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Abstract

The following paper will depict the process fol-
lowed to build a baseline motion cueing setting
specific for VTOL and helicopter applications for
the SIVOR flight simulator at ITA. This effort
is built around three elements: a pilot model,
an identified model of the robotic platform and
a set of surrogate flight dynamic models repre-
sentative of helicopter motion. Initially, a de-
scription of the platform and simulation environ-
ment is presented, followed by the tuning strategy
based on numerical optimization and a test case
which will serve as a validation for the optimiza-
tion strategy. A brief description of the SIVOR
system identification process is presented along
with the structural-pilot-model used to explore a
set of three main manoeuvres which are used for
washout filter tuning. Optimization results in-
cluded in the test maneuvers show good agree-
ment with published experimental observations.

1 Introduction and Background

As part of the effort of capabilities build-up for
the Robotic-Motion platform for Flight Simu-
lation at Instituto Tecnoldgico de Aerondutica
(ITA),or SIVOR for its portuguese acronym, a
parallel effort to that for fixed wing flight simula-
tion has been set to integrate the rotorcraft flight

simulation case.

To such end, this work shows the initial
steps to achieve integration of rotorcraft and re-
lated VTOL flight mechanics. This is done tak-
ing advantage of a robotic motion platform and
by considering characteristic flight mechanics
of helicopters (such as vertical or coupled roll-
sway motions), which are then integrated into
the flight simulation system. Besides the par-
ticularities of the case under study, the approach
to the simulation-pilot-motion loop problem re-
mains typical, i.e., such that the accelerations
perceived by the pilot match as best as possi-
ble those of actual flight and that the final com-
mand inputs and system response also match that
of the actual system. The goal of this effort
is, more specifically, to define and tune a set of
washout filters to enable the robot to generate
motion cues within the limitations of its dynamic
range. To do so, the actual pilot is kept off the
simulation loop, instead, a structural-pilot-model
(SPM) using a vestibular model is used, such that
it would provide a closer baseline tuning to that
which would eventually be accepted by human
pilots, hopefully diminishing the required time
and complexity of the subjective evaluation stage.
So exposed, this work is built as a model-based
system development exercise, which depends on
three model-components: The pilot-model, the
robotic-motion-platform represented by an iden-
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tified model and a set of surrogate models repre-
senting some of the characteristic flight mechan-
ics of helicopters, being in this case, a bob-up,
roll-sway and yaw manoeuvres. The reason be-
hind the proposed approach lays upon the recom-
mendations of the Garteur Action Group 12 (HC-
AG12), see [1] and [2], where simulation fidelity
is presented as the result of two main portions of
fidelity build-up. First, the so-called predictive fi-
delity related to a physical tuning and the remain-
ing portion, perceived fidelity linked to subjec-
tive tuning [3]. The predictive fidelity considera-
tion is made more in regard to the flight mechan-
ics and system models used in the simulation,
and the subjective portion is related to the tun-
ing modifications extracted from pilots opinions.
As one of the general observations of the action
group, a gap exists between both portions in re-
gard to fidelity metrics. Thus, in this case, the a
pilot model is included for motion cueing tuning,
hoping to explore its function to contribute to fill
the gap.

2 SIVOR Simulator

The SIVOR full-motion flight simulation system
is built around, for this work, a Kuka™ KR-500
robotic arm with a fixed base, although it can
also be switched to a Kuka™ TITAN robot with
a translation rail. The system, is set such that it
is able to be compatible with several sources of
input data and integration of sub-systems, being
operated through a LabView® interface parting
from the governing robot model already existing
specifically for SIVOR. Thus, the general sys-
tem architecture allows pilot inputs and simula-
tion to be run independently, respecting the con-
stant 12ms robot execution time loop or "heart-
beat". While the visual environment could run at
the same frequency of 84Hz it is usually limited
to 60Hz due to visuals hardware limitations. Sim-
ulation environment for the helicopter case con-
sists of a coupling of Matlab® SimuLink® and
FlightGear. The arrangement was set so that the
Flight Mechanics models would be built and exe-
cuted in SimuLink® serving as receiver for pilot
commands and at the same time transmitting the

vehicle response to FlightGear to be visualized
by the pilot in the cockpit. The FlightGear sim-
ulator was included only as a visuals generator,
taking advantage of its flexible settings for com-
munication and integration. While the architec-
ture allows for full simulation, in this work, only
motion cueing is considered, leaving the visual
feedback as part of the Structural Pilot Model.

Fig. 1 SIVOR robot

KUKA

software

Fig. 2 SIVOR Integration

3 Models and considerations

This work follows that of Schroeder [4] for the
special case of helicopter flight simulation re-
quirements. In his report Schroeder proposed
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the evaluation of motion cueing using a pilot
model for a vertical relocation manoeuvre (bob-
up), leading to think that the inclusion of a pilot
model may be useful to address the interaction
between pilot and simulation in regard to motion
cueing and system tuning. Previous work have
shown the inclusion of pilot models in other sys-
tems couplings, for instance, adverse Rotorcraft
Pilot Coupling (RCP) phenomena has been ex-
plored (see [5]) and a series of active and pas-
sive pilot models have been used to address the
issue. On the other hand, the body of work re-
lated to motion cueing for flight simulation in-
cluded the contributions of several authors whom
have added other aspects to increase the objec-
tivity in regard to the whole simulation experi-
ence (see [8], [OL[1OL[11],[12]). Since motion
cueing is also subject to subjective influence, it is
a variable matter dependent on pilot physiology,
tending to generate unbalanced judgement even
in the cases of highly trained individuals, an at-
tempt to reduce the noise around the pilot accep-
tance is proposed by using a pilot model adjusted
for every specific manoeuvre. The value of this
approach follows that of other aircraft-pilot cou-
plings which also included pilot models, assum-
ing, for this case, that motion cueing is but one of
several channels of aircraft-pilot coupling.

3.1 The pilot model

3.1.1 The Structural Pilot Model

While there exist a wide span of pilot models,
for which the reader is referred, for instance to
reviews like [7] and [5], covering from simple
compensatory models, passing through passive
and active models up to optimal control based
approaches, it was considered that the Structural
Pilot Model (SPM) provided enough flexibility
with the adequate level of fidelity without the
level of information required by more sophisti-
cated models. Besides, Schroeder [4] used the
SPM to evaluate one of the discrete manoeuvres
used for his helicopter flight simulation require-
ments, thus providing an initial point for this
study. The SPM developed by Hess [ 3] has also
been used for flight simulation evaluations [14]
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[15] [17] and provided insight in regard to cor-
rections to improve simulation fidelity. A rel-
evant assumption for this work is the combina-
tion of signals, visual and motion, within the pilot
model structure. In [16] Hess and Siwakosit pro-
posed a surrogate cue for a roll-sway maneuver.
Structured around two closed control loops, the
maneuver included the surrogate cue extracted
from acceleration perception summed to the vi-
sual cue in the internal loop controlling the roll
angle ¢,,;; and leaving the outer loop, controlling
the lateral position y,,s as a visual cue only. As
proposed by Hess and Siwakosit, the visual cue
would represent a 75% of the total signal, and
the perceived acceleration portion would add the
remaining 25%. This assumption is kept in this
work in order to capture the motion cues provided
by the robotic platform. The general procedure
for parameter selection for the SPM for this work
follows that of refs. [13] and [18]

The corresponding SPM block model for this
work is presented in Fig. 3.

Strucutural Pilot Model Rotorcraft Model
+ » ar 5y §

Yam 1 Yes :|* Ye —M
Yer

propioceptive
feedback

feedb

+ surrogate visual= 0.25 §

vestibular
visual feedback
feedback 0.75S

Fig. 3 Structural Pilot Model with surrogate vi-
sual cue modification (based on [18])

3.1.2  Vestibular system model

In this work, pilot perception of motion is repre-
sented by a vestibular model, in order to provide
a point of observation of the net accelerations af-
fecting the control loop. This, it is hoped, will
provide a closer matching to pilots approval of
the whole simulation system while reducing sub-
jectivity.

The models used for this case correspond to
two transfer functions representing the otolith
and semi-circular channels. Thus the transfer
functions correspond to [19]:
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0.4(13.25+1)
(5.335+1)(0.665+1)

for the Otolith, capturing linear forces and

Hyo = (1)

45652

Hsse = 5.7, 1) (805 + 1) @)

for the Semi-circular channel capturing angu-
lar rates.

3.2 Motion Washout filters

To compensate for limitations in the robot’s range
of motion, a set of Washout Filters (WoF) is in-
troduced to govern the different robot motions
within the corresponding limits while allowing a
better fit against actual acceleration perception.
Following the Classic Washout Filter from Reid
and Nahon [20], translational motion channels
are treated with a second-order High-Pass filter
(HPf) as shown

S2

HP. =k 3
s 52+ 28, Opp,s + (D%pi )

Withi:x,y,z.
Angular rates [p, g, r] treatment is done using
also a second-order filter such that

§2

HP% =k 4)
" s* + 2Ch!’o¢ (thas + O‘)%pa

witha: 0,0,y
3.3 Robot system identification

In this section, only a summary of the process fol-
lowed for the robot system identification is pre-
sented, a future reference from the authors of this
paper will be committed to a more detailed de-
scription in this regard.

The black-box time-domain parametric iden-
tification approach is applied, since the in-
put/output data from the closed-loop system is
available from the KUKA RSI controller with a
12 ms heartbeat, but a prior model structure is
unknown [21]. Notwithstanding, considering the

previous approaches from Teufel [22], and that
the classical purpose for a controlled robot is to
bring it to a linear external behavior [23].

When using the KUKA Robotic System (ma-
nipulator + RSI controller) there may be some ad-
ditional path calculator blocks for the cartesian-
space approach. Besides that, as previously
demonstrated by Teufel et.al. [22], the system
always will present a transport-delay (e~7* and
a discrete moving average filter on the input.
Considering the empirical perceived decoupling
among the six d.o.f. of the robotic system the
multivariable approach is reduced to six indepen-
dent channels for each d.o.f. of the robot. Primar-
ily, the inner transfer functions blocks for each
channel of the multivariable robotic system are
approximated as traditional single-input-single-
output (SISO) time-invariant linear second-order
systems, G;(s), so that the parametric approach
could be further understood in terms of the classi-
cal closed-loop performance indicators: damping
(Ci), DC gain (K;) and natural frequency (;).

The current version of the model outputs the
Robot Velocity and Acceleration, both transla-
tional and orientational (Euler Rates and Angular
Velocity), in relation to the inertial frame. This
was implemmented without any direct derivative
computation. The model was adapted from the
second order SLIT written to the Phase Variable,
so that it outputs the speed and the acceleration
in each channel directly.

The time-domain identification was per-
formed by means of a Genetic Algorithm and
the Interior Point algorithm, using a successive
continuous steps signal. This signal evinces the
dynamic characteristics, the time-transport delay,
the moving average filter and the non-linearities
(dynamic workspace limits) of the robot. It can
drive the robot to a fail/stop getting it out of the
dynamic workspace limit (stopping by excessive
torque or presenting some jerk).

3.4 Selected Flight manoeuvres

Attempting to discriminate the characteristic mo-
tion of a helicopter, a set of discrete manoeu-
vres covering the different motion channels and
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tilt coordinations were selected from the ADS-
33E [24] standard. Unless specified, the cur-
rent approach follows the work of Schroeder [4]
where an extended methodology for helicopter
flight simulation is elaborated.

3.4.1 Vertical motion

A bob-up manoeuvre is selected, being reported
to represent a generic helicopter dynamics in ver-
tical motion. The representing transfer function
is

Os

h
S_C:s+0.3 )

3.4.2  Roll-sway

Lateral motion model assumes that dynamic re-
sponse to control inputs result in an isolated co-
ordinated manoeuvre. The representative dynam-
ics results in a sequence that is initiated by lat-
eral roll-control input, leading to helicopter roll
(¢), which in consequence drives the helicopter
to translate laterally to a position y. Following
[12] The the system is represented by:

Ho(s) = ggg -5 'pr) (62)
Hy(s) = % =5 (6b)

In both cases d represents the roll angle ¢ con-
trol input, for the latter case, Ly and L, are the
control gain and roll damping coefficient respec-
tively. It is important to note that in the former
case control input d is normalized in a range from
[—1: 1] and for the latter case 0 is given in radians
and L =5.1s"! and L,= 4551

3.4.3 Yaw

For yaw dynamics, two sub-cases are represented
so isolated yaw can be simulated and coupled
compensation (climb-yaw) can be studied. For
isolated yaw the model used by Hodge et al. [11]
will be used, thus yaw dynamics is given by

y (s) = Ngs
dped "~ s—N,

(7)
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As reported, corresponding values for yaw
damping derivative and pedal sensitivity are N, =
—0.33sec™! and Ny = +0.25rad/s* and & =
+2.25in, thus mimicking the response of a UH-
60 helicopter.

Pilot location with respect to rotation center
of a given simulated helicopter are considered by
including the offset effect on linear accelerations
perceived by the pilot as follows

r, = —XposV’ (8a)
ay, = Yposqf (8b)

4 Washout Filter tuning

Filter tuning in this work is attempted through
an optimization approach. The main idea be-
hind it lays on the hypothesis that if the vestibu-
lar model is included, at least the motion cueing
will drive the tuning of the different variables of
the Washout filters. This, arguing that the final
outcome of any flight simulator is to achieve, not
only similar perception of events but also similar
actions from the pilot while operating the system,
mixing all the sensors, dynamic and simulating
subsystems involved.

The optimization strategy then, looks to com-
pare two similar systems. The first system is de-
fined such that the pilot will be modelled along
with the aircraft model but with no consideration
of a motion platform, that is, the case is consid-
ered the nominal "in-flight" case. The second
system will consider the washout filters and the
platform motion within the loop, including the
motion constraints and its representative dynam-
ics, thus forcing the optimization to stay within
the variable boundaries. With both, "nominal"
and "simulated" systems defined, the simulated
system will try to emulate the nominal one by
aiming towards the minimization of a Cumula-
tive Root Mean Square (CRMS) which compares
the motion cues signals after being treated with
the vestibular model present in each system.
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Fig. 4 Nominal and simulated systems for opti-
mization

Nominal System

4.1 A case for validation

As an initial test, the bob-up case built by
Schroeder [4] is replicated here in two different
systems as explained before. Since the bob-up
implies a vertical motion and isolates rotations
or tilt coordination, only the Otolith model is in-
cluded inside the Structural model, and the re-
ported Vertical Motion Simulator (VMS) repre-
sentative dynamics for the motion servo hard-
ware is reported as

hsim (S) o (8)<26)

= 9
com (s+8)(s+26) ©)
and the washout filter correspond to
h (s) 52+ 2Lws + o? (10)

for which A, and % are the commanded and
perceived vertical acceleration respectively. k is
the motion gain while  is the filter frequency
and { = 0.7 is the damping ratio, thus leaving the
frequency and gain to be used as optimization pa-
rameters.

Variable settings and constraints were set as
follows:
The vestibular model is saturated according to
the human perception threshold such that angular

rates hold between 0.1°/s — 0.5°/s. Initial set-
tings for motion gain k and frequency ® are set
to 0.010 and 1 respectively, thus using the same
initial values of Schroeder for his zero order dy-
namics, i.e. no motion platform is considered.
Their values are allowed to vary in the range of
[0: 1] Tolerances for convergence are set as 1075
for both, cost function value and parameter vari-
ation. Finally, platform motion is constrained to
the reported physical limits of £9.14m (£30f7).

Considering the relatively small space of
search, optimization process is set to use a pat-
tern search with a Latin hypercube.

Remembering that the main purpose is to best
replicate both, perception and pilot actions, the
cost function is defined as a Root Mean Square
is used to compare the behaviour of the nomi-
nal system (with feedback directly from aircraft
model) and simulated system (including the mo-
tion platform in the feedback rout to the pilot).
Results for this case are shown in figures Fig. 5
and Fig. 6.

Evolutionof kand  w
R
A g
0.9

———wing | |

0 5 10 15 20 25 30 35 40
iterations

Fig. 5 Cost function and parameters evolution

As can be observed in Fig. 6, convergence is
obtained for k = 0.9471 and ® = 0.0252. For
these values, perceived acceleration at pilot sta-
tion, overall system response and collective con-
trol show good tracking compared to the nomi-
nal model. As a relevant point, the resulting val-
ues for the motion gain and frequency represent
a close resemblance to those of Schroeder for the
high fidelity simulation case, around k = 0.901
and ® = 0.245 which are the next values in fi-
delity grade after the nominal behaviour i.e. k =
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Perceived Acceleration Case optim: k=0.9471  w=0.0252

2
1

[tt's

Overall system response Case optim: k=0.9471 w=0.0252

Fig. 6 Results for optimal case considering pla-
torm motion for k = 0.9471 and ® = 0.0252

1.0 and @ = 0.0.

4.2 The SIVOR case

In this section, results of optimization process is
shown for the three aforementioned maneuvers.
A complete set of washout filters was set,
covering the XY Z positions and ¢Oy angles, this
was done to provide freedom to the optimization
routine hoping to capture the behavior of the sys-
tem in regard to the isolation of the implemented
discrete maneuvers. In every case, initial points
for optimization were set as in the validation
case and the same optimization method and
tolerances were followed.

Fig. 7 shows the result for the bob-up case.
For this case, the main difference is set by
the vertical motion constraint of the robot, as
opposite to the validation case where no scaling
was needed due to the large vertical range of
motion of the motion platform, SIVOR range
is more limited (4+1.5m) and that constraint
can be noticed leading the behavior of the per-
ceived acceleration departing from the nominal
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behavior. Nevertheless, the system behavior
seems not to be affected by the mismatch in
perceived acceleration, showing basically little
or no difference with respect to the reference
path, this considering that the SPM provides also
a visual cueing supporting that of motion.

accel_nom
accel_sim

| | | | |
0 10 20 30 40 50 60
time [s]

h_nom
h_sim

z [ft]

| | I I
0 10 20 30 40 50 60
tiem [s]

Fig. 7 Results for optimal filter parameters, Bob-
up maneuver (top: perceived acceleration, bot-
tom:system vertical response)

Fig. 8 shows the result for the roll-sway case.
This result shows good agreement for the lateral
acceleration perception (top) as well as for the
roll angle ¢ (third from top) and Y, (bottom) be-
vahiors, nevertheless, it clearly shows a disagree-
ment for the rotational rate perception. This re-
sult was not necessarily surprising. The observed
behavior shows that the overall system behavior
can be achieved by a mixture of the more rele-
vant lateral acceleration and the visual cueing in
both, inner and outer loops. This is something
that follows the findings of Hodge et.al. [12],
where it was concluded that perceived fidelity im-
proved from a well balanced combination of fil-
ter gains preferring a high sway gain and low roll
gain, this also can be related with the constraints
used for this work, limiting motions to 1.5m lead-
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ing the system to behave as a short-stroke sys-
tem, from which the cited findings were derived.
An important observation is that there is little ob-
served phase error in the results, suggesting that
the maneuver in the simulation is well coordi-
nated, something that, as has been reported in the
literature, favours the perceived fidelity.

Yaw case behavior is shown in Fig. 9. The SPM
setting of this maneuver included a threshold,
limiting the x-axis accelerations to be larger than
a minimum to avoid the generation of noise like
behaviour on the surrogate visual cue. If the ac-
celeration was below the threshold, then it was
assumed that the pilot would resort to the vi-
sual cue in its totality. For this case, the sys-
tem behaves well for lateral accelerations rates
and yaw tracking, not doing so for the accelera-
tion along the x-axis. This result though, seems
to agree with published findings from Schroeder
[4], where it was found that for the yaw case, lat-
eral motion provided a better simulation fidelity
and that rotational motion provided marginal im-
provements. Nevertheless, Hodge et.al. [11]
also present a study on Yaw simulation, test-
ing combinations for rotational+lateral motions
while studying the pilot technique. In their find-
ings, a combination of rotational and lateral mo-
tions would improve perceived fidelity. But the
same study also calls for attention to the loca-
tion of pilot with respect to axis of rotation in
the simulated aircraft, mentioning that if the off-
set is large, then yaw motion would be below
the perception threshold and the dominant mo-
tion would be the lateral one. Considering the
10 ft off-set used in the model for this case, the
results seem to agree with that observation.

4.3 Conclusions

This work was intended as an initial exploration
of the possibilities of an objective model-based to
the flight simulation motion cueing problem.
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Fig. 8 Results for optimal filter parameters, Roll-
sway maneuver (top to bottom: perc. accelera-
tion, perc. angular rate, ¢ angle and lateral posi-
tion y)

The SPM was modified to include the
vestibular model in the inner loop and to provide
a base grading in regard to fidelity. The identi-
fied robot model provided flexibility in reagard
to testing and the maneuvers provided discrimi-
nation of the relevant dynamics involved in each
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case. Results seem to agree well with previous
research and experimental results, it is hoped that
this study will include experimental expansion in
further work.
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Fig. 9 Results for optimal filter parameters, Yaw
maneuver (top to bottom: perc. X-acceleration,
perc. Y-acceleration, perc. angular rate, and y
angle)
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