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Motion Cueing Test to the Apparent Vertical Filter

Carsten Seehof!, Jan-Philipp Buch?, Jana Schwithal®
German Aerospace Center (DLR), Institute of Flight Systems, Braunschweig, Germany

Flight training simulators have a limited capability to replicate aircraft motion cues
because the space envelope of current motion systems impedes a better fidelity and urges
the user to make sometimes painful compromises. Therefore, it is all the more important
to use the given space envelope as well as possible. But this trivial consideration yields an
answer to the question what “good” means and therefore what strategy shall to be pursued
by a control algorithm. For the Apparent Vertical Filter (AVF) this means that the amount
and direction of the force combined with the corresponding rotational velocity shall be met
as long as the given space envelope allows that approach. If this is not possible anymore
the direction of the specific force shall be reproduced correctly. Only if both, the rotational
and the translational cueing cannot be achieved a decision must be made. This is the case
e.g. for the side force during a taxi turn on ground. During such maneuvers a compromise
needs to be found between a correct specific force and a limited rotational velocity of the
simulator. Within this paper the working principle of the Apparent Vertical Filter will be
discussed for a taxi turn on ground maneuver. Furthermore, it will give a general overview
of the AVF response to lateral maneuvers in general. Finally, it presents the results for the
lateral tests of the Objective Motion Cueing Test (OMCT) showing that, in general, the
AVF is able to meet the requirements of the test.

I. Nomenclature

Aircraft

Apparent Vertical Filter
Centrifugal force
Classical Washout Filter

Specific force vector of washout filter input signal

Specific force in surge

Specific force in sway

Specific force in heave

Gravity force

Earth acceleration

Earth acceleration vector in earth and simulator fixed frame
Transformation matrix earth to simulator fixed frame

Pilots eyepoint position in the aircraft cockpit

Transformation matrix simulator to earth fixed frame for attitude angles
Load factor

Aircraft roll rate

Aircraft pitch rate

Aircraft yaw rate

Time

Vector of commanded translational position of motion system
Acceleration in search (longitudinal)

Acceleration in sway (lateral)

Commanded acceleration in sway (lateral) of motion system
Acceleration in heave (vertical)

Vector of commanded angular attitude of motion system
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Do Lateral apparent vertical angle perceived by the pilot due to roll angle

or Lateral apparent vertical angle perceived by the pilot due to specific side force
0 Aircraft pitch angleg Aircraft roll angle

s Commanded roll angle of motion system

Baa Angular rate vector of washout filter input signal

Wag x Roll rate of washout filter input signal

Waay Pitch rate of washout filter input signal

Waq,z Yaw rate of washout filter input signal

II. Introduction

More than ninety years after Edwin A. Link invented the “Pilot Maker” [1, 2] the challenge to supply pilots
with the best possible motion cues in a training simulator still remains. Thus, it is not surprising that the pros and
cons of motion cues are widely discussed because the operating costs they entail [3, 4] need to be justified in an
ongoing discussion about the transfer-of-training value of motion systems [5, 6]. Furthermore, pilots still feel
interfering forces resulting from the fact that reaction forces, e. g. the centrifugal force during coordinated turns
cannot be replicated due to the limited envelope space that is available for motion systems [7]. Summarizing all
arguments above, it can be said that even though objective evaluation methods are to be discussed further, it is
generally accepted that efforts have to be made to improve subjective motion cueing [8]. One current approach is
the Lateral Motion Maneuver (LM2) filter [9, 10], which is able to compensate for some of the adverse effects of
lateral maneuvers but is not valid for longitudinal accelerations that appear for example during take-off runs, climb
and descent maneuvers. Another one is the Apparent Vertical Filter developed by DLR [11] which addresses some
of these topics.

In general, cueing algorithms assume that pilots perceive movements as translational accelerations and
rotational velocities resulting in two input signals [12], the rotational velocity and the translational acceleration.
Taking this into account, one can distinguish three cases for lateral maneuvers:

- The coordinated turn characterized by a roll velocity with no lateral force as discussed in Ref. [13]

- The steady side slip with both, a roll attitude resulting in a corresponding lateral force, whose counterpart

of a car running on a lateral slope is given in Ref. [14]

- The case of a lateral force without a roll attitude as a result of a turn on ground while taxiing which is

discussed below.

In this paper a taxi turn on ground shall be defined as a turn without any roll attitude where the centrifugal
force induces a side force that is felt by the pilot in the (aircraft) cockpit (see Fig. 1 (a)). As a consequence, the
apparent vertical from the pilot’s perspective diverts from the vertical axis of the cockpit as given in Fig. 1 (b). It
is obvious that the lateral side force cannot be replicated in the simulator cabin likewise due to the fact that it is
neither possible to induce another external force in addition to gravity (e.g. centrifugal force) nor to accelerate the
cabin in lateral direction during the whole turn.

a) b) <)

Fig. 1 Forces appearing during a taxi turn on ground in an aircraft in the earth fixed frame (a), how they
are sensed in the aircraft in the body-fixed frame (b) and what can be achieved in a simulator cabin in
cabin-fixed coordinates (c).

A pure lateral force will be reproduced by rolling the simulator cabin which leads to a major difference between
the aircraft and the simulator cockpit movement (see Fig. 1 (c)). The problem is that rolling the simulator cabin
will induce roll cues that, if too fast, could be felt by the pilot and, if too slow, results in a huge time lag of the
lateral force. Unfortunately, both effects can only be balanced for short and aggressive (e. g. engine fail during
take-off) and long lasting smooth (e. g. taxiing slowly a wide turn) curves. For all other cases like normal curves
on ground or rolling-off the runway with high-speed a trade-off needs to be made dependent on subjective
preferences of the simulator validation crew.

III. General Characteristics of a Taxi Turn on Ground

A taxi turn on ground within this context describes a lateral aircraft maneuver. At the beginning the aircraft is
moving unaccelerated and straight. By deflecting the nose wheel a turn is induced while a side force can be
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observed without any roll attitude. When reaching a certain heading the turn will be stopped by releasing the nose
wheel control. During the turn the resultant of the centrifugal and gravitational forces will lead to an apparent
vertical force that diverts from the vertical axis of the aircraft cabin during the maneuver.

The corresponding input signals for a motion control algorithm like the Classical Washout Filter (CWA) for a
taxi turn may be idealized in a way shown by the black line-dotted graph in Fig. 2. The lateral specific force is a
step input signal of 2 m/s? for 5 seconds. A side force of this size may be seen as typical for an aircraft like an
Airbus A320 or Boeing B737 size. Meanwhile the roll attitude of the aircraft remains zero resulting in a roll rate
that remains at 0°/s for the entire maneuver. The vertical specific force matches the normal gravitational
acceleration. Subsequently, the specific force and the roll rate input signals are defined by

0
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Fig. 2 Filter input signals and the response of a Classical Washout Filter (CWA) as well as for an Apparent
Vertical Filter for an idealized taxi turn on ground.

A. System Response of a CWA to a Taxi Turn on Ground

At least since the first CWA research report was published by the University of Toronto [12], the CWA has
become the most popular and probably the best analyzed motion drive algorithm in use in flight training simulators.
And even though today a number of derivatives of the published CWA are in use, all of them are based upon the
algorithm presented in Ref. [12]. For that reason, this algorithm is used as a reference algorithm for the research
presented in this paper. The response to the input signals defined above will be discussed using the CWA structure
as shown in Fig. 3, where the parts which are not relevant for the current maneuver are greyed out.

The output signals are the position vector and the attitude vector of the aircraft at the pilot’s eyepoint. Due to
the high-pass filter of the translational channel short term accelerations will lead to translational accelerations of
the motion system, while long term signals will lead to attitude angles using the low-pass filters of the tilt-
coordination channel. The short-term rotational rate input signals, that pass the high-pass filter of the rotational
channel, will lead to short-term attitude angles of the simulator cockpit, while long term signals will be filtered
out. For the idealized taxi turn on ground it is assumed that the longitudinal specific force as well as the pitch and
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the roll attitude can be neglected. Therefore, the rotational channel contributes nothing to the reaction of the
simulator cabin.

In Fig. 3 all parts that are either not relevant for lateral forces or negligible due to the input signals as defined
above for the taxi turn are greyed out. The high-pass filtered parts of the translational input signal will be integrated
twice to find the translational position. As the high-pass filter is of third order a constant non-zero input signal will
lead to a movement of the cabin ending up at the neutral position. The low-frequent part of the translational input
signal will be transformed into a rotational simulator cabin attitude using the tilt-coordination module. The tilt-
coordination module calculates the g-induced forces due to the cabin roll in the lateral and cabin pitch in the
longitudinal direction. Whereas a roll velocity may be noticed in a simulator but not in an aircraft a rate limiting
function limits the angular rate in a way that, ideally, the simulator pilot will not sense it. Because the output of
the rotational channel is zero during the taxi turn on ground, only the roll angle given by the tilt-coordination
channel results in the commanded angular position the simulator cabin will go for.

In a feedback channel the commanded cabin attitude is used to transform the gravity vector into the simulator
fixed frame. The result is added to the translational channel input signal. During a steady side-slip maneuver as
given in [14] where the aircraft roll attitude shall lead to a simulator roll attitude this function prevents the
translational channel from producing a translational acceleration. As discussed in [13], in case of a coordinated
turn this compensation shall suppress lateral forces due to a simulator cabin roll attitude at the start of the turn by
accelerating the cabin laterally. In summary this feedback loop shall compensate unwanted lateral specific forces.
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Fig. 3 Classical washout filter algorithm processing an idealized taxi turn on ground input signal.

Within the context of a taxi turn on ground this feedback loop, in theory, results in an unprecise specific side
force in the simulator. For further explanation an unlimited space envelope shall be assumed for a short mind
experiment. In this experiment a complementary couple of filters in the translational and the tilt-coordination
channel would lead to a correct simulation of the lateral specific force. Because of the feedback loop a lateral
acceleration signal will increase the high-pass filtered input signal within the translational channel. This makes the
idea of the complementary filter ineffective by disturbing the ideal response. In reality, with different filter orders
in both channels and having to regard the space envelope, this effect is hardly noticeable for the beginning of the
maneuver because the tilt-coordination channel is rate-limited for physiological reasons and the effect itself is
small compared to the input signal.

After the maneuver ended this effect appears and has to be considered differently. A small, maybe disturbing
effect can be seen when long after the end of the turn a side force to the opposite direction occurs. This, if noticed
by the pilot, is a false cue which may induce a control input to answer an acceleration that does not exist.

The blue line in Fig. 2 shows the response of a classical washout filter algorithm with respect to a taxi turn on
ground. The filter tuning corresponds to a setting of a comparable filter used in an approved Boeing B737 flight
training simulator operated by a major air transport company. As expected the lateral specific force input signal
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results in a low-pass filter output for the roll velocity and a high-pass filter response for the lateral acceleration.
The second graph shows the resulting lateral specific force in the simulator cabin as a sum of both the lateral
acceleration and the roll attitude of the simulator cabin. The specific side force shows a quick response due to the
output of the high-pass filtered translational channel. While the share of translational acceleration decreases short
after the start of the maneuver, the tilt-coordination channel driven output increases constantly over time. After
stopping the taxi turn the response of the CWA is the other way around. Because the vertical input signal is constant
the vertical specific force in the simulator stays at -g during the observation period.

B. System Response of an AVF to a Taxi Turn on Ground

The main idea of the Apparent Vertical Filter is to represent the specific forces in the simulator with respect to
the perceived apparent vertical angle rather than the correct quantity. Mathematically spoken, the orientation of
the force vector should be correct as far as possible, while the length of the vector is to be adapted to the technical
constraints of the motion system. This is achieved by comparing the current aircraft attitude angles with the current
specific force vector cued in the cockpit. It should be noted that a single translational acceleration as well as a
single change of the angular attitude leads to a change of the cued apparent vertical angle different from normal
gravity. As a consequence, both, single specific forces and single angular attitudes can be expressed as a change
of the apparent vertical angle.

Fig. 4 shows the principle of the apparent vertical filter for the processing of lateral maneuver input data. Any
lateral maneuver of an aircraft is characterized by a specific apparent vertical angle induced by a roll rate, a specific
side force in relation to gravity or of both. The apparent vertical angle due to the aircraft angular attitude can be
found by integrating the roll rate

Po = fwaa,x 3)

while the apparent vertical angle due to a lateral specific force is given by

- faay
Qf = atan(faalz 4
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Fig. 4 Lateral Channel of an Apparent Vertical Filter according to Ref. [10].

For a taxi turn on ground the apparent vertical angle due to a roll rate is negligible. For the lateral specific
force, it matches the angle between the normal gravity vector and the sum of the specific forces in lateral and
vertical direction. Concerning the sum S1, the latter one therefore remains unchanged and will be high-pass
filtered. The resulting signal, on one hand, is directly transferred to a corresponding lateral acceleration output. On
the other hand, via sum S2, it is subtracted from the unfiltered signal at sum S3 leaving a low-pass filtered signal
of the apparent vertical angle due to the specific side force. As this signal differs from the roll velocity of the
aircraft a physiological limiting function limits the rate of change similar to the rate limiting block of the CWA.
Unaffected by sum S4 the second output signal therefore is a low-pass filtered angular position due to a lateral
specific force. Notwithstanding the physiological limiting, the AVF therefore realizes a set of complementary
filters for the translational and the rotational output.

The red line in Fig. 2 shows the response of the AVF to the input signal of a taxi turn on ground. Only minor
differences in the filter response to the CWA can be seen in all three plots. This is not surprising because,
notwithstanding the filtering method in use, the main problem of reproducing low-frequent specific forces by a
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combination of translational accelerations and angular positions remains: Without any distortion of the pilot this
is possible as long the translational space envelope allows a similar translational acceleration or if the rate of the
specific force is low enough to rotate the cabin below the pilot’s perception threshold. All other cases, like the
given idealized example, cannot be done optimally in general and therefore have to be tuned individually to the
costumer’s needs.

IV. Results for the Objective Motion Cueing Test in AVES

The discussion of how motion systems are contributing both to training effectivity and quality has gained
momentum during the last years. Especially the direct and incidental costs of motion systems seem to prevent
small and commuter aircraft operators to take advantage of the benefits of flight simulation training. This directly
leads to the question of how to evaluate the quality of motion systems objectively. The current approach defines
statistically fixed limits for a frequency domain test catalogue, the Objective Motion Cueing Test (OMCT).
Meanwhile, this test is implemented in relevant certification standards like the FAA AC120-40 [15]. Therefore, an
investigation is interesting of how the Apparent Vertical Filter will be able to meet the OMCT requirements.

According to Ref. [16] the OMCT consists of a set of 10 tests (see Table 1). They shall ensure an adequate
analysis to a response of a motion system during typical flight maneuvers. These ten frequency domain tests
represent idealized maneuvers in longitudinal, lateral and vertical directions. As the current paper, as well as its
two predecessors [13, 14], considered a set of three idealized lateral flight phases the analysis will focus on the
lateral maneuvers. Therefore, the following subsections will discuss the results that are found by in the AVES
motion system, a Moog 14-ton commercial-of-the-shelf pneumo-electrical driven hexapod type used in many flight
training facilities. The AVF is integrated by using the Moog Software Development Environment. Having this
setup implemented, the following results for the four relevant lateral OMCT tests plus two equivalent longitudinal
tests are found.

The motion tuning is derived from the one used to perform experiments for new cabin layouts with artificial
external view [17] where the question of acceptable time lags between motion and visual cues for flight passengers
has been investigated.

Simulator Response Output
Roll Pitch Yaw Surge Sway Heave
s Roll 3 4
o
@ Pitch 1 2
2
g Yaw 5
dé Surge 7 6
£ Sway 9 8
<
Heave 10

Table 1 The ten tests defined by OMCT and their input as well as their output signals. The
tests discussed below are given in red numbers.

A. Test 3 and 4: Roll and Lateral Response due to a Roll Input Signal

Test 3 and Test 4 represent the reaction of the simulator due to a coordinated turn during a flight. The input
signal is a pure roll-rate. The lateral specific input force remains 0. It should be noted that the vertical specific
force remains 0, too. During an ideal coordinated turn, the vertical force during a flight will be increased due to
the centrifugal force during the turn. But for the AVF this does not change the response due to this test and can
therefore be disregarded here.

Test 3 evaluates the simulator roll response due to an aircraft roll input. As no centrifugal force can be impressed
in a simulator, it is not possible to roll the simulator cabin just like an aircraft does without suffering a noticeable
side force. Only for short term maneuvers the ration of the roll rate of the aircraft and the simulator can reach 1 as
long as the side force which is subsequently caused can be compensated by a lateral acceleration. Of course, this
compensating movement is strictly limited by the usable lateral space. For this reason, a high-pass filter needs to
limit the response to low-frequent input signals. High-frequent signals on the other side will not be diminished.
An overall gain of 1 results in a corresponding modulus in Fig. 5(a) for all lateral maneuver input signals.
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AVESOMCT — Test No.4 (Bodellot)
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Fig. 5 The results of OMCT test 3 (Fig. 5a, left) and test 4 (Fig. Sb, right) applied to the AVF. The blue lines
are the results of the tests while the grey lines are showing the limits defined by the OMCT according to
[19].

Test 4 analyzes the lateral force in the simulator with respect to a pure roll input (Fig. 5a). The aim of the filter
should be to ensure that no side force is experienced by the pilot. As a consequence, the side force shall be as low
as possible. If we accept the need to limit low-frequent maneuvers as discussed above, the lateral force can be 0 in
theory as long as the remaining space envelope allows a compensating lateral acceleration. As a consequence of
such a compensation a lateral space is needed which means that a high-frequent roll can be represented correctly
while a low-frequent aggressive turn cannot. The defined test signal of the OMCT may be seen as a result of the
latter type so that the AVF shall be able to respond in a way that no side force occurs in the simulator.

The results shown in Fig. 5(b) justify this assumption. The modulus of the side force represents less than a
thousandth for almost the complete frequency range and is therefore well below the limit according to [19] which
is defined to be acceptable by the test. The phase shift does remain within the acceptable area. But this result is of
not much relevance due to the small order of magnitude of the resulting side force and due to the fact that the
OMCT definition itself indicates that the area outside the acceptable area is named as “caution area” indicating
that the reaction of the motion cannot simply be judged as a false cue.

It should be noted that due to the composition of the AVF this result can be expected for any cut-off frequency
chosen by the operator of a simulator. Referring to the explanations of Ref. [14] one could see that the high-pass
filter will govern both, the translational and the rotational output in the same way. This always leads to a well
synchronized filter response of the two output signals. As a consequence, during a coordinated turn, the AVF is
able to represent the direction of the apparent vertical correctly at any time.

B. Test 8 and 9: Lateral and Roll Response due to a Lateral Specific Force Input

Test 8 and test 9 show the reaction of the simulator due to a pure lateral specific force without any roll input.
This corresponds to a taxi turn on ground maneuver as discussed earlier in this paper. Test 8 shows the ratio of the
lateral specific force observed in an aircraft with that in the simulator while test 9 shows the corresponding roll
response. Again, it should be noted that the overall gain factor chosen in the two filters is 0.5 which is a common
value for flight training simulators.

In general, very low-frequent and very high-frequent maneuvers can be well represented by a simulator. High-
frequent maneuvers are easily done by translational accelerations. Low-frequent maneuvers can be represented by
slow tilt-coordinated and therefore rotational attitudes. Because of the low rotational velocity, the rotation of the
cabin will not be perceived by the pilot. Consequently, no false cue occurs. The trouble starts where the given
space envelope does not allow the filter to answer with translational accelerations and a rotation needs to be
executed above the cueing threshold of the pilot. In this case a painful compromise must be found even if it does
not fit in with all the demands. It is possible either to rotate the cabin faster which will lead to a false rotational
cue or slower which will prolong the change of the translational force while all other cues indicate that the force
which is felt should be constant. Both false cues, which depend on the subjective perception of each pilot, may
lead to physical uneasiness up to motion sickness. To make things worse the decision if one of the measures
mentioned above is better than the other one depends very much on individual personalities and moreover on daily
performance of the pilots.
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AVES OMCT — Test No.8 (BodePlot) AVES OMCT — Test No.9 (BodePlot)
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Fig. 6 The results of OMCT test 8 (Fig. 6a, left) and test 9 (Fig. 6b, right) applied to the AVF. The blue lines
are the results of the tests while the grey lines are showing the limits defined by the OMCT.

The result of test 8 (Fig. (a)) confirm the statements made above. It should be noted that ground maneuvers are
not performed with the given filter setting. The reaction of the motion system is very similar to the input signal for
high and low frequent signals. This leads to a gain of 1 while the phase differs from zero at the higher frequencies.
For the frequencies below 10 rad/s the gain is less than 1. This is the result of the gain setting in the AVF of 0.5.
This factor allows a constant gain for almost the complete frequency range. Alternatively, a higher gain may be
used which will lead to drop in the gain for frequencies between 1 and 5 rad/s due to a limited angular velocity to
avoid motion sickness tendencies. From the filter point of view, it is easily possible to allow higher angular
velocities leading to a gain of 1 and a phase near zero even for these frequencies. Consequently, one may argue
that this would be an example where the OMCT indicates a good response where there is none. But without
knowing the technical constraints of the given motion system, e. g. the lateral space envelope, it is not possible to
accept or reject such results just upon the basis of this Bode plot.

The result of test 9 (Fig. (b)), especially the modulus, shows that the reaction is well within the requirements
according to [19]. Nevertheless, subjective feedback indicates that the roll reaction may be too aggressive for some
pilots. As said above the filter setting is not used for a ground maneuver which explains why a limitation of the
rotational speed to prevent motion sickness is not needed here. It is most likely that a normal pilot would perceive
the wrong rotation in case of a taxi turn on ground and might complain about that.

C. Test 1 and 2: Pitch and Surge Response due to a Pitch and a Surge Specific Force Input

Test 1 and test 2 are supposed to be longitudinal tests. A pitch input signal is accompanied by a longitudinal
specific force. It can be interpreted as a maneuver that is similar to an alternating climb and descent but without a
change in the vertical specific force. But due to the composition of the input signal this test allows a good
conclusion of how a steady side-slip maneuver with a roll input complemented by a lateral specific force will be
responded by the AVF. Test 1 shows the pitch response of the simulator which should be very close to the pitch
input signal. Test 2 gives the longitudinal acceleration response to a pitch input which should be zero because the
simulator only needs to rotate in the same way the aircraft does to represent the pitch cue correctly.

AVES OMCT  Test No.1 (BodePlot)

AVES OMCT — Test No.2 (Bode Plot)
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Fig. 7 The results of OMCT test 1 (Fig. 7a, left) and test 2 (Fig. 7b, right) applied to the AVF. The blue lines
are the results of the tests while the grey lines are showing the limits defined by the OMCT.
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Test 1 shows a very good coincidence of input and output signals (Fig. 7(a)). This indicates indeed that the
simulator cabin just pitches up and down the same way the aircraft does. This statement is supported by the result
of test 2 (Fig. 7(b)). where hardly any translational acceleration response can be seen. The phase shift of test 1 is
small except at higher frequencies. These phase shifts are the result of low-pass filters that are needed e. g. to
protect the simulator against frequencies of more than 10Hz or to smooth aircraft model output signals. It should
be noted that the phase shift could be limited by increasing the data integrity and that the core filter method itself
does not contribute to this phase shift.

The graph for test 2 (Fig. 7(b)) shows an overall good result. The phase for the low and high frequencies is not
far outside the thresholds that are defined as the area of fidelity by OMCT. Only for tests above 1 rad/s it is beyond
the limits in the so-called caution area. According to the OMCT test definition such a deviation, accompanied by
the low gain does not have a significant meaning.

V. Conclusions

The representation of the aircraft maneuvers in a flight simulator can be realized by a motion system addressing
the main human perception cues, the translational acceleration and the rotational velocity. Therefore, it is possible
to characterize any maneuver by the occurrence of those cues. A maneuver is accompanied either by a translational
acceleration resulting in a specific force, by a rotation or by both of them. For lateral maneuvers these
characteristics correspond to a taxi turn on ground, a coordinated turn during a flight and a steady side-slip or
lateral hover movements during a flight (see Table 2).

Maneuver Steady Side-Slip / Hover Taxi Turn on Ground Coordinated Turn
Side Force yes yes no
Rotation yes no yes
Forces ¢ c
nxG G nxG G
G
Apparent Tilt-coordination similar to Very good match because the
Vertical Same attitude as in aircraft, no other filter concepts roll and the compensating lateral
represented by | filtering response are controlled by the
the AVF Complementary filter for roll same high-pass filter
Magnitude of and lateral response Simulation of load factor for
Force Same attitude as in aircraft, no high-frequent input signals
represented by | filtering Physiological limiting for roll possible; For low-frequent
the AVF response maneuvers only 1g is available

Table 2 Capability of the Apparent Vertical Filter to represent the three lateral maneuvers.

The main idea of the Apparent Vertical Filter is to improve the pilot’s perception by comparing the input signals
from the aircraft model and optimizing the command of the motion system. The optimization criteria are the
direction and the magnitude of the specific force and the rotation felt in the cockpit. Due to the limited space
envelope of the motion system, a perfect coincidence of specific forces, especially in terms of their magnitude, is
not possible in the simulator for all the maneuvers. The aim therefore is to provide at least the correct orientation
of the force vector while the rotation should be represented as far as possible.

This paper presents the proof-of-concept for the AVF with respect to a taxi turn on ground maneuver. The
specific force input signals are given for the defined idealized test. The response to those signals is discussed for
a classic washout filter algorithm and the Apparent Vertical Filter. It could be shown that for this case the Apparent
Vertical Filter does not reproduce the aircraft specific force significantly better than a classical washout filter
algorithm. Summarizing the results of Ref. [13, 14] and this paper, for all three lateral maneuvers the AVF
qualitatively shows the performance given in Table 2.

For longitudinal motion cues equivalent maneuvers could be defined. A steady-state side-slip or longitudinal
hover has the same input signal logic as an un-accelerated climb or descent. A taxi turn on ground corresponds to
a take-off acceleration or braking while a coordinated turn can be compared with a parabolic flight or a flare-out
just before touchdown. A pure vertical acceleration similar to a ground bump or vertical gust and a yaw rotation
complete a set of eight conceivable maneuvers in total.

Six out of those eight maneuvers are currently part of the OMCT:

e Tests 1 and 2: Un-accelerated climb/descent (longitudinal)
Tests 3 and 4: Coordinated Turn (lateral)
Test 5: Yaw rotation (vertical)
Tests 6 and 7: Acceleration / braking on ground (longitudinal)
Tests 8 and 9: Taxi turn on ground (lateral)
Test 10: Ground bump or gust (vertical)
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To show the basic response of an Apparent Vertical Filter to the OMCT six tests are of main interest: Tests 3,
4, 8 and 9 for lateral maneuvers and tests 1 and 2 for the longitudinal counterpart of a steady side-slip in flight. It
could be demonstrated that the AVF is able to fulfill the requirements of these tests.

e For a coordinated turn no side force is expected as long as the lateral space envelope is able to ensure a
compensating acceleration for the roll attitudes of the simulator cabin.

e For a pure lateral acceleration, the AVF will respond similarly to other filtering methods having to
consider the contradictory objectives “accurate specific force” and “imperceptible rotation”.

e A steady side-slip or hover maneuver will be represented the same way like in an aircraft by the AVF
because the filter does not manipulate the input signal leading to an unmodified output signal.

For the remaining tests a surprise is hardly supposed. Because tests 6 and 7 are the longitudinal equivalent of
tests 8 and 9 a similar behavior can be expected. The responses to vertical maneuvers (tests 5 and 10) are more or
less the same like those of other filter concepts because no tilt-coordination can be used. Therefore, a high-pass
filter is the only way to limit the motion system’s response to the given space envelope like any other cueing
algorithm leading to similar test results. In summary the AVF will mostly fulfill the requirements of the OMCT.
Because the steady side-slip or hover maneuver will be done correctly for any filter setting, only for the two
maneuvers left, the taxi turn on ground and the coordinated turn in flight, a compromise needs to be found for a
given training syllabus.
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