrust, which affected by the induced flow of the rotor. The horizontal velocity is affected
less, since drag is less sensitive to the turbulence.
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(a) Thrust and drag during the Hover MTE.
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Figure 3-20: Forces and states for MTE II: Hover.

3-6-3 Simulator Response

Similarly to the Take-off and Abort maneuver, the specific forces and rotational accelerations
were computed and fed into the SRS motion cueing algorithm, according to Equation 3-19.
Figure 3-21 shows the input and output of the cueing algorithm.

Several observations can be made about Figure 3-21:

• Firstly the motion in heave direction has more high-frequency content than for the
take-off and abort MTE. This high frequency content is cued better.

• Not much pitch and surge input from the aircraft are present for this task, except for
the deceleration at around 30 [s]. During this deceleration, similar cueing characteristics
can be seen as during the take-off and abort task.

3-7 Frequency Domain

For the OMCT, it is of interest what the characteristics of these two maneuvers are in the
frequency domain, such that they can be compared to set of input signals as described by the
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Figure 3-21: Specific forces of the aircraft (IN) and the simulator response (OUT).

OMCT. Therefore the fast fourier transform routine of matlab, fft.m was applied to the time
domain traces of both maneuvers. No windowing was used. It is expected that two distinct
areas are visible. A region at low frequencies with high power for the take-off and abort
MTE and a region at high frequencies with power for the hover MTE. Figure 3-22 shows the
amplitude and phase spectrum of the rotational acceleration for both maneuvers.
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Figure 3-22: Amplitude and phase spectrum for the rotational acceleration of the Take-Off and
Abort and Hover task.

It can be seen from Figure 3-22, that for the rotational acceleration indeed there are two
distinct regia. Note however, that the power at these signals low compared to the original
OMCT, around 0.01 [rad/s2]. Furthermore it can be seen that the phase shifts 180 degrees
for every consecutive data point. This is due to the fact that the time traces of the signal
resemble a sinc function. The Fourier transform of a sinc function has a phase that shift 180
[deg], to make the sinusoids damp each other out.

Figure 3-23a and Figure 3-23b show the same plots for the specific force in x-direction and
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z-direction respectively.
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(a) Amplitude and phase spectrum for the specific
force in x-direction of the Take-Off and Abort and
Hover task.
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(b) Amplitude and phase spectrum for the specific
force in z-direction of the Take-Off and Abort and
Hover task.

Figure 3-23: Frequency domain output for two MTEs.

It can be seen that for both surge and heave, at low frequencies, ω < 1[rad/s], take-off and
abort has a high amplitude. Power for the hover motion is low throughout the amplitude
spectrum.
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Chapter 4

OMCT Sensitivity Analysis

This chapter discusses an off line implementation of the Objective Motion Cueing Test in its
current form, together with a thorough sensitivity analysis. section 4-1 discusses the practical
implementation of an OMCT on the motion drive algorithm of the SRS. This procedure is
then verified in by comparing results to literature in section 4-2.

After an OMCT routine has been established, the sensitivity of two aspects is investigated.

• Firstly the shape of the OMCT plots is explained by performing a sensitivity study of
the OMCT to parameters of the classic washout algorithm in section 4-3. Some remarks
on the usefulness of the OMCT for tuning are furthermore discussed.

• In section 2-3, it was seen that the OMCT makes assumptions on the input spectrum
about the aircraft dynamics. The influence of these assumptions on the frequency
response function of the OCMT is therefore studied. section 4-4 studies the sensitivity
of the OMCT to linearity of the input spectrum. Secondly the influence of coupling
between input signals of different degrees of freedom is studied.

4-1 Off-line Implementation of the OMCT

The OMCT was published in Attachment F of amendment 3 of the ICAO manual 9625, [4].
This document offers guidance on the OMCT in terms of set-up, specified input signals and
presentation of results. For this analysis, this will be the leading source of information.

The core of this off line OMCT is a simulink file with the MDA as is in used by the SRS,
represented by the blockMotion Cueing Algorithm in Figure 4-1. Around this script, a matlab
file was built to run the MDA with different inputs. Figure 4-1 shows the process illustrated
in a flow chart. As can be seen, the simulation consists of a signal generator, the simulink

model and a post-simulation data processing part.

From Figure 4-1, it can be seen that several steps are taken towards the computation of
different frequency response functions of the MCS. For every frequency specified, the following
steps were repeated:
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Generate Signal

Motion Cueing 
Algorithm

Compute 
Frequency 
Response

y(t)

u(t) M(ω) = au/ay

φ(ω) = φu-φy

Plot

i =1:12 Determine 
Simulation Time

Delete Transient

Figure 4-1: Flowchart of the off line OMCT simulation.

• In the first block, the simulation time is adjusted for every frequency input. This is done
for two reasons. Firstly it was seen that the SRS has a transient period of approximately
10 [s]. This transient response of the simulator needs to be excluded in the frequency
analysis that follows, since MCA contains a fade-in to ensure a smooth start-up of the
hardware. Secondly, the simulation time needs to be adjusted such that the input an
output sinusoid fit an integer number of periods in the simulation time. This is to
minimize any leakage effects in the Fast Fourier Transform that will be used to analyze
the frequency characteristics of the signals. The total simulation time T is therefore
computed by Equation 4-1.

T = (n1 + n2)
2π

ω
(4-1)

Where n1 is the total number of vibrations that fit inside the transient, rounded up-
wards, according to Equation 4-2, and n2 is the total amount of vibrations used for
this simulation. To keep computation time small for low frequency input signals, the
number of vibrations was set to 10, n2 = 10.

n1 = ceil(t0
ω

2π
) (4-2)

Where t0 for this simulation has been chosen to be 10 [s].
• Secondly the signal generator generates an input according to Equation 4-3. Note

however, that for some tests, there is also an input on other axes. For every axis (6
for a generic 6 DOF hexapod MCS), there are 12 sinusoids prescribed in the form of
Equation 4-3.

u = A sinωt (4-3)

Where u is the input signal on the specific channel, A is the amplitude and ω one of
the twelve frequencies. A and ω are specified in Table 4-1.
As can be seen, the specified amplitude for the input signals of the translational channels
is always equal to 1. Furthermore, signal 6 represents the Sinacori Schroeder criterion,
which is the frequency and phase response at 1 [rad/s] and 1 [m/s2]. These input signals
are then used as input signals for different channels in combination with different output
channels. 12 combinations were tested, according to Figure 2-15

• The Motion Cueing Algorithm is a simulink file with a loaded parameter in use for
the SRS. It uses 9 inputs, according to Equation 4-4. For this simulation however,
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Table 4-1: OMCT input signals as specified in [4].

Frequency Number Frequency Translational Amplitude Rotational Amplitude
[-] ω [rad/s] A[m/s2] A[deg/s2]
1 0.060 1.0 0.060
2 0.150 1.0 0.150
3 0.251 1.0 0.251
4 0.398 1.0 0.398
5 0.631 1.0 0.631
6 1.000 1.0 1.000
7 1.585 1.0 1.585
8 2.512 1.0 2.512
9 3.981 1.0 3.981
10 6.310 1.0 6.310
11 10.000 1.0 10.000
12 15.849 1.0 10.000

the simulator will not be driven by angular rates P , Q an R, but only by angular
accelerations.

u =

⎡

⎣

fspx,y,z
P,Q,R
Ṗ , Q̇, Ṙ

⎤

⎦

[m/s2]
[rad/s]
[rad/s2]

(4-4)

As output the simulink model gives the specific forces of the simulator, angular accel-
erations and actuator position of the six hydraulic pistons, according to Equation 4-5

y =

⎡

⎣

fspx,y,z
Ṗ , Q̇, Ṙ
FUD1−6

⎤

⎦

[m/s2]
[rad/s2]

[m]
(4-5)

• Thereafter, the transient response of the output is deleted from the time domain mea-
surements, by deleting n1

2π
ω from the dataset, as is illustrated in Figure 4-2.

t [s]

A [m/s2]

t0

u(t)

n2 = 10

Transient

Steady-state

n1 = 2

Figure 4-2: Illustration of a typical output signal of the MDA. As can be seen, for this perticular
example there fit two periods of the ouput sine inside transient period. The Fast Fourier Transform
will therefore by conducted on t=[n1

2π
ω - 102π

ω ].
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• In the time domain, the input and output signals will look for example like the illustra-
tion in Figure 4-3.

Part II.    Flight Simulation Training Device Criteria 
Attachment F.    Frequency-domain motion cueing system performance test II-Att F-5 

 

 
Figure F-3.    General definition of amplitudes of an output signal u and input signal i and 

time shift ∆t between u and i. 
 
 
 

3.    INPUT AMPLITUDES 
 
3.1 A key goal of the MDA is to generate motion responses while maintaining the platform within its 
mechanical limits. In order to test the motion cueing system in the region important to manual control, the input 
amplitudes are defined. 
 
3.2 The tests applied to the motion cueing system are intended to quantify its response to normal control 
inputs during manoeuvring (i.e. not aggressive or excessively hard control inputs) with linear response in order to 
maintain consistency. It is, however, necessary to excite the system in such a manner that the response is measured 
with a high signal-to-noise ratio and that the possible non-linear elements in the motion cueing system are not overly 
excited.  
 
3.3 In order to carry out these tests, a specific test signal is entered into the motion cueing system using the 
OMCT signal generator as shown in Figure F-2 at Point (2). These tests stimulate the motion cueing system in a way 
similar to the aircraft model output in the flight simulator. The test signal represents the aircraft state variables 
(߮௔/௖,	ߠ௔/௖, and ߰௔/௖; ௔݂/௖

௫ ,  ௔݂/௖
௬ ; and  ௔݂/௖

௭ ). These variables should correspond to those normally applied in the particular 
motion cueing system. In other words, if the FSTD manufacturer uses the angular rates instead of attitudes, the 
corresponding input signals have to be generated. 
 
3.3.1 Specific force input amplitudes. In the specific force channels, the input signal is defined by the following 
equation, using the amplitudes A given in Table F-2: 
 
௔݂/௖
௫,௬,௭	ሺݐሻ ൌ ܣ sinሺ߱	ݐሻ 

 
3.3.2 Rotational input amplitudes. For the rotational inputs, the relations between attitude, angular rate and 
acceleration are given in Table F-3, and the corresponding amplitudes in Table F-4. These equations are only valid for ω 
in rad/sec. The tests may be carried out with attitude, angular rate or angular acceleration inputs, as long as the inputs 
are consistent with the MDA implemented in the simulator. 

Input
amplitude

Output
amplitude

31/3/13 

Corr. 1 

Figure 4-3: Illustration of and exemplary input and output signal from the MDA.

These signals were converted to the frequency domain using the Fast Fourier Trans-
form, (FFT), routine in matlab. Note that it was chosen to both use the FFT on the
output and input signal. This was done because potential leakage would affect both
the amplitude of y(ω) and u(ω), which would therefore be minimized in the division to
compute the modulus.

• Thereafter the modulus and phase difference were computed according to Equation 4-6
and Equation 4-7 respectively.

|H(ω)| = |y|
|u| (4-6)

∠H(ω) = ∠y − ∠u (4-7)

• Finally, the resulting points in frequency domain were plotted using a Bode plot.

4-2 Verification

To verify the explained process, test results for test 1-10 were reproduced and compared with
data from an OMCT conducted on the SRS, [9]. For the sake of brevity, the result of this
verification process is not given here, but put into Appendix D.

4-3 Sensitivity to MDA Settings

This Section discusses the sensitivity of the OMCT to changes in the MDA settings. The
insights gained in this section are also useful for tuning. A basic set of parameters was used
for the verification of the algorithm, shows here in Table 4-2. Four specific parameters were
changed subsequently, after which the effect was measured on the OMCT sub tests.
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Table 4-2: Reference settings of the SRS motion cueing system.

Gain 2nd Order 2nd Order 1st Order 2nd Order
High-Pass High-Pass Break Frequency Low-Pass

Break Frequency Damping Break Frequency
[-] ωn [rad/s] ζ [-] ωb [rad/s] ωnLP [rad/s]

Roll 0.6 0.8 1.0 - -
pitch 0.7 0.8 1.0 - -
Yaw 0.6 1.0 1.0 - -
Surge 0.7 1.0 1.0 - 2.0
Sway 0.6 1.0 1.0 - 2.0
Heave 0.5 2.5 1.0 0.2 -

Since the model developed in the proceeding has only three degrees of freedom, focus will
be put on heave, surge and pitch. This reduces the OMCT to test 1, 2, 6, 7 and 10, where
1, 6 and 10 are tests on a single axis. Test 2 and 7 display the cross tests. Considering the
classical washout algorithm, there are four filters that influence the longitudinal motion of
the simulator, as can be seen in Figure 4-4.

Aircraft 
Model

HP filterBody to 
Inertialfsp,AP

f-scale

ω-scale Body to 
Euler HP filter

LP filter fsp to ω Limiter

Translational Channel

Tilt Coordination Channel

Rotational Channel

Inertial to 
Body

fsp,SP
a

ωAP
.

ωSP
.Euler to 

Body

Figure 4-4: Schematic representation of the classical washout motion drive algorithm.

The filter that affect longitudinal simulator motion are:

• The high-pass filter in the surge translational channel, represented by its break frequency
ωnx.

• The high-pass filter in the heave translational channel, represented by its break fre-
quency ωnz,

• The high-pass filter in the pitch rotational channel, represented by its break frequency
ωnθ.

• The low-pass filter in the surge tilt coordination channel, represented by its break fre-
quency ωnLPx.

For a complete single axis analysis therefore, 20 plots are required. However, if the dynamics
of the simulator are considered decoupled, heave is only affected by ωnz, surge is only affected
by ωnx and ωnLPx and pitch only by ωnθ. However, the OMCT also includes a surge input
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for test 1 and 2. Therefore those test are also influenced by ωnx.

The resulting sensitivity analysis consists of 8 plots, 2 for ωnθ, 4 for ωnLPx, 1 for ωnx and 1 for
ωnz. The information these plots give about the classical washout algorithm is apparent. For
practical purposes not all plots will be given here. They are present however, in Appendix E.

However, to illustrate that the OMCT gives meaningful information about the motion cueing
performance, one plot is shown here. Figure 4-5 shows the sensitivity of test 6, the direct
frequency response function of the surge axis, to changes in the high-pass break frequency on
the surge channel, ωnx.
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Figure 4-5: Sensitivity of Test 6:surge-surge to change in ωnx.

It can be seen that the ’dip’ in gain around 1 [rad/s] is shifting to the left and is gradually
smoothened out when decreasing the break frequency on the surge channel. This is to be
expected, since more surge is passed through by the high-pass channel at low frequencies.
Therefore, according to this plot, the performance of the motion filter becomes better when
decreasing the high-pass break frequency on the surge channel, since the modulus of the
transfer function is closer to 1 on this frequency range. However, when decreasing ωnx, the
simulator will eat up more workspace. For the purpose of tuning, additional information
might be needed for Figure 4-5.

4-3-1 Tuning

Tuning on a single axis with the OMCT is a straightforward procedure, and will be explored
briefly in this section. To find appropriate values for gain and break frequencies, two pieces
of information can be added to the sensitivity plots made in section 4-3, to make them more
insightful.

1. Firstly, the workspace of the simulator needs to be taken into account. Some tuning
settings will cause the simulator actuators to extend more than their limits, given an
unworkable tuning setting. Therefore it is important to calculate the actuator lengths
at any given time during the simulation.
The actuator lengths are calculated by computing the positions of the gimbal points in
the lower frame, indicated by l̄i, and subtracting them from the gimbal points in the
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upper frame of the simulator. The interested reader is referred to Appendix F, where
the geometry of the SRS, including the positioning of gimbal points is described. i
ranges from 1 to 6 for the hexapod system. Equation 4-8, shows the computation of
actuator lengths.

lacti =
√

(lix − uix)2 + (liy − uiy)2 + (liz − uiz)2 (4-8)

l̄i was computed readily from the geometry of the SRS as described in Appendix F. ūi
however also includes to movement of the simulator, according to Equation 4-9.

ui =

⎡

⎣

xUGP

yUGP

zUGP

⎤

⎦+

⎡

⎣

cos θ cosψ sinφ sin θ cosψ − cosφ sinψ cosφ sin θ cosψ + sinφ sinψ
cos θ sinψ sinφ sin θ sinψ + cosφ cosψ cosφ sin θ sinψ − sinφ cosψ
− sin θ sinφ cos θ cosφ cos θ

⎤

⎦ ūiM

(4-9)

Equation 4-9 is the transformation of the simulator body frame to the inertial reference
frame, where xUGP ,yUGP and zUGP are the translations from the classical washout
algorithm and φ,θ and ψ are the rotations. In rest, stated values have the following
properties: (xUGP , yUGP , zUGP ,φ, θ,ψ) = (0, 0, 2.446[m], 0, 0, 0), [14].
To verify the computation of the actuator lengths, for different input positions and
rotations, the actuator lengths were computed and checked against the actuator stroke
limits from Appendix F. Figure 4-6a shows these limits in the surge-heave plane in green.
In Figure 4-6a also the single axis simulator limits have been plotted, as calculated by
Gouverneur, [26]. A similar computation was made in Figure 4-6b, where the pitch
angle is varied instead of the heave position.
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(a) Motion space surge vs. heave.
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Figure 4-6: Visualization of the motion space for the SRS.

It is expected that for both plots, at x = 0, z = 0 or θ = 0 the green and the black limits
will intersect. When the simulator is constrained to one axis, actuator stroke limits are
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expected to be similar to the single axis limits. For for z = 0 and θ = 0 this is the
case. However for x = 0, there is a discrepancy. This is due to the fact that the neutral
position zUGP0 taken from Advani[14] is slightly different Gouverneur uses in his work,
[26].
A time trace of the flight data is fed into the MDA with a particular cueing setting.
The output of this is a required translational and rotational acceleration of the simula-
tor. With this information an estimate can subsequently be made about the required
actuator lengths, using the model stated above.

2. Secondly, some knowledge is needed about which frequencies are most important when
flying a specific type of aircraft, mission or task. By combining knowledge from the two
simulated Mission Tasks Elements, an estimate can be made as to which frequencies
are more important. With this knowledge, the tuning engineer can focus his attention
on that specific region of the plot. These important frequencies from now on will be
referred to as dominant frequencies.
To find the dominant frequencies for both Mission Task Elements, the PSDs from sec-
tion 3-7 were compared to the sensitivity analysis given in Appendix E. The amplitude
from the PSDs was plotted over the gain from the frequency response function. How-
ever, since the amplitude is not of the same magnitude as the gain in most frequency
functions, the amplitude from the PSDs for pitch surge and heave was normalized and
scaled, according to Equation 4-10,

|q̇|adj = Kq
|q̇|− |q̇|min

|q̇|max − |q̇|min
(4-10a)

|fx|adj = Kx
|fx|− |fx|min

|fx|max − |fx|min
(4-10b)

|fz|adj = Kz
|fz|− |fz|min

|fz|max − |fz|min
(4-10c)

where |q̇|adj , |fx|adj and |fz|adj are the adjusted amplitudes computed from |q̇|, |fx|
and |fz| and Kq, Kx and Kz are gains from the classical washout algorithm given in
Table 4-2.

With the flight data provided by the simulation of two mission task elements, the dominant
frequencies and the workspace analysis can both be visualized in one plot. Doing so, results
in 8 new plots for the sensitivity analysis using the take-off and abort MTE and 8 new plots
for the hover MTE. For the sake of brevity, they are included in Appendix G. Figure 4-7
shows an example of this analysis done on test 6 of the OMCT, using the time domain trace
of the take-off and abort MTE.

From Figure 4-7, it can be seen that for some filter settings (ωnx = 0.1, 0.5), the OMCT plot
is a dotted line, indicating it exceed the workspace boundary for one or more actuators for
the take-off and abort MTE.

The blue line displayed in top of the OMCT shows the frequency domain data from the
take-off and abort MTE. It can be seen that for this particular model and this particular
controller, the helicopter motion has most of it power at low frequencies, (ω < 1[rad/s]).

An engineer tuning a new simulator might think that the ωnx would have to be as low as
possible, without violating the motion space. However, if shown this plot he would see that,
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Figure 4-7: Sensitivity of test 6 to changes in the high-pass break frequency of the surge
translational channel, values ranging from ωnx = 0.1 to ωnx = 2.0

since the dominant frequencies are below 1 [rad/s], it might also be a good idea to go for a
larger high-pass break frequency, e.g. ωnx = 2.0.

4-4 Sensitivity to the OMCT Assumptions

From literature, it was seen that the OMCT makes 3 assumptions on the input of the motion
from a mathematical model of the aircraft. Firstly, there is a limited frequency range. This
assumption is considered valid, since the region for manual control lies between 0.5 - 5 [rad/s].
Secondly however, the OMCT assumes a constant amplitude of ingoing sinusoids. Thirdly,
the OMCT studies only cases were one axis at a time is driven (except for test 1 and 2). The
question therefore arises, what is the influence of the last two assumptions? subsection 4-4-1
discusses the size of the ingoing sinusoids, whereas subsection 4-4-2 studies driving multiple
axes simultaneously.

4-4-1 Amplitude Spectrum

Besides looking at the OMCT sensitivity to the classical washout algorithm, it is also impor-
tant to see it’s sensitivity to the input amplitude of the ingoing sinusoids.

For all longitudinal tests, the input spectrum was varied from 0.1 to 2.0 [m/s2] on the heave
and surge input channels and from 0.5 to 10 [deg/s2] on the pitch input channel. Note that
the amplitude for the rotational channel of the OMCT is a ramp function, therefore the
constant amplitude spectrum used for this sensitivity analysis in test 1 and test 2 differs
significantly from the OMCT. Figure 4-8, shows the result for test 6. It can be seen that for
high frequencies of the spectrum, little difference is seen in the OMCT. However, for the low
frequencies of the spectrum, the difference is apparent.

Similarly to test 6, tests 1, 2, 7 and 10 were studied. Once again, for the sake of brevity, the
results have been put in an appendix, Appendix H.
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Figure 4-8: Sensitivity of test 6 to changes in the amplitude of the input sinusoids.

It was seen that the OMCT is sensitive to non-linear effects is the simulator motion cueing,
most apparent among which was the rate limiter in the tilt coordination channel. The rate
limiter is present, to make sure that any rotations caused by the tilt coordination channel stay
below vestibular thresholds. Looking at Figure 4-8, it is seen that for low amplitudes of the
input spectrum, the OMCT lines are similar. However, after A = 1.0, the ’dip’ in test 6 starts
moving left and becomes deeper. At higher amplitudes of the surge input signal, especially at
low frequencies, the pitch rate asked to achieve desired sustained surge accelerations exceeds
vestibular boundaries. Here, the rate limiter reduces the pitch rate, but in turn also affects
the simulated surge accelerations.

4-4-2 Coupling of Input Signals

Crosstalk from Surge to Pitch

The most important form of coupling in the cueing algorithm is crosstalk from surge to pitch.
Sustained surge motion is simulated by tilting the simulator through a low-pass filter in the
tilt coordination channel. This form of crosstalk is studied by the OMCT in 2 tests. Firstly
the surge axis is excited and the output on the pitch axis is studied. Figure 4-9 shows a pitch
frequency response function due to an input on surge.

A typical tuning purpose of this test would be to determine the low-pass break frequency of
the tilt coordination channel. As can be seen from figure 4-9, a higher break frequency will
result in more cross coupling from surge to pitch. However, it is hard tune the algorithm based
on this plot. It is is not clear which combination of gain and phase results in a simulation
with the high predicted motion fidelity. Crosstalk from surge to pitch is not a false cue since
it is needed for tilt coordination. Therefore the gain of test 7 should not be as low as possible.
However, a too large gain might result in unwanted pitch acceleration.

A second test that studies crosstalk from surge to pitch is the pitch frequency response function
using both surge and pitch input. Since for fixed-wing aircraft it is assumed that there is
an uncoordinated motion between pitch and surge, also a signal is fed into the simulator on
surge: fx = gsin(θ). Figure 4-10 shows test 1 of the OMCT.
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Figure 4-9: Pitch frequency response function for a surge input, test 7 of the OMCT.
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Figure 4-10: Pitch frequency response computed with an input on pitch and surge axes, test 1
of the OMCT

In figure 4-10 three situations are depicted. Firstly a frequency response function from the
current OMCT is depicted, indicated by fx = g sin θ. Helicopter motion is mostly coordinated,
which is a common assumption for helicopter dynamics in simulator fidelity research, used
for example in [50] and [37]. This is an indication that during a regular helicopter task,
fx = u̇− g sin(θ) ∼= 0. In figure 4-10 this scenario is represented by fx = 0. Thirdly a test is
shown were instead of fx = g sin(θ), fx = −gsin(θ) is cued.

It can be seen that the assumption of uncoordinated pitch-surge motion significantly influences
the motion characteristics, especially at low frequencies.

Crosstalk from Pitch to Surge

Crosstalk from pitch to surge originates from the transformation between the aircraft body
frame of reference and the simulator inertial frame, indicated in figure 4-4. In the longitudinal
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plane this transformation reduces to the addition of g sin θ. θ in this case is the filtered pitch
angle of the simulator. The OMCT studies this crosstalk by means of test number 2. Figure 4-
11 shows a surge frequency response function due to an input on the pitch and surge channels.
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Figure 4-11: Surge frequency response function due to pitch input, test 2 of the OMCT.

A typical tuning purpose of this test would be to determine the high-pass break frequency of
the pitch channel. As can be seen from figure 4-11, a higher break frequency will result in
more cross coupling from pitch to surge. However, as was the case for figure 4-9, the results
from figure 4-11 are hard to interpret.

• As for test 1 displayed in figure 4-10, both an input on pitch axis and on the surge axis
is used for this test. Therefore, not only is pitch-surge coupling is included, but also
surge-pitch coupling.

• Furthermore, surge acceleration ax, not specific force fx is taken as the output for this
test.

• Cross talk from pitch to surge is a false cue but, especially due to the presence of tilt
coordination not entirely unavoidable, as was discussed in [50]. Similar to figure 4-9,
it is therefore it is hard to judge the motion characteristics, since it is unclear what
combination of gain and phase gives a high predicted motion fidelity.

Crosstalk from Pitch to Heave

Thirdly there is crosstalk from pitch to heave. In a similar way as crosstalk from pitch to
surge, this form of crosstalk originates in the fact that input from the mathematical model has
to be transformed to the inertial frame of reference of the simulator, indicated in figure 4-4. In
the longitudinal plane this transformation reduces to the addition of g cos θ for a longitudinal
simulation. The OMCT does not provide a test to study this type of cross talk. However,
since pitch simulator angles are small daily helicopter simulation, this form of crosstalk is not
expected to influence the motion characteristics significantly.

4-5 Conclusion

In this chapter the sensitivity of the OMCT was studied in two ways.
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• Firstly the influence of MDA settings was investigated. It was seen that meaningful
information can be obtained about motion cueing characteristics when performing a
single axis sensitivity analysis OMCT. However, for effective tuning, firstly the motion
space needs to be taken into account and secondly, the characteristics of aircraft motion
from the mathematical model.

• Secondly the influence two assumptions of the current set of input signals of the OMCT
on the frequency response functions were put to the test. It was seen firstly that there
is a large sensitivity to rate limiting in the tilt coordination channel. Secondly, it was
seen that surge-pitch coupling is represented incorrectly in the direct pitch frequency
response function, figure 4-10. Finally the results from cross coupling tests 2 and 7,
given by figure 4-11 and figure 4-9 respectively, are hard to interpret.

The sensitivity of the OMCT to the set of input signals essentially boils down to to the fact
that the OMCT might not incorporate knowledge about the physical motion of the aircraft
sufficiently. Therefore, a possible next would be to investigate whether a set of input signals
can be found that potentially better represent helicopter motion in the longitudinal plane.
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Chapter 5

A Tailored OMCT

At this point the OMCT has been investigated and the the characteristics of rudimentary
helicopter motion have been simulated and converted to the frequency domain. From the
sensitivity analysis conducted with the original OMCT, it was seen that the amplitude of
the input spectrum and coupling inputs on different axes influences the outcome of the plots
greatly. In this chapter therefore an attempt is made to use the knowledge gained and design
a new set of input signals for the OMCT. By making use of the amplitude and phase spectra
given in section 3-7, options for new inputs signals will be explored.

The envisioned test has the following requirements, stated in order of their importance.

1. The set of input signals has to be as close as possible to the actual motion of the
helicopter in the simulated Mission Task Elements.

2. The test should yield meaningful information about the motion cueing system.
3. The test should be easily implementable in practice, this means test duration should

be limited and that inputs should be of a magnitude high enough not to cause any
problems with signal to noise ratio for an IMU in a possible on-line OMCT.

Before a design was proposed, several design options have been explored. Figure 5-1 shows a
design option tree, containing 4 design options for a tailored OMCT.
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1. Direct FRF 
from time domain 
data

4. Coupled, 
using phase and 
amplitude

3. Coupled, 
using amplitude

2. Uncoupled, 
using amplitude

4a. Absolute 
Phase

4b. Relative 
Phase

OMCT FrequenciesAll Frequencies

High Fidelity
Helicopter Motion

Low Fidelity
Helicopter Motion

4a.1 Interpolation 4a.2 
Least-Squares 4b.1 Interpolation 4b.2 

Least-Squares

Figure 5-1: Design Option Tree of different options to tailor an OMCT on specific MTE data.
Options on the left are more close to real helicopter motion, option on the right contain helicopter
motion of a lower fidelity.

The following design options were identified:

1. Direct Frequency Response Function
It is hypothesized that a frequency response function can be constructed by transforming
time domain data from the MTEs directly to the frequency domain. Instead of using
sinusoidal input signals on certain designated frequencies, an estimate of the frequency
response functions is constructed from the available time domain data in the simulation.
This is a quick way to make an estimate of the frequency response of the Motion Drive
Algorithm. However, this method is at the same time less attractive from a signal
processing point of view, since known problems with the FFT, such as windowing and
leakage, might affect the frequency response more.

2. Uncoupled, tailored amplitude
In chapter 4, it was seen that the OMCT is influenced by changes to the amplitude of
the input spectrum. Therefore a next logical step in the analysis could be to tailor the
amplitude of the input sinusoids to the two simulated Mission Task Elements. However,
in real helicopter simulation multiple axes are excited simultaneously, which makes a
difference for the frequency response functions computed by the OMCT.
Therefore, to make a realistic Objective Motion Cueing Test, there should be an input
on all axes simultaneously. An uncoupled OMCT with only a tailored amplitude will
therefore not yield a level fidelity of the input signals that is sought. This design option
is therefore discarded.

3. Coupled, tailored amplitude
Design option 3, proposes to include inputs on 3 different axis simultaneously. However
there exist a problem when doing so. Consider again the first test of the classic OMCT,
illustrated in Figure 4-10. It of importance if the pitch-surge motion is cued with the
same phase, with a term g sin θ or maybe in the opposite direction −g sin θ.
It can be seen that when using a term of −g sin θ, or in other words with a phase shift of
180 degrees, the sinusoids are added through the tilt coordination in the area around 1
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[rad/s], instead of being subtracted. It can be concluded therefore that the phase is also
of importance when designing a set of input signal that resembles helicopter dynamics.
Design option 3 is therefore also discarded from this point on.

4. Coupled, tailored amplitude and phase
A fourth design option is to use a set of input signals for the OMCT that have not only
the same amplitude as the FFT data on all axes, but also have the same phase relative
to other degrees of freedom.
There can be distinguished however two different ways to extract a good estimate of the
amplitude and phase spectra on the OMCT frequency points. One can use the absolute
phase of the signals or the relative phase difference. These two options will be explored
in the proceeding.

After a preliminary analysis, two options are left from the design option tree. Firstly there is
a direct FRF. In section 5-1 this option will be evaluated. Secondly, coupled test using both
amplitude and phase information will be studied in section 5-2. Based in this analysis a final
design will be chosen in subsection 5-2-3. Thereafter a sensitivity analysis with this adapted
OMCT will be conducted and discussed in section 5-3.

5-1 Direct Frequency Response Function

A direct frequency response function of the motion cueing system can be computed intu-
itively by transforming the time domain data indicated in Figure 5-2 by FPS and FPA to the
frequency domain. This process yields two sets of complex numbers. A frequency response

Lynx Model

ControllerMTE

+

-

FPS

FPA

MDA

Figure 5-2: Schematic representation of the simulation of two Mission Task Elements.

function is then constructed by finding the relative amplitude |H| = Aout
Ain

and the phase
∠H = θout − θin for the 3 degrees of freedom.

This computation yields 3 FRFs for the Take-Off and Abort maneuver and 3 FRFs for the
hover task. For the sake of brevity, not all are displayed here. However, to illustrate the
characteristics of the method, Figure 5-3a shows the direct FRF for the surge axis of the
Take-Off and Abort Task. Figure 5-3b shows a similar figure for the hover task.

The following observation were made about these FRFs.

• Both Figure 5-3b and Figure 5-3a do not shows the characteristic dip at 1 [rad/s],
clearly visible in Figure 4-8. Figure 5-3a does show however some fluctuation around
this region. There is a dip just before 1 [rad/s] with upswing before and after. Therefore
expected characteristics of the motion cueing are not visible.

• Secondly, both tasks have little amplitude at higher frequencies. Especially the take-off
and abort maneuver shows noise at higher frequencies.
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(a) A direct transfer fuction computed for the Take-
Off and Abort task for test 6, surge to surge.
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(b) A direct transfer fuction computed for the hover
maneuver for test 6, surge to surge.

Figure 5-3: Test 6 of the OMCT.

Considering the observations mentioned above, using a direct FRF as an OMCT would have
the following advantages and disadvantages.

• An advantage of this method would be that also for frequencies between the prescribed
OMCT points there is an FFT reconstruction of the motion characteristics of the cueing
system.

• However, this method would require a pilot-in-the-loop simulation. Considering that
the results are expected to be very dependent on the precise time traces of the task,
this would make this method hard to repeat.

• Noise is present at higher frequencies in the FRFs. This noise is present due to window-
ing in FFT process. Therefore, it is hard to distinguish what characteristics are caused
by the dynamics of the cueing system and what characteristics of the FRFs are caused
by the noise.

5-2 Coupled, Tailored Amplitude and Phase

Option 4 from Figure 5-1 indicates 4 different sub-choices. Phase information can be used
directly, but also relative to a different degree of freedom.

Furthermore, two ways of estimating the amplitude and phase at the precise OMCT fre-
quencies are distinguished. Firstly it is possible to do an interpolation to the nearest point,
yielding design options 4a.1 and 4b.1. Secondly it is possible to make a least square model of
the amplitude and phase. This choice yields design options 4a.2 and 4b.2.

From these 4 options, only 2 were explored however. Due to the jumps of 180 degrees in phase,
modeling the absolute phase would be a difficult process. A least square fit would simply take
the average of these jumps of 180 degrees, which is wrong. Option 4a.2 is therefore discarded.

In theory, an OMCT with absolute phase and relative phase should yield exactly the same
results. Interpolation to the nearest point will therefore give the same results for design option
4a.1 and 4b.1. Therefore it was chosen to only study the absolute phase with interpolation,
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since it does not require the extra computational step of determining the relative phase.
Design option 4b.1 is discarded.

5-2-1 Design Option 4a.1

Frequencies response functions are expected the differ for different axes, tasks and aircraft
model. A least-square fit is often sensitive to the characteristics of the data needing fitting.
Therefore it is anticipated that a least square model will need tuning before implementation.
It would be simpler therefore to use an interpolation to get an estimate of the FFT on OMCT
frequencies.

Therefore, an interpolation to the nearest point was performed on the amplitude and phase
data directly taken from section 3-7, using the matlab routine interp1.m. The amplitude
and phase at the frequencies specified by the OMCT were found.

5-2-2 Design Option 4b.2

To model the amplitude and phase, firstly the relative phase was computed. The phase of
the pitch input was set to zero, and the relative phase for surge and heave was used as input
to those axes. Equation 5-1 shows the resulting phase used for computing the frequency
responses of the motion cueing system.

∠fx = ∠q̇ − ∠fx (5-1a)

∠fz = ∠q̇ − ∠fz (5-1b)

∠q̇ = 0 (5-1c)

To model the resulting amplitude and phase information, univariate splines were used. The
interval [0.1 - 15.8] was divided into 100 sections. For all those sections a least squares fit was
performed using a polynomial of order 2, d = 2. Furthermore a continuity between splines
of degree 1, r = 1, was used. Figure 5-4 show the amplitude and relative phase for the
longitudinal axes to illustrate the model fit.

From Figure 5-4 it can be seen that the model captures the most important trends of the
amplitude and phase spectrum. A similar fit was performed for the hover MTE in Figure 5-5.

It is also important to note that, instead of a phase signal that has 180 [deg] jumps, the relative
phase seems the be constant towards 100 [deg] at low frequencies and relatively constant at
180 [deg] for higher frequencies. At high frequencies, a positive pitch rotational acceleration
will result in a negative surge acceleration, as is expected from the helicopter model.

5-2-3 Final Design

Now that the three design options have been evaluated, a trade-off can be made with respect
to the proposed requirements. In the following, the design options will be discussed per
requirement.
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(c) Heave.

Figure 5-4: Input spectra for a tailored OMCT based on the take-off and abort task, using design
option 4b.2.
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(b) Surge.
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(c) Heave.

Figure 5-5: Input spectra for a tailored OMCT based on the hover task, using design option
4b.2.

1. Accurate Helicopter Motion
Since a direct frequency response function is computed directly from the MTE PSDs, it
is not bound by the respecified OMCT frequencies. It has therefore a better resolution
and is considered to better represent helicopter motion. For a good comparison however,
the direct frequency response function are compared to design options 4a.1 and 4b.2. An
OMCT with the interpolated and modeled spectra was constructed. In these tailored
tests, all axes were excited simultaneously. Since all axes are driven simultaneously,
cross test are no longer studied. Figure 5-7 shows the outcome for test 1, test 6 and
test 10 for the hover MTE.
As can be seen from Figure 5-6, the OMCT based on the Least-Squares model represents
the direct FRF more closely than a direct interpolation. The cause for this can be sought
in two factors:

• At low frequencies there are less data points available than at high frequencies, since
the fft.m data is not evenly spaced on a logarithmic scale. Therefore, the distance
to the nearest data point is relatively large at low frequencies for the interpolated
OMCT. A LSQ estimates in between the data points and will therefore possibly
provide a more accurate estimation.

• When interpolating, outliers in the FFT due to signal processing can be included
in the OMCT. The LSQ fit will not be affected as much by outliers however.

For completeness, Figure 5-7 shows the outcome for test 1, test 6 and test 10 for the
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Figure 5-6: Frequency response functions from pitch, surge and heave for 3 different OMCT
design options for the hover MTE.
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Figure 5-7: Frequency response functions from pitch, surge and heave for 3 different OMCT
design options for the take-off and abort MTE.

2. Meaningful Information about the MCA
From section 5-1, it was seen that there was noise present in the direct FRF, especially
at high frequencies. Therefore the information that can be obtained about the MCA
is limited in this region. By looking at individual frequencies this problem is less pro-
nounced. Therefore more meaningful information about the MCA can be obtained with
these two design options.

3. Practical Implementation
A direct FRF is badly repeatable since a pilot-in-the-loop simulation is required. A
direct FRF scores badly on this requirement, since a goal of objective motion cueing is
to eliminate the pilot from the evaluation process. The coupled OMCT however, can
be repeated easily on different simulators. It is hypothesized that it is possible to create
standardized MTE spectra that are generalizable in-between pilots.
Moreover, all tests proposed here have the advantage that the tests do not have to be
repeated for every degree of freedom. Instead, data for all FRF can be obtained by one
sweep of the OMCT frequencies.
However, a check is needed to see if the proposed amplitudes for both the interpolation
and the LSQ are sufficiently high to ensure a good signal to noise ratio for any sensors
measuring the motion of the simulator in real life. For a typical IMU, like the Xsens
MTi 10-series, [51] the noise density for the gyroscope is 0.03 [deg/s/

√
Hz] and the noise
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density for the accelerometer is specified as 80 [µg]. The variance of the measurement
depends on the sampling rate of the output for the sensor, ∆t, according to Equation 5-2,

σw =
N0√
∆t

(5-2)

where σw is the white noise standard deviation of the output measurement and N0 is
the noise density. For the purpose of a tailored OMCT, frequencies bigger than 15.8
[rad/s] are not of interest, giving a minimal sampling time of ∆t ∼= 0.3[s]. Substituting
the values for the Xsens MTi 10-series gives a σq = 0.055[deg/s] and σfx = σfz =
0.0015[m/s2]. Figure 5-8 shows the input signals for both MTEs, plotted together with
twice the compute standard deviations for the linear and rotational accelerations.
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Figure 5-8: Input signals for the hover and take-off and abort MTE, plotted together with
reference IMU noise standard deviations.

Since the IMU specs are given in [deg/s] for the gyroscope, the threshold for the accel-
eration depends on σqω. From Figure 5-8 it can be seen that at some areas the input
signals are below two times the standard deviation of noise levels given by the IMU.
This is considered a problem for practical implementation.

The preceding remarks have been summarized in a trade-off table given in Figure 5-9.

1. Accurate 
Helicopter motion

2. Meaningfull 
Information about 
MCS

3. Practical 
Implementation

Direct TF InterpolationLSQ

++

-

+ +/-

--

+/-

+ +

+/-

Figure 5-9: Trade-off table containing 3 requirements and 3 design options.

As can be seen the direct FRF scores well on the accuracy of helicopter motion and badly
on the practical implementation. The interpolation method and the LSQ score equally well
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on the information gained and the practical implementation. However, the LSQ method
scores better at its ability to accurately portray the motion of the aircraft. This is because
this method seems to capture the amplitude and phase information contained in the MTE
signals more accurately than the interpolation method. The input spectra of the LSQ fit
using relative phase are therefore chosen to continue the analysis.

5-3 Sensitivity to MDA Settings

Now that a new design for an OMCT is acquired with a set of input signals that more
accurately represent the motion of rotor craft, it is time to put it to the test. The important
question is, does this test make a different prediction about the fidelity of certain parameter
settings of the classical washout algorithm of the SRS?

To answer this question, a sensitivity analysis was performed in a similar fashion as was done
in section 4-3. The effect of four different filters was studied: the high pass filters on the
translational channel: surge ωnx and heave ωnz, the high pass filter of the rotational channel:
pitch ωnq and the low pass filter of the tilt coordination channel, ωnLPx.

It is important to note that since all axes are driven simultaneously for this test, the FRFs
between different degrees of freedom lose their significance. Every direct test is essentially
already a cross test. The following sections shows the results per axis.

It should be noted that here for the sake of brevity, only the most important results for the
hover MTE are displayed here. For all sensitivity plots and the analysis for the take-off and
abort maneuver, the interested reader is referred to Appendix I.

5-3-1 Pitch

The FRF of test 1 was influenced by ωnq, shown in Figure 5-10a, and by ωnx, shown in
Figure 5-10b.

From Figure 5-10a it can be seen that for low frequencies the performance is poor, with an
amplitude of |H1| = 0.1. This is an expected characteristics of a high-pass filter. Little
pitch is excited due to the tilt coordination channel, since the frequency response function
resembles a high-pass filter at low frequencies. This means that helicopter motion might be
more coordinated at low frequencies low frequencies then the classic OMCT assumes. This is
an confirmation of the result from the OMCT sensitivity analysis. Furthermore it can be seen
that as expected, decreasing ωnq gives favorable motion characteristics of the pitch channel.

From Figure 5-10b, cross talk between the surge axis and the pitch axis is clearly visible.
When tilt coordination is done for only low frequencies, ωnLPx = 0.5, test 1 resembles a high
pass filter. However, when tilt coordination is also done for higher frequencies, upswing in
test 1 becomes visible for ω > 2.0. This is a false cue induced on the pitch channel by the
surge channel.

5-3-2 Surge

For the surge axis it was seen that the bode plot is influenced by three filters, ωnx, ωnx and
ωnq.
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Figure 5-10: Test 1, sensitivity analysis to MDA settings.

Figure 5-11a shows the influence of ωnx. Figure 5-11b shows the influence of the tilt coordi-
nation on the performance in surge direction, ωnx.
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high pass filter of the surge channel.
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(b) Sensitivity of test 6 to the break frequency of the
low pass filter of the tilt coordinated channel channel.

Figure 5-11: Test 6, sensitivity analysis to MCA settings.

Firstly it can be seen that, as was seen in Figure 5-3a and Figure 5-3b, the characteristic dip
of the classic OMCT is not visible for test 6. Instead, the amplitude firstly shows upswing,
then a dip to 0.4 and thereafter again upswing. This can be explained by the fact that this
plot is actually a visualization of the ’battle’ between the pitch channel, represented by false
cues of the surge channel, and the tilt coordination. The high pass break frequency of the
surge channel therefore has little effect on the shape of Figure 5-11a.

However, at ωnx = 0.1, a cliff-like phenomenon is visible. The simulator goes out of its
workspace, and the performance is severely degraded.

Interestingly however, this FRF is also greatly influenced by the pitch channel. Figure 5-12
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shows a large influence of ωnq in the FRFs.
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Figure 5-12: Sensitivity of test 6 to the break frequency of the high pass filter of the pitch
channel.

It can be seen that for a very high ωnq of 2.2, the FRF includes little false cues from the pitch
channel and resembles more the original non-coupled OMCT. When decreasing ωnq, a large
upswing is visible at ω < 2.0.

5-3-3 Heave

It was found that the FRF of heave was only influenced by ωnz. This confirms the hypothesis
that the heave motion is mostly uncoupled from other degrees of freedom. Figure 5-13 shows
the influence of ωnz on test 10.
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Figure 5-13: Sensitivity of test 10 to the break frequency of the high pass filter of the heave
channel.

From Figure 5-13 it can be seen that the motion cueing system resembles a high pass filter, as
is expected from the classical washout algorithm. This result is similar to that of the original
OMCT.
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5-4 Conclusion

In this chapter it was hypothesized that an OMCT where all axes are excited simultaneously
can provide a more representative test to evaluate motion characteristics. This hypothesis was
put to the test by designing a coupled OMCT, making use of the frequency spectra obtained
from time traces of the two MTEs simulated.

Three sets of input signals were designed and fed into the MDA, driving surge, pitch and heave
simultaneously. It was seen that a direct frequency response function gives a detailed picture
of motion cueing characteristics, however pilot-in-the-loop simulation would be necessary for
every OMCT. Two other methods were proposed, firstly an OMCT using a tailored set of
input signals found by interpolation and secondly a set of input signals found by means of
a least-square model. It was seen that a tailored set of input signals using a least-squares
model better represented the characteristics found from a direct frequency response function.
Therefore this method was chosen as a final design.

Finally, a similar sensitivity analysis was conducted as for the standard OMCT. From this
sensitivity analysis it was found a set of input signals is tailored to MTEs has the following
advantages.

• With this methodology, notable differences in the motion cueing characteristics were
identified for the pitch and surge axes. Most importantly it was seen that coupling
between pitch and surge are directly visible in the frequency response plots Figure 5-
10b and Figure 5-12, as an addition to frequency response functions from the original
OMCT.

• Since the test is coupled, all information about the cueing system can be obtained by
doing a single sweep through the OMCT frequencies, as opposed to doing 10 individual
tests for the original OMCT.

However the following drawbacks were found.

• Since all axes are driven simultaneously, the shape of the bode plots can be less intu-
itively related to the classical washout motion filter.

• Practical implementation of such a test would be hindered by the fact for some areas
the amplitude of the input signals is low enough to case problems with IMU signals to
noise ratios.

• The tailored OMCT outcome is very sensitive to the signal-processing of the amplitude
and relative phase spectra. It was seen that this least-squares fit is very sensitive to the
degree of polynomial and amount of splines used.

For actual pilot-in-the-loop simulation, the human controller will influence the control input
of the model and therefore the characteristics of the helicopter motion. A limitation of the
preceding analysis is therefore that the amplitude and relative phase of different degrees of
freedom are not only influenced by the dynamics and Mission Task Element, but also by pilot
control behavior.
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Appendix A

Derivation of a Flapping Equation

In this appendix, a form of the flapping equation is derived to gain understanding of the
fundamental dynamics of the rotor system. The derivation if performed by formulating the
Lagrangian for a moving mass on an axis, according to Figure A-1. Figure A-1 shows a
schematic of a moving blade on an axis, indicated in grey. It can be seen that there are
two relevant axes systems for this derivation. Firstly there is body axis of the aircraft and

Kβ

Ω

XI

ZI

YI

XB

ZB

YB

XRB

YRB

ZRB

p
q

β
.

Figure A-1: Schematic indicating the two relevant axis systems and rotational rates for the
simplified flapping equation.

secondly there is the rotating axis of the rotor blade, indicate with the subscript RB. To
transform rotations from the body frame to the rotor blade frame, first the reference frame
is rotated CCW around the ZB axis with and angle of ψ, ψ0 being defined at {EB}X , which
convention. Furthermore, there is an extra rotation of 1

2π needed to put the Y-axis in the
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106 Derivation of a Flapping Equation

direction of the blade instead of the X-axis. Equation A-1 shows the transformation between
{EB} and {ERB}.

{ERB} = [−ψ +
1

2
π][−β]{EB} (A-1)

Secondly the reference frame is rotated with an angle of β around the XB axis. Equation A-2
and Equation A-3 show the transformation matrices for ψ and β respectivaly.

[−β] =

⎡

⎣

1 0 0
0 cos(β) − sin(β)
0 sin(β) cos(β)

⎤

⎦ (A-2)

[−ψ +
1

2
π] =

⎡

⎣

sin(psi) cos(ψ) 0
−cos(ψ) sin(ψ) 0

0 0 1

⎤

⎦ (A-3)

The total rotational rate for a blade will therefore be equal to Equation A-4.

ωRB =(p, q,−Ω)[−ψ +
1

2
π][−β]{EB}+ (−β̇, 0, 0){ERB}

ωRB =
(

p sin(ψ)− q cos(psi)− β̇,

p cos(β) cos(ψ)− Ω sin(β) + q cos(β) sin(ψ),

− Ω cos(β)− p cos(ψ) sin(β)− q sin(β) sin(ψ)
)

(A-4)

The Lagrangian is now computed using the potential and kinetic energy of the blade, according
to Equation A-5.

d

dt

(∂T

∂β̇

)

− ∂V

∂β
+
∂V

∂β
= Qβ (A-5)

Where the kinetic energy T is equal to Equation A-6,

T =
1

2
Tβω

2
RB (A-6)

and the potential energy V only depends on the spring constant at the hub, which is equal
to Equation A-7,

V =
1

2
Kββ

2 (A-7)

and the residual Qβ is equal to the aerodynamic moment Ma. And integrate over the entire
length of the rotor:

Kββ = −
∫ R

0
rm(r){rβ̈ + rΩ2β}dr (A-8)

Now rearrange and substitute the moment of inertia for the rotor Iβ =
∫ R
0 m(r)r2dr:

Kββ = Iβ{−β̈ + Ω2β}
Kββ = −Iββ̈ − IβΩ

2β

Iββ̈ + {Kβ + IβΩ
2}β = 0

β̈ + {
Kβ

Iβ
+ Ω2}β = 0

β̈ + λ2ββ = 0

(A-9)
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Working out the terms, a rudimentary flapping equation is found. After collecting the term
for β, the flapping equation has the form of Equation A-10.

β̈ + λ2ββ =
2

Ω
(p cosψ − q sinψ) +

Ma

Iβ
(A-10)

It can be seen that Equation A-10 is second order ODE, where λ2β is the flapping frequency
ratio, given by Equation A-11.

λ2β =
Kβ

Iβ
+ Ω2 =

Kβ

IβΩ2
+ 1 (A-11)

A flapping frequency ratio of 1 means no damping is present at the hub, or Kβ = 0. The
result of Equation A-10 then becomes an oscillation of frequency Ω. However, if there is
damping present, then λ2β > 1, and the result to Equation A-9 will be an oscillation with a
frequency faster than Ω.

Due to a pitch velocity or roll velocity, the rotating mass of the rotor is susceptible to gyro-
scopic accelerations, which are represented by 2

Ω(p cosψ − q sinψ) in the flapping equation.
It can be seen that a roll rate is effective at cosψ meaning at the longitudinal axis. Similarly,
the pitch rate is only effective at sinψ, the lateral axis. This is an early indication the lon-
gitudinal and lateral dynamics are therefore highly coupled for rotorcraft. This fact will be
discussed in greater detail in section A-3.

A-1 Aerodynamics Forces

Equation A-10 already gives some valuable insight in the rotor mechanics. However, the
control inputs θ0, θc and θs, representing the collective, longitudinal and lateral cyclic inputs
respectively, have not yet been represented in this equation. To do so, let’s look at the
aerodynamic forces. For this example, only the lift force will be considered. Figure A-2
depicts the lift on a rotorblade as a function of the inflow angel φ and the pitch angle θ.

Helicopter Flight Dynamics 

Before including the effects of blade aerodynamics, we consider the case where 
the shaft is rotated in pitch and rol l , p and q (see Fig. 2.18(b)). The blade now expe-
riences additional gyroscopic accelerations caused by mutuaUy perpendicular angular 
velocities, p, q and Q. I f we neglect the small effects of shaft angular accelerations, 
the equation of motion can be written as 

p" + xjfi = ^{pcosir-q sin f ) (2-9) 

The conventional zero reference for blade azimuth is at the rear of the disc and i^ is 
positive in the direction of rotor rotation; in eqn 2.9 the rotor is rotating anticlockwise 
when viewed f rom above. For clockwise rotors, the roll rate term would be negative. 
The steady-state solution to the 'forced' motion talces the form 

fi = file cos if + fits sin f (2-10) 

where 

He = fi(4 - 1) ^ ' ^i^l - 1) 
(2.11) 

These solutions represent the classic gyroscopic motions experienced when any rotating 
mass is rotated out of plane; the resulting motion is orthogonal to the apphed rotation. 

is a longimdinal disc tilt in response to a rol l rate; fii, a lateral tilt in response to 
a pitch rate. The moment transmitted by the single blade to the shaft, in the rotating 
axes system, is simply Kpfi'M the non-rotating shaft axes, the moment can be written 
as pitch (positive nose up) and rol l (positive to starboard) components 

M = -Kpfi (cos i f ) = - ^ ( / 8 i c ( l + cos I f ) + fiis sin 2ir) (2.12) 

L = -Kpfi (sin = - ^ i f i u d - cos l^f) + fiu- sin 2 f ) (2.13) 

Each component therefore has a steady value plus an equally large wobble at two-
per-rev. For a rotor with Nb evenly spaced blades, it can be shown that the oscillatory 
moments cancel, leaving the steady values 

M = - N b ' ^ f i , c (2.14) 

L ^ - N b ^ f i u (2.15) 

This is a general result that w i l l carry through to the simation when the rotor is working 
in air i e the zeroth harmonic hub moments that displace the flight path of the aircratt 
are proportional to the t i l t of the rotor disc. I t is appropriate to highlight that we 
have neglected the moment of the in-plane rotor loads in forming these hub moment 
expressions. They are therefore strictly approximations to a more complex effect, 
which we shall discuss in more detail in Chapter 3. We shall see, however, that the 
aerodynamic loads are not only one-per-rev, but also two and higher, giving nse to 
vibratory moments. Before considering the effects of aerodynamics, there are two 
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points that need to be made about the solution given by eqn 2,11. First, what happens 
when A,̂  = 1? This is the classic case of resonance, when according to theory, the 
response becomes infinite; clearly, the assumption of small flap angles would break 
down well before this and the nonlinearity in the centrifugal stiffening with amplitude 
would Umit the motion. The second point is that the solution given by eqn 2.11 is only 
part of the complete solution. Unless the initial conditions of the blade motion were 
very carefully set up, the response would actually be the sum of two undamped motions, 
one with the one-per-rev forcing frequency, and the other with the natural frequency . 
A complex response would develop, with the combination of two close frequencies 
leading to a beating response or, in special cases, non-periodic 'chaotic' behaviour. 
Such situations are somewhat academic for the helicopter, as the aerodynamic forces 
distort the response described above in a dramatic way. 

The flapping rotor in air - aerodynamic damping 
Figure 2.18(c) shows the blade in air, with the distributed aerodynamic l i f t £(r, i/f) 
acting normal to the resultant velocity; we are neglecting the drag forces in this case. 
I f the shaft is now tilted to a new reference position, the blades w i l l realign with the 
shaft, even with zero spring stiffness. Figures 2.18(d) and (e) illustrate what happens. 
When the shaft is tilted, say, in pitch by angle 6s, the blades experience an effective 
cyclic pitch change with maximum and minimum at the lateral positions (i/f = 90° 
and 180°). The blades w i l l then flap to restore the zero hub moment condition. 

For small flap angles, the equation of flap motion can now be written in the 
approximate form 

R 

fi"+ Xlfi = ^ ( p cos f - q smir)+~^ ( l{r, ^ ) r d r (2.16) 

A simple expression for the aerodynamic loading can be formulated with reference to 
Fig. 2.19, with the assumptions of two-dimensional, steady aerofoil theory, i.e., 

l{r,f)=]^pV^ccm (2.17) 

Fig. 2.19 Components of rotor blade incidence 
Figure A-2: Lift as a function of the inflow velocity and pitch angle, taken from [12].

For the equation of motion, the moment around the flapping hinge d.t. the lift force is of
interest. This is computed by computing the local lift, multiplying with the local radius and
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108 Derivation of a Flapping Equation

integrating over the total span of the rotor blade, as is shown in Equation A-12.

Ma =

∫ R

0
l(r,ψ)rdr (A-12)

Equation A-12 can be expanded by substituting the local lift and adding the insight that the
effective angle of attack α = φ+ θ and φ = tan−1 UP

UT
∼ UP

UT
.

Ma =

∫ R

0

1

2
ρV 2cα0(

UP

UT
+ θ)rdr (A-13)

In Equation A-13 the tangential velocity is made up by the rotor speed and the total velocity V
is estimated to be approximately equal to the tangential velocity. Furthermore, the upward
speed UP is given by the rotor upwash νi, flapping velocity β̇ and two terms caused by
gyroscopic acceleration. Expressions for V , UP and UT are given in Equation A-14.

V = Ωr

UT = Ωr

UP = −νi + β̇r + qr cosψ + pr sinψ

(A-14)

Equation A-14 can now be substituted to evaluate the integral given in Equation A-13. Equa-
tion A-15 shows the outcome of this evaluation.

Ma =

∫ R

0

1

2
ρ(UT )

2cα0(
UP

UT
+ θ)rdr

Ma =

∫ R

0

1

2
ρcα0(UPUT + (UT )

2θ)rdr

Ma

Iβ
=
ρcα0

2Iβ

∫ R

0
(−νi + β̇r + qr cosψ + pr sinψ(Ωr) + Ω2r2θ)rdr

Ma

Iβ
=
ρcα0

2Iβ

(

− 1

3
ΩνiR

3 − 1

4
Ωβ̇R4 +

1

4
Ω(q cosψ + p sinψ)R4 +

1

4
Ω2θR4

)

Ma

Iβ
=
ρcα0R

4

2Iβ

(

− 1

3R
Ωνi −

1

4
Ωβ̇ +

1

4
Ω(q cosψ + p sinψ) +

1

4
Ω2θ

)

(A-15)

At this point it can be identified that the terms outside the brackets is an important parameter,
being effectively the ratio between the aerodynamic forces and the inertial forces. This ratio
is called the Lock parameter and is described in Equation A-16.

γ =
ρca0R4

Iβ
(A-16)

A heavy blade will result therefore in a lower Lock number, which in turn will lower the
effective forced acceleration for the flapping equation. When substituted, the Lock number
will transform Equation A-15 to Equation A-17.

Ma

Iβ
=
γ

2

(

− νiΩ

3R
− Ω

4
β̇ +

Ω

4
(q cosψ + p sinψ) +

Ω2

4
θ
)

Ma

Iβ
= −γΩ

8
β̇ − γΩ2

6
λi +

γΩ

8
(q cosψ + p sinψ) +

γΩ2

8
θ

(A-17)
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Substituting Equation A-17 back into Equation A-10, gives a workable result.

β̈ +
γΩ

8
β̇ + λ2βΩ

2β = 2Ω(p cosψ − q sinψ) +
γΩ2

8

(

θ − 4

3
λi +

q

Ω
cosψ +

p

Ω
sinψ

)

(A-18)

Equation A-18 is a simplification of the general flapping equation. However at this stage it is
sufficient to connect collective and cyclic inputs to a flapping angle, taking into account the
following considerations.

• The flapping equation in this form takes into account the induced velocity, the rotational
velocity of the blade element, the flapping velocity and the pitch and roll motion of the
aircraft

• However, forward velocity is not taken into account.
• Drag on the rotor blade is not taken into account.

A-2 A Solution to the Flapping Equation

An attempt will now be made to find a solution to the linear, non-homogeneous, second order
differential equation Equation A-18. To do so, the method of undetermined coefficients is
used. Firstly, a steady state solution is assumed to be of the form according to Equation A-
19.

β = β0 + β1c cosψ + β1s sinψ

β̇ = −β1cΩ sinψ + β1sΩ cosψ

β̈ = −β1cΩ2 cosψ − β1sΩ
2 sinψ

(A-19)

Physically, the form of Equation A-19 corresponds to three angles, displayed in Figure A-3.
β0 is the coning angle and β1c and β1s or longitudinal and lateral flapping respectively.

Helicopter Flight Dynamics 

where V is the resultant velocity of the airflow, p the air density and c the blade chord. 
The l i f t is assumed to be proportional to the incidence of the airflow to the chord Ime, 
a up to staUing incidence, with l i f t curve slope «o- In Fig. 2.19 the incidence is shown 
to comprise two components, one f rom the applied blade pitch angle 6 and one f rom 
the induced inflow (p, given by 

(2.18) 

where UT and UP are the in-plane and normal velocity components respectively (the_bar 

signifies non-dimensionalization with i2R). Using the simplification that UP « UT, 

eqn 2.16 can be written as 

1 

p" + xlp = - ( p cos ^ - « sin f ) + I ƒ (Ule + UTUP) r dr (2.19) 

0 

where f = r/R and the Lock number, y , is defined as (Ref. 2.12) 

^ pcapR'^ (2.20) 

The Lock number is an important non-dimensional scaling coefficient, giving the ratio 

of aerodynamic to inertia forces acting on a rotor blade. 

To develop the present analysis further, we consider the hovenng rotor and a 

constant inflow velocity v,- over the rotor disc, so that the velocities at station r along 

the blade are given by 

UT=r, Ï7p = - X ; - t - ^ ( ; ? sin i/f + 9 cos lA) - (2-21) 

where 

^' ~ QR 

We defer the discussion on rotor downwash until later in this Chapter and Chapter 3; 
for the present purposes, we merely state that a uniform distribution over the disc is a 
reasonable approxunation to support the arguments developed in this chapter. 

Equation 2.19 can then be expanded and rearranged as 

p" +Lfi' + X}p = l(.pc.sf^q sm V') + I (ö - + ^ sin ^ 

+ ^ c o s f ) (2.22) 

The flapping eqn 2.22 can tell us a great deal about the behaviour of a rotor in response 
to aerodynamic loads; in particular- the presence of the flap damping alters the 
response characteristics significantly. We can write the applied blade pitch in the form 
(cf. Fig. 2.5 and the eariy discussion on rotor controls) 

e =00 + 0\c cos i/f + Ö1, sin f (2-23) 
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where ÖQ is the collective pitch and 0]s and Oic the longitudinal and lateral cyclic 
pitch respectively. The forcing function on the right-hand side of eqn 2.22 is therefore 
made up of constant and first hamonic terms. In the general flight case, with the 
pilot active on his controls, the rotor controls OQ, 0\C and ö j j and the fuselage rates 
p and q w i l l vary continuously with time. As a first approximation we shall assume 
that these variations are slow compared with the rotor blade transient flapping. We 
can quantify this approximation by noting that the aerodynamic damping in eqn 2.22, 
y/8, varies between about 0.7 and 1.3. In terms of the response to a step input, this 
corresponds to rise times (to 63% of steady-state flapping) between 60 and 112° azimuth 
(i/fg3% = 16 ln(2)/)/). Rotorspeeds vary f rom about 27 rad/s on the AS330 Puma to 
about 44 rad/s on the M B B Bol05 , giving flap time constants between 0.02 and 0.07 
s at the extremes. Provided that the time constants associated with the control activity 
and fuselage angular motion are an order of magnimde greater than this, the assumption 
of rotor quasi-steadiness during aircraft motions w i l l be valid. We shall return to this 
assumption a little later on this Tour, but, for now, we assume that the rotor flapping 
has time to achieve a new steady-state, one-per-rev motion following each incremental 
change in control and fuselage angular velocity. We write the rotor flapping motion in 
the quasi-steady-state form 

! H- /Sic cos if + P\s sin f (2.24) 

j6o is the rotor coning and fi\c and fi\s the longitudinal and lateral flapping respec-
tively. The cyclic flapping can be interpreted as a tilt of the rotor disc in the longitu-
dinal (forward) P\c and lateral (port) planes. The coning has an obvious physical 
interpretation (see Fig. 2.20). 

The quasi-steady coning and first harmonic flapping solution to eqn 2.22 can be 
obtained by substimting eqns 2.23 and 2.24 into eqn 2.22 and equating constant and 
first harmonic coefficients. Collecting terms, we can write 

8Xi 
(2.25) 

16 

coning 

ongitudinal flapping 

v iew from front 

, . |^- lateral flapping 

Fig. 2.20 The three rotor disc degrees of freedom 
Figure A-3: Physical representation of β0, β1c and β1s , taken from [12].

Equation A-19 is substituted into Equation A-18, giving Equation A-20aand Equation A-20b.
For clarity, the equation is split into the left half of flap equation Equation A-18, indicated
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with (a) and the right half of the flap equation, indicated with (b).

(

− β1cΩ
2 cosψ − β1sΩ

2 sinψ
)

+
γΩ

8

(

− β1cΩ sinψ + β1sΩ cosψ
)

+ λ2βΩ
2
(

β0 + β1c cosψ + β1s sinψ
)

(A-20a)

2Ω(p cosψ − q sinψ) +
γΩ2

8

(

(

θ0 + θ1c cosψ + θ1s sinψ
)

− 4

3
λi +

q

Ω
cosψ +

p

Ω
sinψ

)

(A-20b)

Furthermore, the pitch angle input, θ is split into the collective pitch θ0, and the longitudinal
and lateral cyclic, θ1c and θ1c respectively. The total pitch angle is than formed by Equation A-
21.

θ = θ0 + θ1c cosψ + θ1s sinψ (A-21)

To solve for coefficients β0, β1c and β1s, firstly the terms have to be rearranged, to collect all
terms with sinψ and cosψ separately.

(

− β1cΩ
2 + β1s

γΩ2

8
+ β1cλ

2
βΩ

2
)

cosψ +
(

− β1sΩ
2 − β1c

γΩ2

8
+ β1sλ

2
βΩ

2
)

sinψ + β0λ
2
βΩ

2

(A-22a)
(

2Ωp+
γΩ2

8
θ1c +

γΩ2q

8Ω

)

cosψ +
(

− 2Ωq +
γΩ2

8
θ1s +

γΩ2p

8Ω

)

sinψ +
γΩ2

8

(

θ0 −
4

3
λi
)

(A-22b)

From Equation A-22a and Equation A-22b, there can be distinguished three equations with
three unknowns, β0, β1c and β1s. The cone angle β0, is derived first in Equation A-23.

β0λ
2
βΩ

2 =
γΩ2

8

(

θ0 −
4

3
λi
)

β0 =
γ

8λ2β

(

θ0 −
4

3
λi
)

(A-23)

Thereafter, the terms using cosψ are given in Equation A-24a and terms using sinψ are given
in Equation A-24b

−β1cΩ2 + β1s
γΩ2

8
+ β1cλ

2
βΩ

2 = 2Ωp+
γΩ2

8
θ1c +

γΩ2q

8Ω
(A-24a)

−β1sΩ2 − β1c
γΩ2

8
+ β1sλ

2
βΩ

2 = −2Ωq +
γΩ2

8
θ1s +

γΩ2p

8Ω
(A-24b)

Rewriting Equation A-24a to collect terms containing β1c and β1s, dividing by Ω2 and sub-
stituting p̄ = p

Ω and q̄ = q
Ωgives:

β1s + Sββ1c = θ1c + q̄ +
16

γ
p̄ (A-25a)

−β1c + Sββ1s = θ1s + p̄− 16

γ
q̄ (A-25b)
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Where use has been made of the fact that
8(λ2

β−1)

γ = Sβ, which is the stiffness number, a
ratio of hub stiffness to aerodynamic moments. After expressing β1s as a function of β1c and
substituting, the following equation for coefficient β1c was found.

β1c =
1

1 + S2
β

(

Sβθ1c − θ1s + p̄(Sβ
16

γ
− 1) + q̄(Sβ +

16

γ
)
)

(A-26)

In a similar way, an equation for β1s can be derived.

β1s =
1

1 + S2
β

(

Sβθ1s + θ1c + p̄(Sβ +
16

γ
)− q̄(Sβ

16

γ
− 1)

)

(A-27)

Equation A-23, Equation A-26 and Equation A-27 now form a workable solution to the
flapping equation.

A-3 Interpretation

To make sense of the solution presented in section A-2, consider an infinitely stiff rotor blade,
Sβ = 0. This this simplifies Equation A-26 and Equation A-27 into Equation A-28 and
Equation A-29.

β1c = −θ1s−
p

Ω
+
16

γ

q

Ω
(A-28)

β1s = θ1c+
q

Ω
+
16

γ

p

Ω
(A-29)

This simplification gives an important insight into the coupling of the longitudinal and lateral
axes of the main rotor of rotorcraft, since the flap angles are directly coupled to lateral and
longitudinal moment of the aircraft. The roll and pitch moment on the aircraft due to the
rotor can now be estimated using the flap deflection and the spring stiffness at the hub
according to Equation A-30 and Equation A-31 respectively.

M = −Nb
Kβ

2
β1c (A-30)

L = −Nb
Kβ

2
β1s (A-31)

Where, Nb is the number of rotor blades.

• Firstly it can be seen that a change in lateral blade pitch θ1s influences the longitudinal
flap angle and therefore the longitudinal dynamics. Similarly, a change in longitudinal
blade pitch θ1c influences the lateral flap angle. This effect is called the Fundamental
90o Phase Shift.

• Secondly the terms indicated in green are coupling terms between lateral motion and
longitudinal motion of the aircraft, d.t. gyroscopic accelerations These terms are an
important reason why there exists a strong coupling between symmetric and asymmetric
motions for rotorcraft.

• Thidly it can be seen that terms highlighted in dark blue, rotation of the rotor due
to an in-plane rotational velocity of the aircraft. It can be seen that the tip lags the
rotation of the control plane in this case, meaning that these terms give damping to
aircraft motions.
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Appendix B

The DRA (RAE) Research Lynx,
ZD559

This appendix shows the numerical values used for the rudimentary mathematical helicopter
model as presented in section 3-1. Figure B-1 shows important numerical values, whereas
Figure B-1 shows the general lay-out of the DRA (RAE) Lynx.

260 Helicopter Flight Dynamics: Modelling 

particularly at 140 knots where the oscillation is almost neutrally stable. The converse is true 
for the short period mode. The weakly coupled approximation fares much better at the higher 
speed and appears to converge towards the exact, uncoupled results. The approximations do 
not predict the growing loss of phugoid stabiUty as a result of coupling with lateral dynamics, 
however. The higher the forward speed, the more the helicopter phugoid resembles the fixed-
wing phugoid where the approximation works very well for aircraft with strongly positive 
manoeuvre margins (the constant term in eqn 4A.45 with negative M,„). 

The approximations given by eqns 4A.44 and 4A.45 are examples of many that are 
discussed in Chapter 4 and that serve to provide additional physical insight into complex 
behaviour at a variety of flight conditions. The importance of the speed stability derivative 
M„ in the damping and frequency of the phugoid is highlighted by the expressions. For a 
low-speed fixed-wing aircraft, M„ is typically zero, while the effect of pitching moments 
due to speed effects dominates the hehcopter phugoid. The last term in eqn 4A.45 represents 
the manoeuvre margin and the approximation breaks down long before instability occurs 
at positive values of the static stability derivative M„, (Ref. 4A.5). 

To complete this appendix we present two additional results from the theory of weakly 
coupled systems. For cases where the system partitions naturally into three levels 

A l l A i2 Ai3 
A21 A22 A23 
A31 A32 A33 

then the approximating polynomials take the form (see Ref. 4A.6) 

AT, = A n - [A12A13] 
A22 A23 

-1 
' A 2 , " 

A32 A33 ^ A 3 i _ 

A22 = A22 - A23A33 A32 

XI, = A33 

(4A.46) 

(4A.47) 

(4A.48) 

Similar conditions for weak coupling apply to the three levels of subsystem A n , A22 and 
A33. 

The second result concerns cases where a second-order approximation is required to 
determine an accurate estimate of the low-order eigenvalue. Writing the expanded inverse, 
eqn 4A.34, in the approximate form 

(A.I - A22)" - A 2 ' il + XA-,, (4A.49) 

leads to the low-order approximation 

/ i (X) = det [XI - An + A12A22'(I + Xh.-:,^)K2i] (4A.50) 

Both these extensions to the more basic technique are employed in the analysis of 
Chapter 4. 
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APPENDIX 4 B T H E T H R E E C A S E H E L I C O P T E R S : L Y N X , B O 105 
AND PUMA 

4B.1 Aircraft configuration parameters 

The DRA (RAE) research Lynx, ZD559 
The Westland Lynx Mk 7 is a twin engine, utility/battlefield helicopter in the 4.5-ton category 
cunently in service with the British Ai'my Air Corps. The DRA Research Lynx (Fig. 4B.1) 
was delivered off the production line to RAE as an Mk 5 in 1985 and modified to Mk 
7 standard in 1992. The aircraft is fitted with a comprehensive instrumentation suite and 
digital recording system. Special features include a strain-gauge fatigue usage monitoring 
fit, and pressure- and strain-instrumented rotor blades for fitment on both the main and tail 
rotor. The aircraft has been used extensively in a research programme to calibrate agility 
standards of future helicopter types. The four-bladed hingeless rotor is capable of producing 

Fig. 4B.1 DRA research Lynx ZD559 in flight 

Table 4B.1 Configuration data - Lynx 

«0 6.0/iad hz 12208.8 kgm2 Xcg -0.0198 
"(ir 6.0/rad !<f< 166352Nm/rad So 0.009 
a,po -0.0175 lad Ifn 7.48 m h 37.983 
PfnO -0.0524 rad hp 7.66 m h -45° 
C 0.391 m IT 7.66 m 0.008 
gT 5.8 Ma 4313.7 kg 5.334 
hR 1.274 m N„ 4 
hr 1.146 m R 6.4 m y 7.12 
h 678.14 kg m 2 R'f 1.106 m Vs 0.0698 rad 
l.xx 2767.1 kg m 2 1.107 m^ l2 

P 1.193 
2034.8 kg m 2 Sip 1.197 m^ d,n. -0.14 rad 

lyy 13 904.5 kgm^ ST 0.208 Q,idle 35.63 rad/s 

Figure B-1: Specifications for the Lynx research helicopter, [12].
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Trim
 and Stability 

Analysis 
263 

lai-ge control m
om

ents and hence angulai- accelerations. A
 1960's design, the Lynx em

bodies 
m

any features w
ith significant innovation for its age - hingeless rotor w

ith cam
bered aerofoil 

sections (RA
E 9615, 9617), titanium

 m
onoblock rotor head and conform

al gears. 
A

 three-view
 draw

ing of the aircraft is show
n in Fig. 4B.2. The physical characteristics 

of the aircraft used to construct the H
elisim

 sim
ulation m

odel are provided in Table 4B. 1. 

The D
LR

 research BolO
S, S123 

The Eurocopter D
eutschland (form

erly M
BB) BolO

S is a tw
in engine helicopter in the 

2.5-ton class, fulfilling a num
ber of roles in transport, offshore, police and battlefield op-

erations. The D
LR

 Braunschw
eig operate tw

o BolO
S aircraft. The first is a standard serial 

type (B
ol0S-S123), show

n in Fig. 4B
.3. The second aircraft is a specially m

odified fly-
by-w

ire/light in-flight sim
ulator - the A

TTH
Es (advanced technology testing helicopter 

system
), BolO

S-S3. The BolO
S features a four-bladed hingeless rotor w

ith a key innova-
tion for a 1960's design - fibre-reinforced com

posite rotor blades. 

Fig. 4B
.3 D

LR research BolO
S S123 in flight 

Table 4B.2 Configuration data - BolOS 

"0 
6.113/rad 

4099 kgm
^ 

0.0163 
aor 

5.7/rad 
113 330N

m
/rad 

So 
0.0074 

a,po 
0.0698 rad 

If. 
5.416 m

 
SI 

38.66 
PfiiO

 
-0.08116 rad 

hp 
4.56 m

 
S3 

-45° 
c 

0.27 m
 

h 
6 m

 
STQ

 
0.008 

gT 
5.25 

M
„ 

2200 kg 
ST2 

9.5 
hR 

1.48 m
 

N
i 

4 
9.5 

1.72 m
 

R 
4.91 m

 
Y 

5.087 
h 

231.7 kgm
^ 

Rj 
0.95 m

 
Ys 

0.0524 rad 
1433 kgm

^ 
Sji: 

0.805 m
 2 

1.248 
660 kg m

 2 
Sfp 

0.803 m
 2 

-0.14 rad 
4973 kg m

 2 
ST 

0.12 
44.4 rad/s 

Figure B-2: Lay-out of the Lynx research helicopter, [12].
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3.11.7 Depart/Abort
a.  Objectives.
•  Check pitch axis and heave axis handling qualities during moderately aggressive maneuvering.
•  Check for undesirable coupling between the longitudinal and lateral-directional axes.
•  Check for harmony between the pitch axis and heave axis controllers
•  Check for overly complex power management requirements.
•  Check for ability to re-establish hover after changing trim
•  With an external load, check for dynamic problems resulting from the external load configuration.
b.  Description of maneuver.  From a stabilized hover at 35 ft wheel height (or no greater than 35 ft
external load height) and 800 ft from the intended endpoint, initiate a longitudinal acceleration to perform a
normal departure.  At 40 to 50 knots groundspeed, abort the departure and decelerate to a hover such that
at the termination of the maneuver, the cockpit shall be within 20 ft of the intended endpoint.  It is not
permissible to overshoot the intended endpoint and move back.  If the rotorcraft stopped short, the
maneuver is not complete until it is within 20 ft of the intended endpoint.  The acceleration and deceleration
phases shall be accomplished in a single smooth maneuver.  For rotorcraft that use changes in pitch attitude
for airspeed control, a target of approximately 20 degrees of pitch attitude should be used for the
acceleration and deceleration.  The maneuver is complete when control motions have subsided to those
necessary to maintain a stable hover.
c.  Description of test course.  The test course shall consist of at least a reference line on the ground
indicating the desired track during the acceleration and deceleration, and markers to denote the starting and
endpoint of the maneuver.  The course should also include reference lines or markers parallel to the course
reference line to allow the pilot and observers to perceive the desired and adequate longitudinal tracking
performance, such as the example shown in Figure 27.
d.  Performance standards.

Performance –Depart/Abort

Cargo/Utility Externally Slung
Load

GVE DVE GVE DVE
DESIRED PERFORMANCE
•  Maintain lateral track within ±X ft: 10 ft 10 ft 10 ft 10 ft
•  Maintain radar altitude below X ft: 50 ft 50 ft 50 ft* 50 ft*
•  Maintain heading within ±X deg: 10 deg 10 deg 10 deg 10 deg
•  Time to complete maneuver: 25 sec 25 sec 30 sec 30 sec
•  Maintain rotor speed within: OFE OFE OFE OFE
ADEQUATE PERFORMANCE
•  Maintain lateral track within ±X ft: 20 ft 20 ft 20 ft 20 ft
•  Maintain radar altitude below X ft: 75 ft 75 ft 75 ft* 75 ft*
•  Maintain heading within ±X deg: 15 deg 15 deg 15 deg 15 deg
•  Time to complete maneuver: 30 sec 30 sec 35 sec 35 sec
•  Maintain rotor speed within: SFE SFE SFE SFE
*  Altitudes refer to height of external load, measured at hover
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3.11.1 Hover
a.  Objectives.
•  Check ability to transition from translating flight to a stabilized hover with precision and a reasonable
amount of aggressiveness.
•  Check ability to maintain precise position, heading, and altitude in the presence of a moderate wind from
the most critical direction in the GVE; and with calm winds allowed in the DVE.
b.  Description of maneuver.  Initiate the maneuver at a ground speed of between 6 and 10 knots, at an
altitude less than 20 ft.  For rotorcraft carrying external loads, the altitude will have to be adjusted to
provide a 10 ft load clearance.  The target hover point shall be oriented approximately 45 degrees relative
to the heading of the rotorcraft.  The target hover point is a repeatable, ground-referenced point from which
rotorcraft deviations are measured.  The ground track should be such that the rotorcraft will arrive over the
target hover point (see illustration in Figure 24).  In the GVE, the maneuver shall be accomplished in calm
winds and in moderate winds from the most critical direction.  If a critical direction has not been defined,
the hover shall be accomplished with the wind blowing directly from the rear of the rotorcraft.
c.  Description of test course.  The suggested test course for this maneuver is shown in Figure 24.  Note
that the hover altitude depends on the height of the hover sight and the distance between the sight, the hover
target, and the rotorcraft.  These dimensions may be adjusted to achieve a desired hover altitude.
d.  Performance standards.  Accomplish the transition to hover in one smooth maneuver.  It is not
acceptable to accomplish most of the deceleration well before the hover point and then to creep up to the
final position.

Performance – Hover

Scout/Attack Cargo/Utility Externally
Slung Load

GVE DVE GVE DVE GVE DVE
DESIRED PERFORMANCE
•  Attain a stabilized hover within X seconds of
initiation of deceleration:

3 sec 10 sec 5 sec 10 sec 10 sec 13 sec

•  Maintain a stabilized hover for at least: 30 sec 30 sec 30 sec 30 sec 30 sec 30 sec
•  Maintain the longitudinal and lateral position
within ±X ft of a point on the ground: 3 ft 3 ft 3 ft 3 ft 3 ft 3 ft
•  Maintain altitude within ±X ft: 2 ft 2 ft 2 ft 2 ft 4 ft 4 ft
•  Maintain heading within ±X deg: 5 deg 5 deg 5 deg 5 deg 5 deg 5 deg
•  There shall be no objectionable oscillations in
any axis either during the transition to hover or
the stabilized hover

✓ * ✓ ✓ ✓ ✓ NA*

ADEQUATE PERFORMANCE
•  Attain a stabilized hover within X seconds of
initiation of deceleration:

8 sec 20 sec 8 sec 15 sec 15 sec 18 sec

•  Maintain a stabilized hover for at least: 30 sec 30 sec 30 sec 30 sec 30 sec 30 sec
•  Maintain the longitudinal and lateral position
within ±X ft of a point on the ground: 6 ft 8 ft 6 ft 6 ft 6 ft 6 ft
•  Maintain altitude within ±X ft: 4 ft 4 ft 4 ft 4 ft 6 ft 6 ft
•  Maintain heading within ±X deg: 10 deg 10 deg 10 deg 10 deg 10 deg 10 deg

*Note:  For all tables, ✓= performance standard applies; NA = performance standard not applicable
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Appendix D

OMCT Verfication

In this appendix, the developed algorithm will compared to OMCT measurement data from
the SRS, as was presented in [9]. This data is from an online experiment using the SRS,
with a dummy parameter set for motion filter gains. Comparing the offline simulation to
this online simulation will provide two important insights. Firstly, since the MDA used for
both the online and offline simulation data is similar, the online simulation data provides a
way verify the offline OMCT algorithm. Secondly, since the hardware characteristics of the
SRS are incorporated in the online simulation, a comparison to the offline simulation provides
some insight in the hardware dynamics of the SRS motion system.

The parameters used for the verification are dummy filter setting according to Table 4-2. The
parameter set as depicted in Table 4-2 was used to computed all frequency responses for test
1- 10, on de axes described in Figure 2-15. The following subsections will discus results for
the 6 input axes respectively.

Table D-1: Transfer function for test 1-10 presented in tabular form.

Output
Roll Pitch Yaw Surge Sway Heave

Roll ṖPS

ṖPA
(ω)

fxPS

ṖPA
(ω)

Pitch Q̇PS

Q̇PA
(ω)

axPS

Q̇PA
(ω)

Input Yaw ṘPS

ṘPA
(ω)

Surge Q̇PS
fxPA

(ω)
fxPS
fxPA

(ω)

Sway ṖPS
fyPA

(ω)
fyPS
fyPA

(ω)

Heave
fzPS
fzPA

(ω)
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D-1 Pitch

The first and second test of the OMCT study pitch and surge response of the classical washout
algorithm due to to a pitch input signal respectively. These tests differ from test 3 and 4 for
a roll input, in the sense that they require an coupled pitch maneuver.

For civil aviation aircraft, when there is a change in pitch angle, in most maneuvers there
is also a change in forward speed. This means that for the input cues of the simulator, a
pitch acceleration is in most cases combined with a surge acceleration. Pitch acceleration and
surge acceleration are therefore coupled and tested at the same time in test 1. It is assumed
that the required surge acceleration is dependent on the pitch angle θ. θ can be found by
differentiating the θ̈ input twice, according to Equation D-1.

θ = − A

ω2
sinωt (D-1)

The surge input will then become according to Equation D-2

fspx = −g sin θ = −g sin
(−A

ω2
sinωt

)

(D-2)

Following the same logic there is also a small change in input on the heave acceleration
channel. The total input will therefore be according to Equation D-3. Figure D-1 shows the
amplitude response of the MDA for three conditions.

u =

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

−g sin
(−A
ω2 sinωt

)

0
−g cos

(−A
ω2 sinωt

)

0
0
0
0

A sinωt
0

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

(D-3)

The frequency response for the first test was computed according to Equation D-4.

H1(ω) =
q̇PS

q̇PA
(ω) (D-4)

Firstly an uncoupled OMCT was performed, meaning only a pitch acceleration was used as
input. It can be seen that the frequency response is the one of a high pass filter, as would
be expected from angular acceleration channel of the classical washout algorithm. Secondly,
the test was conducted with only a signal on the surge channel. As can be seen, the response
due to only a surge channel resembles a low pass filter, as is also to be expected form the
classical washout algorithm ,Figure 2-10. The coupled response is then the addition of the
first two curves. Figure D-2 shows than the offline OMCT bode plot, together with the online
data from the SRS, indicated by p5, as this was the fifth parameter set that was tested. It
can be seen that for low frequencies the two curves overlap. However, at high frequencies the
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10-1 100 101 102

! [rad/s]

10-2

10-1

100

|H
1|

Test 1:Pitch-Pitch

Uncoupled Pitch Maneuver
Response d.t. Surge Input
Coupled Pitch Manuever

Figure D-1: Amplitude response for three different configurations of test 1.

Figure D-2: Verification plot of test 1, pitch acceleration input and pitch acceleration output.

hardware is not able to follow the software input, and the amplitude is less then predicted.
This also shows in the phase plot, where more lag is generated at high frequencies.

For the second test, pitch input was compared to surge output. For this test as well, a coupled
surge input was considered. Therefore the same input was used as Equation D-3.

H2(ω) =
axPS

q̇PA
(ω) (D-5)

Moreover, it can be seen that instead of specific force, the acceleration without the effect of
tilt coordination is considered, which is computed according to Equation D-6.

axPS = fspx − g sin(θ) (D-6)

This is because test 2 is interested in spurious surge cues due to pitch acceleration. In theory,
such cues could not be possible, since there exists no communication from angular rate channel
to the specific forces channel in the classical washout algorithm. However, since a coupled
pitch-surge input is considered, the two channels are still connected via the tilt coordination,
which is driven by the pitch angle. The transfer function will therefore resemble a low pass
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Figure D-3: Verification plot of test 2, pitch acceleration input and surge acceleration output.

filter, due to the tilt coordination, as is confirmed by Figure D-3. It can be seen that the
commanded signal resembles the hardware response in the middle, but underestimates at low
frequencies and very high frequencies. Furthermore there is a dip in amplitude response of
the hardware signal around 0.6 [rad/s]. Therefore more cross talk between the pitch and
surge channel found in the SRS than this offline simulation predicted. At this point, no clear
explanation is found for these differences.

D-2 Roll

Contrary to pitch acceleration, a change in roll angle is in most maneuvers not combined with
a change in sideward speed, because for civil aviation aircraft most turns are coordinated. A
coordinated turn means that there is no side-slip and thus no lateral acceleration. This means
that the input cues on roll acceleration are usually not combined with a sway input. Therefore
test 3 and 4 use only a roll input to test the frequency response for this axis. Equation D-7
gives the equation to compute the frequency response for test 3 of the OMCT.

H3 =
ṖPS

ṖPA
(ω) (D-7)

As can be seen test 3 measures the frequency response of roll due to roll. Equation D-8 gives
than the equation to compute the frequency response for test 4 of the OMCT.

H4 =
fxPS

ṖPA
(ω) (D-8)

As can be seen test 4 compares the specific force to a roll input. Figure D-4 shows a verification
plot using data from the SRS. It can be seen that test 4 represents a high-pass filter, which is
to be expected from the rotational channel. It can be seen that at high frequencies the plot
shows some upswing, meaning that the amplitude of the roll motion is higher than expected.
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Figure D-4: Verification plot of test 3, roll acceleration input and roll acceleration output.

This combined with a slight phase lag, meaning that the hardware is unable the following
software input at high frequencies. Figure D-5 shows the cross channel test for roll input and
sway acceleration output. As can be seen, at low frequencies, the roll input causes a sway

Figure D-5: Verification plot of test 2, roll acceleration input and sway acceleration output.

acceleration due to tilt coordination. This is to be expected. The OMCT does not prescribe
to subtract the gravity component in this case, unlike test 2. The reason for this is unclear.
For the purpose of understanding, Figure D-6 shows test 4 without the gravity component
added. As can be seen from Figure D-6, H4 shows a similar trend to test 2, Figure D-3.
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10-4

10-3

10-2

10-1
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Test 6:Surge-Surge

H4
H4 Without Gravity

Figure D-6: Alternative test 4, similar to test 2. Gravity component added and neglected.

D-3 Yaw

The next test, test 5, looks at the frequency response of yaw due to a yaw input. From
theory it expected that the frequency response will resemble a high pass filter, according to
the rotational channel of the classical washout algorithm. Figure D-7 shows a comparison of
the offline OMCT to the SRS data. It can be seen that the yaw response indeed resembles a

Figure D-7: Verification plot of test 5, yaw acceleration input and yaw acceleration output.

high pass filter. However, similarly to the roll response, there is some upswing and phase lag
occurring at high frequencies.
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D-4 Surge

The frequency response due to sway is characterized by test 6 and test 7. Equation D-9 shows
the tranfer function for test 6.

H6 =
fxPS

fxPA

(ω) (D-9)

It can be seen that test 6 is focussed on specific force. The surge specific force is formed two
channels in the classical washout algorithm: the translational channel which is a high pass
filter and the tilt coordination which is a low pass filter. Figure D-8 shows the response of both
channels and the total modulus of surge. Figure D-9 shows the comparison to the SRS data.

10-1 100 101 102

! [rad/s]

10-2

10-1

100

|H
6|

Test 6:Surge-Surge

H6
H6 Tilt Coordination
H6 Translational Channel

Figure D-8: Breakdown of filter contribution to the modulus response of test 6.

It can be seen that the initial drop in modulus is steeper for the real simulator. The reason

Figure D-9: Verification plot of test 6, surge acceleration input and surge acceleration output.

for this is unclear. It should be said however, that in order to make a good comparison in this
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region, the frequency points of the OMCT should be positioned closer together. Furthermore,
the upswing and phase lag is also present for this channel at high frequencies.

The pitch response due to a surge input is measured in Equation D-10.

H7 =
Q̇PS

fxPA

(ω) (D-10)

Theoretically this plot should resemble only the tilt coordinated channel and therefore the
green line in Figure D-8. However, as can be seen from Figure D-10, H7 resembles a high pass

Figure D-10: Verification plot of test 7, surge acceleration input and pitch acceleration output.

filter, instead of a low pass filter, which is to be expected from the tilt coordination channel
of the classical washout algorithm. This can be explained by the fact that we are look at
the pitch response, and not the pitch acceleration response. If a low pass filter is integrated
twice(from pitch acceleration to pitch) then it becomes a high pass filter. This is was test 7
resembles a high pass filter.

D-5 Sway

The frequency response for a sway acceleration input is for a hexapod motion cueing system
very similar to the surge input, and will therefore be discussed only briefly in the subsection.
Equation D-10 and Equation D-11 give the transfer functions for sway to sway and for sway
to roll respectivaly.

H8 =
fyPS

fyPA

(ω) (D-11)

H9 =
ṖPS

fyPA

(ω) (D-12)

Figure D-11 and Figure D-12 show the verification plots for the transfer function H8 and H9

respectively. Similarly to transfer function H7, Figure D-12 shows the trend of a high pass
filter.
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Figure D-11: Verification plot of test 8, sway acceleration input and sway acceleration output.

D-6 Heave

Finally, the frequency response due to an input for heave was investigated in test 10, according
to a transfer function specified in Equation D-13.

H10 =
fzPS

fzPA

(ω) (D-13)

The heave acceleration was also verified using the SRS data. Figure D-13 shows a bode plot
for H10. As can be seen from Figure D-13, there is upswing and phase lag present at high
frequencies due to hardware characteristics.
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Figure D-12: Verification plot of test 9, sway acceleration input and roll acceleration output.

Figure D-13: Verification plot of test 10, heave acceleration input and heave acceleration output.
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Appendix E

OMCT Sensitivity to MDA Settings

In this appendix, results are presented from the sensitivity analysis conducted in chapter 4,
to investigate the influence of different break frequencies in the classical washout algorithm
on the OMCT. Figure E-1 shows the influence of ωnθ on test 1 and test 2. Figure E-2 shows
the influence of ωnLPx on test 1, 2, 6 and 7. Finally, Figure E-3 shows the influence of ωnx

on test 6 and the influence of ωnz on test 10.
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(a) Pitch frequency response function, test 1.
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(b) Surge frequency response function, test 2.

Figure E-1: Influence of ωnθ.
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(a) Pitch frequency response function, test 1.
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(b) Surge frequency response function, test 2.
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(c) Surge frequency response function, test 6.
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(d) Pitch frequency response function, test 7.

Figure E-2: Influence of ωnLPx.
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(a) Surge frequency response function, test 6.
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(b) Heave frequency response function, test 10.

Figure E-3: Influence of ωnx on test 6 and influence of ωnz on test 10.
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Appendix F

SRS Geometry

This appendix shows the geometry of the Simona Research Simulator, for the computation
of required actuator lengths. Figure F-1b shows a schematic top view of the SRS, where the
Upper Gimbal Circle (indicated with UGC) and the Lower Gimbal Circle (LGC) are visible.
Figure F-1a shows numerical values for important geometrical parameters in Figure F-1b.

(a) Important geometric parameters of the SRS.

XM

YM l2
l1
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l4

l5

l6

UGCLGC
u1

u2

u3

u4

u5

u6

(b) Schematic top view of the SRS.

Figure F-1: SRS geometry.
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Appendix G

OMCT Sensitivity to MDA Settings:
Tuning

In this appendix, results are presented from the sensitivity analysis conducted in chapter 4, to
investigate how tuning might be accomplished using the OMCT. Figure G-1 and Figure G-4
show the influence of ωnθ on test 1 and test 2. Figure G-2 and Figure G-5 show the influence
of ωnLPx on test 1, 2, 6 and 7. Finally, Figure G-3 and Figure G-6 show the influence of ωnx

on test 6 and the influence of ωnz on test 10.
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(a) Pitch frequency response function, test 1.
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(b) Surge frequency response function, test 2.

Figure G-1: Influence of ωnθ with added information from the take-off and abort MTE.
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(b) Surge frequency response function, test 2.
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(c) Surge frequency response function, test 6.
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(d) Pitch frequency response function, test 7.

Figure G-2: Influence of ωnLPx with added information from the take-off and abort MTE.
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(a) Surge frequency response function, test 6.

10-1 100 101

ω [rad/s]

10-2

10-1

|H
10
|[
−
]

ωnz=0.5 ωnz=1.5 ωnz=2.5 ωnz=3.5 |fz |to−abort

10-1 100 101

ω [rad/s]

50

100

150

200

̸
H

10
[d
eg
]

(b) Heave frequency response function, test 10.

Figure G-3: Influence of ωnx and influence of ωnz, with added information from the take-off and
abort MTE.
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(a) Pitch frequency response function, test 1.
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(b) Surge frequency response function, test 2.

Figure G-4: Influence of ωnθ with added information from the hover MTE.
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(a) Pitch frequency response function, test 1.
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(b) Surge frequency response function, test 2.

10-1 100 101

ω [rad/s]

10-1|H
6
|[
−
]

ωnLPx=0.5 ωnLPx=1.5 ωnLPx=2.5 ωnLPx=3.5 |fx|hover

10-1 100 101

ω [rad/s]

-100

0

100

200

̸
H

6
[d
eg
]

(c) Surge frequency response function, test 6.

10-1 100 101

ω [rad/s]

100

|H
7
|[
ra
d/
m
]

ωnLPx=0.5 ωnLPx=1.5 ωnLPx=2.5 ωnLPx=3.5 |fx|hover

10-1 100 101

ω [rad/s]

0

50

100

150

̸
H

7
[d
eg
]

(d) Pitch frequency response function, test 7.

Figure G-5: Influence of ωnLPx with added information from the hover MTE.
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(a) Surge frequency response function, test 6.
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(b) Heave frequency response function, test 10.

Figure G-6: Influence of ωnx and influence of ωnz, with added information from the hover MTE.
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Appendix H

OMCT Sensitivity to Input Signals

In this appendix, results are presented from the sensitivity analysis conducted in chapter 4,
to investigate the influence of the size of the input signals on the OMCT. Figure H-1 shows
the result for test 1 and test 2. Figure H-2 and Figure H-3 show the results for test 6, 7 and
10 respectively.
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(b) Surge frequency response function, test 2.

Figure H-1: Influence of the input spectrum on the frequency response functions.
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(a) Surge frequency response function, test 6.
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(b) Pitch frequency response function, test 7.

Figure H-2: Influence of the input spectrum on the frequency response functions.
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Figure H-3: Influence of the input spectrum on the heave frequency response functions, test 10.
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Appendix I

Tailored OMCT Sensitivity to MDA
Settings

THis appendix gives results of a sensitivity analysis conducted with input spectra of a tailored
OMCT based on the two Mission Task Elements separately. Figures are structured per test.
Figure I-1, Figure I-2 and Figure I-3 give the sensitivity of a tailored OMCT based on TO
and Abort data for test 1, 6 and 10 respectively. Figure I-4, Figure I-5 and Figure I-6 give
the sensitivity of a tailored OMCT based on hover data for test 1, 6 and 10 respectively.
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(d) Sensitivity to ωnLPx..

Figure I-1: Sensitivity of a tailored OMCT to the take-off and abort MTE - Test 1.
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(c) Sensitivity to ωnz.
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(d) Sensitivity to ωnLPx..

Figure I-2: Sensitivity of a tailored OMCT to the take-off and abort MTE - Test 6.

Motion Fidelity Assessment for Helicopter Simulations W.H. Dalmeijer



142 Tailored OMCT Sensitivity to MDA Settings

10-1 100 101

ω [rad/s]

10-2|H
10
|

ω
nθ

0.1 ω
nθ

0.8 ω
nθ

2.0 ω
nθ

2.5

10-1 100 101

ω [rad/s]

50

100

150

200

̸
H

10

(a) Sensitivity to ωnθ.

10-1 100 101

ω [rad/s]

10-2|H
10
|

ω
nx

0.1 ω
nx

0.5 ω
nx

1.0 ω
nx

2.0

10-1 100 101

ω [rad/s]

50

100

150

200

̸
H

10

(b) Sensitivity to ωnx.

10-1 100 101

ω [rad/s]

10-2|H
10
|

ω
nz

0.5 ω
nz

1.5 ω
nz

2.5 ω
nz

3.5

10-1 100 101

ω [rad/s]

-100

0

100

200

̸
H

10

(c) Sensitivity to ωnz.

10-1 100 101

ω [rad/s]

10-2|H
10
|

ω
nLPx

0.5 ω
nLPx

1.5 ω
nLPx

2.5 ω
nLPx

3.5

10-1 100 101

ω [rad/s]

0

50

100

150

200

̸
H

10

(d) Sensitivity to ωnLPx..

Figure I-3: Sensitivity of a tailored OMCT to the take-off and abort MTE - Test 10.
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(a) Sensitivity to ωnθ.
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(d) Sensitivity to ωnLPx..

Figure I-4: Sensitivity of a tailored OMCT to the hover MTE - Test 1.
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(d) Sensitivity to ωnLPx..

Figure I-5: Sensitivity of a tailored OMCT to the hover MTE - Test 6.
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Figure I-6: Sensitivity of a tailored OMCT to the hover MTE - Test 10.
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150 Time-domain Data
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(b) Motion Outputs.

Figure J-1: Example of a run with good performance, take-off and abort MTE, run 47, subject
1, ωnθ = 0.8.
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(b) Motion outputs.

Figure J-2: Example of a run with average performance, take-off and abort MTE, run 69, subject
3, ωnθ = 1.2.
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(b) Motion outputs.

Figure J-3: Example of a run with bad performance, take-off and abort MTE, run 36, subject
2, ωnθ = 1.2.
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(b) Motion outputs.

Figure J-4: Example of a run with good performance, hover MTE, run 19, subject 2, ωnθ = 1.2.
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(b) Motion outputs.

Figure J-5: Example of a run with average performance, hover MTE, run 47, subject 3, ωnθ =
1.2.
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(b) Motion outputs.

Figure J-6: Example of a run with bad performance, hover MTE, run 26, subject 1, ωnθ = 0.8.
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Figure K-1: Example of a run with good performance, take-off and abort MTE, run 47, subject
1, ωnθ = 0.8.
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Figure K-2: Example of a run with average performance, take-off and abort MTE, run 69, subject
3, ωnθ = 1.2.
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Figure K-3: Example of a run with bad performance, take-off and abort MTE, run 36, subject
2, ωnθ = 1.2.
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Figure K-4: Example of a run with good performance, hover MTE, run 19, subject 2, ωnθ = 1.2.
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Figure K-5: Example of a run with average performance, hover MTE, run 47, subject 3, ωnθ =
1.2.
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Figure K-6: Example of a run with bad performance, hover MTE, run 26, subject 1, ωnθ = 0.8.
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Tailored OMCT Input Signals
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(a) q̇ for the hover task. (b) q̇ for the take-off and abort task.

(c) fx for the hover task. (d) fx for the take-off and abort task.

(e) fz for the hover task. (f) fz for the take-off and abort task.

Figure L-1: Tailored OMCT input signals, given for all test conditions and all participants.
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Tailored OMCTs
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160 Tailored OMCTs

(a) Pitch frequency response for the hover task.
(b) Pitch frequency response for the take-off and
abort task.

(c) Surge frequency response for the hover task.
(d) Surge frequency response for the take-off
and abort task.

(e) Heave frequency response for the hover task.
(f) Heave frequency response for the take-off
and abort task.

Figure M-1: Tailored OMCT motion characteristics, given for all test conditions and all partici-
pants.
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Input Analysis
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162 Input Analysis

(a) q̇ for the hover task. (b) q̇ for the take-off and abort task.

(c) fx for the hover task. (d) fx for the take-off and abort task.

Figure N-1: Tailored OMCT input signals, given for all test conditions and all participants.
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Lynx3D0FSim SIMONA Experiment 

Pilot Questionnaires 

Set # 1 

Subject Name: 

Subject number: .1. 

Wouter Dalmeijer 

September 2016 



Awarded Simulation Fidelity Rat ing Scales 

Task Conditions # 
Practice Practice 

Hover 

Hover 

Hover 

Hover 

Condition 1 

Condition 2 

Condition 3 

^ 1 -

Condition 4 

SFR 

<9 

Comments 

1 

no 



Awarded Simulation Fidelity Rating Scales 

Task 
Take-Off and Abort 

Take-Off and Abort 

Take-Off and Abort 

Take-Off and Abort 

Conditions # 
Condition 1 

Condition 2 

I . 

Condition 3 

Condition 4 

SFR Comments 

0<IU>oA ^(V" U»A Jq/^ 

UuJ. / -^CA' i ' - o A ^ C / > . 

,7 
/ 



Final Questionnaire 

Indicate the realism of the experienced visual cues. 

Landscape 0 very realistic 
O realistic 
j ^ ra ther realistic 
0 not very realistic 
0 not realistic 
O not realistic at all 

Comments 

MTE Attributes O very realistic 
^ realistic 
O rather realistic 
O not very realistic 
O not realistic 
0 not realistic at all 

Comments 

Airport Attribute O very realistic 
^ realistic 
0 rather realistic 
O not very realistic 
O not realistic 
0 not realistic at all 

Comments 

Cockpit Instruments l i v e r y realistic 
O realistic 
O rather realistic 
0 not very realistic 
O not realistic 
O not realistic at all 

Comments 



Indicate the realism of the helicopter model. 

Collective response 0 very realistic 
O realistic 
^ rather realistic 
O not very realistic 
0 not realistic 
O not realistic at all 

Comments 

Cyclic Pitch Response 0 very realistic 
O realistic 
0 rather realistic 
O not very realistic 

not realistic 
O not realistic at all 

Comments 

Hover O very realistic 
0 realistic 
O rather realistic 
(gt not very realistic 
O not realistic 
0 not realistic at all 

Comments 

cU <^. W^ 

Forward flight O very realistic 
realistic 

O rather realistic 
O not very realistic 
O not realistic 
O not realistic at all 

Comments 

Trim 0 very realistic 
! ^ realistic 
O rather realistic 
O not very realistic 
0 not realistic 
O not realistic at all 

Comments 

Please answer the following questions. 



What is your experience flying helicopters; 

Do you have any experience with simulate raining? 

What motions did you find exaggerated? 

What motions did you find emphasized too little? 

Describe the difference between different motion conditions as you perceived it. 

\ f^-^ WJLTCA V O v r e r o e J W - O W K A I A ! ^ , WroC-^-eA 
^ 3 {^r^(j>r^ i^u»Wc^^ 

Were the tasks at hand sufficient to judge the motion cueing system? 

If you were allowed to make one change in the motion cuing setting (description in words 
is sufficient), what would it be? 

What would be the optimal way to test the motion cueing settings according to your opinion? 



LynxSDOFSim SIMONA Experiment 

Pilot Questionnaires 

Set # 2 

Subject Name: 

Subject number: Z. 

Wouter Dalmeijer 

September 2016 



Awarded Simulation Fidelity Rat ing Scales 

Tasl< 
Practice 

Hover 

Hover 

Hover 

Hover 

Conditions # 
Practice 

Condition 1 

Condition 2 

Condition 3 

Condition 4 

SFR 

'0 

Comments 

- 7 ^/OcX< 
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Awarded Simulation Fidelity Rating Scales 

Tasl< 
Take-Off and Abort 

Take-Off and Abort 

Conditions # 
Condition 1 

Take-Off and Abort 

Take-Off and Abort 

Condition 2 

Condition 3 

Condition 4 

SFR Comments 

A Ö 'f ^ 

(p 
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•inal Questionnaire 

Indicate the i^alism of the experienced visual cues. 

Landscape O very reali:itic 
realistic 

O rather realistic 
0 not very realistic 
0 not realistic 
O not reali.'tic at all 

Comments 

MTE Attributes O very realistic 
realistic 

O rather renlistic 
O not very lealistic 
O not realistic 
O not realistic at all 

Comments 

Airport Attribute 0 very realistic 
(2) realistic 
0 rather realistic 
O not very realistic 
O not realistic 
O not realistic at all 

Comments 

Cockpit Instruments very realistic 
O realistic 
O rather realistic 
0 not very realistic 
O not realistic 
0 not realistic at all 

Comments 



Indicate the realism of the helicopter model. 

Collective response O very realistic 
® realistic 
O rather realistic 
O not very realistic 
O not realistic 
O not realistic at all 

Comments 

Cyclic Pitch Response O very realistic 
O realistic 

rather realistic 
O not very realistic 
O not realistic 
O not realistic at all 

Comments 

f ^ O i (J O A M Acru. /v(- . 

Hover O very realistic 
O realistic 
® rather realistic 
O not very realistic 
O not realistic 
O not realistic at all 

Comments 

Forw/ard flight O very realistic 
O realistic 
(S) rather realistic 
O not very realistic 
O not realistic 
O not realistic at all 

Comments 

Trim O very realistic 
(§) realistic 
O rather realistic 
O not very realistic 
O not realistic 
O not realistic at all 

Comments 

Please answ/er the following questions. 



What is your experience flying helicopters? 

Do you have any experience with simulator training? 

What motions did you find exaggerated? 

What motions did you find emphasized too little? 

Describe the difference between different motion conditions as you perceived it. 

yyti/n^l A/ox CLQiS f o n ^ / ^ c / r y 

Were the tasks at hand sufficient to judge the motion cueing system? 

ya 

If you were allowed to make one change in the motion cuing setting (description in words 
is sufficient), what would it be? 

/A/pücTj noR6 Peoc^iZje^ivsA(,K.sssi^^. 

What would be the optimal way to test the motion cueing settings according to your opinion? 



LynxSDOFSim SIMONA Experiment 

Pilot Questionnaires 

Set # 3 

Subject Name: 

Subject number: S. 

Wouter Dalmeijer 

September 2016 



Awarded Simulation Fidelity Rating Scales 

Task 
Practice 

Hover 

Hover 

Hover 
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nditions # 
; 'l actice 

Condition 1 

Condition 2 
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Condition 4 
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6 ) 
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Awarded Simulation Fidelity Rating Scales 

Task Conditions # SFR Comments 
Take-Off and Abort Condition 1 

-> 

Take-Off and Abort Condition 2 o î uu>Cen CK/>^ ^Jc^-.y. 

Take-Off and Abort Condition 3 

Take-Off and Abort Condition 4 

9 



Final Questionnaire 

Indicate the realism ofthe experienced visual cues. 

Landscape 0 very realistic 
realistic 

O rather realistic 
O not very realistic 
0 not realistic 
O not realistic at all 

Comments 

iVlTE Attributes very realistic 
O realistic 
0 rather realistic 
O not very realistic 
O not realistic 
0 not realistic at all 

Comments 

Airport Attribute 0 very realistic 
(gr realistic 
O rather realistic 
0 not very realistic 
0 not realistic 
O not realistic at all 

Comments 

Cockpit Instruments O very realistic 
0 realistic 
iQf'rather realistic 
O not very realistic 
O not realistic 
0 not realistic at all 

Comments 



Indicate the realism ofthe helicopter model. 

Collective response O very realistic 
O realistic 
(gf rather realistic 
0 not very realistic 
O not realistic 
O not realistic at all 

Comments 

Cyclic Pitch Response 0 very realistic 
(gr realistic 
O rather realistic 
O not very realistic 
0 not realistic 
O not realistic at all 

Comments 

Hover O very realistic 
(gf'realistic 
O rather realistic 
O not very realistic 
O not realistic 
O not realistic at all 

Comments 

Forward flight O/^ery realistic 
(g) realistic 
O rather realistic 
O not very realistic 
O not realistic 
O not realistic at all 

Comments 

Trim O very realistic 
I2f realistic 
O rather realistic 
O not very realistic 
O not realistic 
O not realistic at all 

Comments 

Please answer the following questions. 



What is your experience flying helicopters? 

Do you have any experience with simulator training? 

What motions did you find exaggerated? 

What motions did you find emphasized too little? 

Describe the difference between different motion conditions as you perceived it. 

Were the tasks at hand sufficient to judge the motion cueing system? 

If you were allowed to make one change in the motion cuing setting (description in words 
is sufficient), what would it be? 

What would be the optimal way to test the motion cueing settings according to your opinion? 
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