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1 Introduction 

One of the main objectives of the ARISTOTEL project is to provide simulator guidelines to engineers whose 
tasks it is to unmask A/RPCs during trials performed on flight simulators. This deliverable is issued to provide 
those guidelines.  It also contains ideas on protocols for pilots in order to train them to avoid A/RPC events 
occurring in-flight or, when the A/RPC occurred, to teach the pilots to deal with them. In this sense, the present 
work is written from two points of view: one point of view is of the engineer that has to unmask A/RPCs in the 
simulator, the other point of view is of the pilot willing to avoid such instabilities or, if they happen, to tame 
these events. The simulator guidelines are related first to the settings of the major “hardware” components of a 
simulator (i.e. motion system, image generation system, control loading system). The guidelines are then related 
to the tasks that can be used to trigger such events. The report makes a distinction between the settings for 
unmasking the rigid body A/RPCs and aeroelastic RPCs. Also, guidelines related to biodynamic testing are 
included in this report. The document does not include (except for the fixed wing aircraft) the other major 
component of the simulator, i.e. the “software” mathematical model of the simulator as this part of the simulator 
was extensively investigated in ARISTOTEL’S deliverables of work package 2 and 3.  

2 Simulator Guidelines for Rotary Wing Aircraft 

2.1 Simulator Settings for rigid body RPC 

2.1.1 Motion filters 
 
The general motion base motion algorithm architectures for both the SIMONA Research Simulator (SRS) and 
HeliFlightR Simulator (HFR) research simulators used during the project’s rigid body test campaigns are shown 
in Figure 1. 
 

 
 

(a) Motion filter block diagram - HFR  
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It can be seen from Figure 4 that 2nd test campaign resulted in better motion cue ratings in SRS when compared 
to 1st test campaign, which were also supported by pilot comments as well. Using task-dependent motion filter 
settings in the 2nd RBTC has improved the motion cue capabilities of SRS with more realistic motion behaviour 
(according to provided Motion Cue ratings). However, there are two points to consider while interpreting Figure 
4. First, the Roll Step task in the 1st RBTC in SRS was not the same as the one used in 2nd test campaign. 
Despite, required control and vehicle response aggressiveness were similar, as commented by the participated 
pilots. Second, not all pilots were participated in both simulation tasks.  For example, Pilot A did not complete 
Precision Hover task in SRS during the first RBTC and pilot F only participated in the 2nd RBTC. Nevertheless, 
the means and standard deviations in Figure 4 could be used to observe the general trend of motion cue ratings 
deviation. Another observation from Figure 4 is the similarity of motion cue ratings between simulators. With 
task dependent motion filter settings of SRS in the 2nd RBTC, during which HFR used almost identical setting of 
the 1st RBTC with fine-tuning adjustments in HFR filter parameters, both simulators showed close motion cue 
ratings for both tasks. This indicates that both simulators provided similar motion cues although matching of the 
simulator bases was not completely accomplished.    

2.1.2 Visual systems 
 
Detailed specifications of the visual systems for both the SRS and HFR simulators are reported in Deliverable 
4.6 [ref. 3].  The main difference between simulator visual systems is the field of view (FoV) capabilities of the 
projection screens, as shown in Figure 5. 
 

 

Figure 5. FoV comparison of HFR and SRS simulators  

 
Although the difference between simulator FoVs has been discussed previously in several deliverables (e.g. 
Refs. 3and 4), a summary of this discussion in relation to the smaller FoV in SRS is given below: 
 

 It leads to lower Usable Cue Environment (UCE) ratings, especially for tasks that require close ground 
reference cues; 

 It generally resulted in worse Handling Qualities Ratings (HQRs) because pilots had difficulties in 
detecting the adequate and desired boundaries defined for the ADS-33 tasks; 

 It generally lead to more relaxed pilot controls, which resulted in more masked RPC tendencies.  
 
However, during the second test campaign, modifications to the task design helped to reduce the effect of visual 
difference between simulator setups and more consistent pilot ratings were achieved (see section on Task 
Guidelines). 
 
During the first test campaign, simulators used different visual environment databases to model the same ADS-
33 tasks, as illustrated in Figure 6.    
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Figure 8. New Pilot-Induced oscillations ratings for various control loading settings, with 
and without motion during hover pole location = 20 ft. 

 
Although there are not enough data to form definitive conclusions, it can be summarized that Pilot A favoured 
more resistant (higher natural frequency) and more damped (higher damping ratio) control loading settings, 
especially for motion on configurations, see Figure 8. In addition, he favoured motion on cases over motion off 
cases, regardless of the control loading settings. This suggests that for pilot A, motion cues played a supportive 
role for the Precision Hover PH task configuration, and secondary effects were due to varied control loading 
settings. Pilot D, however, preferred motion off configurations as his preference was reflected by his PIO ratings. 
Moreover, he did not show noticeable differences between various control loading settings. This implies that 
Pilot D responded dominantly to the visual cues, and motionless configurations lead him better to compensate 
for PIO occurrences. 
 
Similar results were obtained for the Roll Step manoeuvre and these results are discussed in Deliverable 4.8. 
Finally, it can be concluded that the control loading settings have ‘subjective’ effects on RPC test campaigns 
depending on the task and the participating pilot’s control strategy.  
 

2.2 Simulator settings for Rotorcraft Aero-elastic Test Campaigns  

2.2.1 Motion filters 
This experiment was conducted within the UoL’s HELIFLIGHT-I simulator shown in Figure 9.  

 

A
B
C
D
E
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Figure 9 External and internal views of HELIFLIGHT-I research simulator at the UoL 

The maximum values of displacement, velocity, and acceleration in this motion system for each degree of 
freedom respectively are shown in the Table below. 
 

Table 2 HELIFLIGHT-I Simulator Motion System Envelope 

Axis Displacement Velocity Acceleration 

Surge ±0.465 [m]  ±0.7 [m/s] ±0.6 [g]  

Sway ±0.430 [m]  ±0.7 [m/s]  ±0.6 [g]  

Heave ±0.250 [m]  ±0.6 [m/s]  ±0.6 [g]  

Roll ±28 [°]  ±40 [°/s]  Not specified  

Pitch -32 [°]/+34 [°]  ±40 [°/s]  Not specified  

Yaw ±44 [°]  ±60 [°/s]  Not specified  

 
There are eight motion digital filters (filters 0-7) implemented in the HELIFLIGHT-I Simulator (Maxcue 610-
450) motion drive algorithm. The inputs to each filter may be connected to any one of six inputs to the motion 
drive algorithm (Host data latches 0-5) and the outputs may be connected to any one of the motion platform 
degrees-of-freedom (Kinematics inputs 0-5). The filters implemented in the HELIFILIGHT-I Simulator motion 
drive algorithm use the classical third-order washout filters of the form as shown above and the related values 
are shown in Table 3. 

Table 3 Transfer function coefficients for the 3rd-order high-pass filters 

Filter Order K ζ ωn ωb 

0 3HP 1.0 1.0 1.7 1.7 

1 3HP 1.0 1.0 1.7 1.7 

2 3HP 1.0 1.0 3.0 3.0 

3 3HP 1.0 0.79 1.58 2.5 

4 3HP 1.0 0.79 1.58 2.5 

5 3HP 1.0 0.707 1.414 2.0 

6 3LP 2.0 1.0 2.0 2.0 

7 3LP 2.0 1.0 2.0 2.0 
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2.2.2 Visual systems 
 
In the HELIFLIGHT-I simulator, three LCD monitor displays are collimated (Figure 10) to focus the displayed 
image at optical infinity giving enhanced depth perception, which is particularly important for hovering and low 
speed flight [96]. The displays provide a 135 (± 67.5) horizontal field-of-view by 40 deg vertical field-of-view. 
The vertical field-of-view is extended to 60 deg by using two flat-screen ‘chin-window’ displays in the cockpit 
foot-well. The three main displays have a resolution of 1024 x 768 pixels and a refresh rate of 60 Hz. 
 

 

Figure 10 Collimated display system in the HELIFLIGHT-I simulator  

The comparison of the outside-world field-of-view for the HELIFLIGHT-I and HELIFLIGHT-R simulators is 
shown in Figure 11.  
 

 

Figure 11 Comparison of field-of-view from HELIFLIGHT-I and HELIFLIGHT-R (left-hand 
seat) simulators 

 

2.2.3 Flight Control System settings 
A simple SCAS has been implemented on the longitudinal, lateral, and yaw control channels of the aircraft 
simulation model to improve its stability. The SCAS structure used in the simulation has been shown in Figure 
12.  
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The main elements illustrated in the Figure above are described in more detail in the following Sections. 

The motion base of Figure 14 is driven by proprietary software (MB-MOVE) provided by Motionbase (now part 
of QinetiQ). The communication process between the FLIGHTLAB flight-physics modelling software and the 
motion base hardware is via an is achieved using a utility (in FLIGHTLAB) that enables data blocks to be 
written to and read from models and enables the broadcasting of these data across a network (‘flcomms’). In fact, 
all components shown in Figure 14 communicate with each other through this utility. A new version of this 
software was compiled that had the following additions made to it: 

 Read in the current state of the ‘model’ being used to drive the motion base e.g. ‘Run’, ‘Pause’, ‘Reset’ 
etc. These states were used not only to stop/start the excitation demand being applied to the simulator 
motion base but also to trigger the data recording and file writing process.  

 Broadcast the platform motion and actuator servo demands. These were used to validate a model of the 
motion base described later in this Section. 

The motion base driver software in Figure 14 requires six data items as input. These are termed the ‘Specific 
Forces’ which are: 1) three linear acceleration components (surge (fore-aft), sway (left-right) and heave (up-
down)) and 2) three rotational rates (pitch, roll and yaw). For the 2DOF model implemented here, the vertical 
acceleration that would be felt by the pilot and that is transmitted to the simulator motion system. In order to 
provide these to the motion base driver software, which was ‘listening’ on the network for a specific data block 
(‘MOTIONBASE’) containing these data, a dummy FLIGHTLAB model was created. In simple terms, this 
model read in the required excitation demand from a text file and then wrote it out again to the MOTIONBASE 
data block which was then broadcast across the simulation facility network.   

Whilst the motion base modelling provided the required confidence to proceed with the testing, there was still 
some need for caution. The motion system contains a Motionbase proprietary safety system that is intended to 
protect the base from inadvertent damage. No information is available for this ‘adaptive filtering’ and hence 
could not be included in the motion base model. Whilst its exclusion from the modelling process should only 
have led to the conservative predictions, the actual testing was approached such that any risk to hardware or 
personnel was minimised as follows: 

 All excitations were applied to the pod with no occupant prior to the test campaigns. 
 Excitations in any given axis/combinations of axis were always applied with the lowest amplitude first. 

In order to measure the actual excitation being experienced by the pod occupant, a MicroStrain® 3DM-GX1® 
motion sensor was procured by UoL. The sensor was mounted as shown in Figure 15 on the simulator motion 
base frame.  

 

Figure 15 MicroStrain 3DM-GX1® motion sensor mounting location 

 
Figure 15a indicates the sensor location which is behind, below and set back from the pilot seat in the pod. The 
sensor unit was bolted to a 5mm steel plate which was then fastened to the motion base using existing bolts that 
secure the simulator pod to the motion base frame. Figure 15b shows the 3DM-GX1® unit mounted in place. It 
shows the view ‘looking up’ from this was considered to be the most ‘rigid’ location that was the also the most 
accessible for mounting purposes. 
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In order that the 3DM-GX1® could be of use to the aeroelastic test, a specific program was written to request that 
the device output measured linear acceleration, rotational rate and angular measurement data (1 per axis so 9 
data values in total). These data were then broadcast in a data block across the facility network 
(‘ACCELEROMETER’). 

The requirements for the testing specified that both control inceptor and occupant arm positions be recorded for 
any given excitation. Because the excitation was being passed through a FLIGHTLAB model (albeit a ‘dummy’ 
one), then stick positions were automatically generated during a real-time run. These data were simply added to a 
data block and broadcast across the simulator network (‘STICKPOS’). In addition, limb positions (wrist and 
above the elbow) were measured using two Xsens MTx motion sensors procured by POLIMI. The two MTx 
sensors were secured to the occupant using elastic fasteners, similar to those in use with the medical profession. 
Once again, a bespoke program was written (by POLIMI) to interrogate these devices for motion data, to write 
these data to data blocks and to broadcast these blocks across the simulator network (‘MTX1’, ‘MTX2’). 
 

2.3 Simulator Guidelines to expose Rigid Body RPC 

2.3.1 Task Guidelines 
 
In the first RBTC, a detailed appraisal of task suitability to expose RPCs was conducted. Findings from this 
appraisal are outlined in Deliverable 4.6 [Ref. 3]. From this study, it was concluded that a number of tasks were 
suitable for exposing RPCs. However, it was considered that their application could be improved through 
modifications to task performance standards.  
 
In the 2nd RBTC, efforts were made to design tasks suitable for RPC detection. From the tasks investigated in the 
1st RBTC, the Precision Hover and Roll Step manoeuvres were found to be the most successful for exposing 
RPCs. This was due to the tight control elements required for the tasks, and the suitability of the tasks for use in 
motion-based simulation. Therefore, rather than design completely new tasks, the decision was taken to modify 
these existing tasks, to improve their capability to expose RPCs. The goal here was to increase pilot workload 
during tasks, through an increase in task bandwidth. This was to be achieved through modifications in the visual 
environment.  
 
Precision Hover modifications 
 
The PH manoeuvre, contained within ADS-33, is a multi-axis re-position stabilization task to assess low speed 
performance. The task assesses both the ability of the aircraft to transition from translating flight to hover, and 
the ability to maintain precise position. Task performance is driven by a series of visual elements, positioned 
within the environment. The primary height and lateral cueing is given by the `hover board'. During the 1st 
RBTC, during completion of the PH manoeuvre, experimental cases were completed where pilots were asked to 
increase their aggression, in order to observe differences in RPC potential.  The difference in RPC potential 
through a reduction in hover board size was observed, and offered an interesting outcome. Forcing the pilots into 
tighter control caused them to expose more deficiencies in the vehicle, and increases their incipience to RPC. 
Moreover, the results from simulation were found to better reflect predictions.  
 
The manoeuvre task performance was engineered by making changes to the reference pole location. Pilots were 
required to maintain a stabilized hover whilst keeping the pole reference position within the hover board from 
their point of view. It is usual for the pole to be placed midway between the hover board and the reference hover 
location. ADS-33 recommends a distance of 150ft between the aircraft and hover board, with the pole located 
75ft from the aircraft. If the reference pole is moved closer to the aircraft, it decreases the tolerances for 
completion of the task. In the investigation, 3 pole locations were used; 75ft, 40ft, and 20ft from the aircraft. The 
distance between the aircraft and the hover board was kept constant at 150ft. This causes changes to the lateral, 
longitudinal, and height tolerances, given directly by the cueing environment. For example, with the reference 
pole at 20ft, tolerances are reduced by a factor of 5. However, heading tolerances directly given by the cueing 
environment, along with longitudinal track position, remain unchanged. Figure 16 and Figure 17 show the pole 
at the central location (75ft) and at the closest (20ft) location. Excluding changes in the reference pole location, 
the course was set-up to replicate performance standards for Scout/Attack and Cargo/Utility rotorcraft (as 
outlined in ADS-33). 
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In the 2nd RBTC, aggression was also engineered through changes to the course layout. Four different Roll Step 
configurations were flown, in both HFR and SRS. The ‘standard’ Roll Step manoeuvre tolerances, employed in 
the 1st RBTC, are shown in Figure 19. Tolerances are set for a runway with a width of 200ft. Transitions are to 
be achieved within 1500ft, and the vehicle must pass through ‘gates’ with a minimal roll attitude. This was 
referred to as Roll Step Configuration 1. Three additional configurations were derived. Configuration 2 used the 
poles with the same longitudinal runway position, but ‘gate’ lateral tolerances were tightened. Desired and 
adequate track positions through the gates were reduced from 60ft and 30ft to 30ft and 15ft respectively. This 
was in order to increase the pilot gain during the stabilisation phase of the manoeuvre. Pilots were required to 
apply tighter control, to track the edge of the runway. Configuration 3 used the same ‘gate’ tolerances as 
Configuration 1, but applied changes to the longitudinal position of the gates. The longitudinal distance between 
gates was reduced by 1/3. Therefore, distance for runway transition reduced from 1500ft to 1000ft. 
Configuration 4 was a combination of the gate positions used in Configuration 3, and the gate lateral tolerances 
used in Configuration 2.  
 

 

Figure 19: `Standard’ Roll Step manoeuvre tolerances 

 

Vehicle Configurations Tested 

All vehicle configurations flown during the investigation, for both the Precision Hover and Roll Step tasks, are 
shown in Table 4. These configurations were selected to represent different levels of PIO susceptibility. Only 
vehicle Configuration 1 was considered to exhibit no susceptibility for PIO. Configurations 1-4 were used during 
completion of the Precision Hover manoeuvre, whilst Configurations 1, 5-6 were used during completion of the 
Roll Step manoeuvre.  

 

Table 4: Vehicle Configurations used during task investigation 

CONF. Long. Delay Lim Long. Rate 
Lim. 

Lat. Delay Lat. Rate Lim. PIO 
Susceptibility

1 0 ∞ 0 ∞ NO 
2 0 ∞ 250 ∞ CAT. I 
3 0 5 0 2.5 CAT. II 
4 180 5 250 2.5 CAT. I & II 
5 0 ∞ 220 ∞ CAT. I 
6 0 ∞ 220 2.5 CAT. I & II  
 
Results – Precision Hover 
 
Here, only the key results relating to the task suitability to expose RPC are shown. In Deliverable 4.8, further 
results relating to the Handling Qualities Ratings and Novel PIO ratings are discussed. Figure 20 to Figure 25 
display the PIO ratings obtained for all configurations flown for the Precision Hover manoeuvre, by all pilots, 
and in both motion-based flight simulators. Results are separated by the hover task flown. 
 



 

266073_A

Figure 
Locatio

Figure 
Locatio

Figure 
Locatio

 
There are
that diffe
the ADS
Configura
This corr
PIO is sh
PIO tend
through t
able to m
hypothesi
 
However
consisten

0

1

2

3

4

5

6

P
ilo

t-
In

du
ce

d 
O

sc
ill

at
io

n 
R

at
in

g

 

CON

0

1

2

3

4

5

6

P
ilo

t-
In

du
ce

d 
O

sc
ill

at
io

n 
R

at
in

g

 

CO

0

1

2

3

4

5

6

P
ilo

t-
In

du
ce

d 
O

sc
ill

at
io

n 
R

at
in

g

 

CON

ARISTOTEL_

20: Precis
n = 75ft, HF

22: Precis
n = 40ft, HF

24: Precis
n = 20ft, HF

e a number of 
erences betwee
-33 specificat
ation 1 and C

relates well wi
hown. This is 
dencies. Perfo
the simulation
maintain task 
ized reason fo

r, it is noted 
ncy between r

CONF. 2F. 1

CONF. 2ONF. 1

NF. 1 CONF. 2

ACPO-GA-2

_D5.2 Simula

sion Hover 
HFR 

sion Hover 
HFR  

sion Hover 
HFR  

observations 
en simulators 
tion Precision

Configuration 4
ith the predict
likely to be d

ormance in th
n environment
performance,

or the differen

that, as task
results obtain

CONCONF. 3

CCONF. 3

CONF. 3 C

010-266073

ation guideline

Results –

Results –

Results –

that can be m
has caused d

n Hover mano
4. In HFR, the
tions made pr

due to the visu
e Precision H
t. Due to SRS
 and did not 

nces.  

k performanc
ned using the

 

P
P
P
P

NF. 4

 

ONF. 4

 

P
P
P
P

CONF. 4

es for A/RPC

 

Pole Fig
Loc

 

Pole Fig
Loc

 

Pole Fig
Loc

made through t
differences in 
oeuvre, a larg
e ratings given
rior to the cam
ual environme

Hover task is 
S’ restricted v

exert the sam

ce tolerances 
e different sim

Pilot A
Pilot C
Pilot D
Pilot E

Pilot A
Pilot C
Pilot D
Pilot E

Pilot A
Pilot C
Pilot D
Pilot E

prediction 

gure 21: Pr
cation = 75f

gure 23: Pr
cation = 40f

gure 25: Pr
cation = 20f

the appraisal o
the ratings ob

ge difference 
n for CONF. 

mpaign.  How
ent, restricting
very depende

visual environm
me levels of t

are reduced,
mulators impr

recision Ho
ft, SRS 

recision Ho
ft, SRS  

recision Ho
ft, SRS 

of these rating
btained, for th
is observed b
4 showed a st
ever, in SRS, 
g piloting perf
ent on the pil
ment, it is lik
tight control a

, and task ba
roves. For the

Delivera

Pag

 

over Results

 

over Results

 

over Results

gs. Firstly, it is
he same condi
between the r
trong tendenc
 no strong ten
formance, and
lot sensing v

kely that pilots
as in HFR. T

andwidth is 
he case where

able D5.2 

ge 16 of 64

s – Pole 

s – Pole 

s – Pole 

s observed 
itions. For 
results for 
y for PIO. 

ndency for 
d masking 
isual cues 
s were not 
This is the 

increased, 
e the pole 



ACPO-GA-2010-266073 Deliverable D5.2 
 

266073_ARISTOTEL_D5.2 Simulation guidelines for A/RPC prediction Page 17 of 64

location is placed at 20ft, both simulators show strong PIO tendencies for CONF.4. This matches the predictions 
made prior to the investigation. One advantage that was found through moving the location of the hover pole was 
the increase in importance given to the forward cueing elements. Particularly in SRS, the strongest visual cueing 
is offered forward of the pilot seat. Poor peripheral cueing leads to difficulty in judging lateral and longitudinal 
drift. This shift of task performance to the region where cueing is most similar between the simulators leads to 
consistency in task performance, and consistency in the ratings awarded.  
 
The observation made when the pole location is brought closest to the pilot is that all of the pilots are now shown 
to experience oscillations. For the other cases, all pilots were not found to experience PIO events, and the 
incipience to PIO was found to be a function of pilot control strategy. The difference between Pilot A and Pilot 
D is a good example of this difference. Pilot A was found to be very high gain during task completion. The pilot 
always fought to find the best performance possible. Furthermore, he was very resistant to abandoning the task, 
or to apply a reduction in control amplitude/frequency to improve vehicle handling characteristics. Conversely, 
Pilot D was found to be very low gain throughout. The pilot was keen to ‘break out’ of the loop whenever there 
was an opportunity. Furthermore, he was much more reluctant to apply tight control and was only interested in 
achieving the task performance standards set. By this, it is meant that the pilot would make no effort to achieve 
performance better than given by required standards. This led to the suggestion that the task performance 
standards were not tight enough for the evaluation of PIO tendencies. A difference in their strategies may be a 
result of their experience. Pilot A has been a consultant test pilot for the University of Liverpool for over 10 
years and no longer flies helicopters regularly. Pilot D however is a current military test pilot for the Royal 
Netherlands Air Force, but with much less experience than Pilot A. Evaluations in SRS and HFR were his first 
experience of testing in an academic environment. Their flying was much more in-line with that expected during 
normal operations; he was wary of over-controlling the vehicle, and treated situations where he entered 
oscillations in a much more safety-conscious manner. Pilots were not specifically instructed to fly a particular 
way during the briefing process, as it was more important that pilots approached tasks as they saw fit. Instructing 
pilots to fly in a certain way may cause results obtained to lack any relation to realistic piloting strategy. 
However, what is shown by the ratings awarded is that both Pilots had similar experiences for the modified 
Precision Hover. This suggests that the changes to the manoeuvre have achieved, to some extent, the goal of 
increasing consistency between pilots.   

Figure 26 and Figure 27 show typical results from completed Precision Hover manoeuvres in HFR, with the 
most PIO prone configuration, CONF4. The cases show pilot control activity with respect to time for all control 
channels. As shown, both Pilot A and D approach the task in similar ways; they both disturb the aircraft from 
trim and begin a translation using small, non-oscillatory control inputs. Between 10 and 20 seconds, both pilots 
reach maximum ground speed, at a value of only 1 knot difference (shown in Figure 28). Both pilots arrest the 
vehicle translational rate through a commanded oscillatory control input. However, following this input, Pilot D 
almost opens the control loop, and applies only very small control inputs. Furthermore, the pilot keeps 
translations slow (i.e. a ground speed lower than 1 knot). Pilot A however maintains closed-loop control, to 
achieve performance parameters to the best of his ability. However, this results in a faster translational rate, 
requiring sustained control inputs for a longer period of the manoeuvre. Furthermore, throughout the manoeuvre, 
Pilot D is almost inactive on the longitudinal, collective and pedals. Only small corrections are made during the 
transition from translation to hover. Pilot A makes effort to use all controls, and possibly becomes susceptible to 
vehicle cross-couplings in the process.  
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Figure 26: Pilot A, CONF.4, Pole Location = 
75ft 

 

Figure 27: Pilot D, CONF.4, Pole Location 
=75ft  

 

Figure 28: Ground Speed from Precision Hover manoeuvres completed by Pilot A and D. 

 
HQRs were used to judge both the vehicle handling qualities (linked to RPC) and the task performance. With 
changes in HQR, one can observe the relative changes in task difficulty caused by changes in the MTE 
tolerances. Table 5 shows Handling Qualities Ratings (HQRs) for the baseline vehicle model (PIO robust). 
Results are shown for both tests completed in HFR and SRS. Next to each numerical rating, subscripts denote 
the number of times the rating was awarded. For HFR results, predominantly Level 1 HQRs were awarded for 
the 75ft pole location, the task as defined in ADS-33. However, in SRS, due to the poorer cueing environment 
and lack of ground references, the task was found to have predominantly Level 2 HQRs. HQRs were not shown 
to be sensitive to pole location within SRS. This is due to the initial difficulty in task performance. However, in 
HFR, the position of the pole location changed ratings from predominantly Level 1 to Level 2 HQRs.  
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Table 5: Handling Qualities Ratings awarded using Configuration 1 

 Pole Location (ft), HFR Pole Location (ft), SRS 
Pilot 20 40 75 20 40 75 
A 4,5 4 3,2 5 6 6 
C 5 5 3 5,7 4,5 4 
D 7 5 3 5,6,7 6,7 5,6,7 
E 4 5 4 - - - 

 

In HFR, CONF.4 led to ‘high profile’ PIOs for all hover pole locations. However, the majority of the most 
explosive cases where experienced by Pilot E, who did not complete tests in SRS. 

The increase in PIO tendencies for CONF.2 and CONF.3 was shown when the reference pole location was 
moved closer to the pilot. Furthermore, this increase was observed in both simulators. An example is shown by 
observation of time history traces of pilot control during two evaluations of CONF.2. The examples, given in 
Figure 29 and Figure 30, show pilot lateral control input with respect to time. In these examples, the transition to 
hover occurs at approximately 20 seconds. This can be observed in Figure 31, which shows the ground speed for 
both cases. As illustrated, in the case where the Pole Location = 75ft, an oscillatory vehicle response occurs 
between 20 and 40 seconds. This is during the stabilisation period. However, one can see that at approximately 
40 seconds, the pilot ‘freezes’ the control stick, as he has reached the desired hover position. From this point, 
there are no significant oscillatory inputs, and the pilot is almost open-loop.  

For the case where the Pole Location = 20ft, the same oscillations on stabilisation are observed (i.e. between 20 
and 30 seconds). However, in this case, the pilot is unable to ‘freeze the stick’, as they must continue to correct 
position. However, rather than the oscillations subsiding during the stabilised period, oscillations are driven by 
the task performance. At approximately 60 seconds, oscillatory control amplitude increases, remaining at this 
increased level until the attempt is stopped at approximately 100 seconds.  

 

Figure 29: Pilot E, CONF.2, Pole Location = 75ft 

 

Figure 30: Pilot E, CONF.2, Pole Location = 20ft 
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Figure 31: Ground speed for CONF.2 cases 

 

The difference displayed in Figure 29 and Figure 30 perhaps shows why many RPCs currently go 
undetected in current evaluations. Testing only the ‘normal’ operations of the rotorcraft will not necessarily 
expose dynamics that will be experienced at one stage in the rotorcraft life cycle.  

Although changes in task performance increased the susceptibility to PIO, a difference in susceptibility of each 
pilot, based on their strategy was observed. Pilot D consistently exhibited the lowest change in performance. 
HQR and PIOR showed little sensitivity, with his robustness to PIO suggesting that further changes to the task 
performance are still required.  

Therefore, there are a number of recommendations for use of the manoeuvre when trying to expose RPCs. 
Firstly, there must be greater control on the way the pilot attempts the stabilisation period of the manoeuvre. This 
can further decrease the variability in results obtained. One way this could be attempted is to form a target, rather 
than the current region that is contained on the hover board. This would further force the pilots to apply tight 
control, rather than opening the loop at the earliest opportunity. 

The effect of changing PH tolerances is further shown in Figure 32 to Figure 35. Here, the Root Mean Square 
(RMS) outputs for pilot control and vehicle output are shown for all configurations flown in HFR. As shown, for 
all PH completed in the baseline vehicle, all pilots were found to exhibit similar RMS control inputs, producing 
similar vehicle output response. However, for the PIO prone configurations, RMS input for both longitudinal and 
lateral control are much more widely distributed. As shown, Pilot E applied the largest control inputs, and was 
generally the most aggressive when encountering RPCs. The distribution of points shows that, although not a 
guarantee, the tighter task performance had more chance of causing both higher pilot control input and vehicle 
rate output for the PIO prone configurations. As this trend is not shown for the PIO robust case, the increased 
control activity and vehicle rate outputs is not due simply to the task performance requirements, and indicates the 
triggering of oscillations. 
 
Here, a recommendation may be made that one should determine the relative `pilot susceptibility’ to triggering 
PIO, and use them for further investigations. This may involve some preliminary tests to qualify the levels of 
pilot `gain’, or the aggression of their command. The danger here is that there may not be a way to qualify the 
overall PIO susceptibility ‘envelope’ of each pilot, as their response to different situations may vary. This 
recommendation can be considered for future test and evaluation.  
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Figure 32: RMS Long. Cyclic w.r.t. Lat. 
Cyclic for baseline conf., PH 

 

Figure 33: RMS Long. Cyclic w.r.t. Lat. 
Cyclic for PIO Prone Conf., PH 

Figure 34: RMS Pitch Rate w.r.t. Lat. Cyclic 
for baseline conf., PH 

Figure 35: RMS Pitch Rate w.r.t. Lat. Cyclic 
for PIO Prone Conf., PH 

 
Overall, a finding of the investigation was that with the pole location closest to the vehicle, the consistency of 
triggering PIOs was much higher. HQRs predominantly within Level 2 for Configuration 1 suggest that this task 
is not entirely removed from the requirements of the rotorcraft. Although the task performance standards may be 
higher than is usually required for regular flying tasks, setting the difficult performance standards helps to detect 
the underlying RPC tendencies that could be exposed during extreme flight conditions. For example, in difficult 
conditions, the pilot may be forced into tight loop control and it is important that the PIO tendencies are known. 
As stated by McRuer in Ref. 21, “Pilot evaluations for (APC) tendencies should increase the pilot gain or 
workload and so increase the possibility of finding hidden (APC) tendencies”. Although these experiments show 
an increase in detection of PIOs when task performance standards for the PH manoeuvre are changed, the 
changes are not necessarily appropriate for different rotorcraft. For the original PH manoeuvre, in HFR and with 
the baseline vehicle configuration, Level 1 HQRs were awarded. Furthermore, during the stabilisation element of 
the task, pilots were able to go `open-loop', due to the stable nature of the model. Therefore, tolerances were 
reduced in order to force pilot gain, and force closed-loop control during stabilisation. However, for vehicles 
with poorer handling, it may not be necessary to modify the tolerances. The suggestion is that one should 
complete a number of tests and observe awarded HQRs to judge whether tolerances must be adjusted to look 
specifically at PIO tendencies. Defining the process for this judgement is a recommendation for further research 
effort. 
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Figure 44: Baseline Task Strategy – Pilot D 

 

Figure 45: Baseline Task Strategy – Pilot E 

 

One factor that was apparent during completion of the Roll Step was pilot learning. Pilots were quickly able to 
adapt during completion of the manoeuvre, and apply knowledge to the next run to successfully avoid PIO. This 
level of pilot learning and adaptation is perhaps a concern when using the manoeuvre to observe PIO tendencies. 
One must ensure that pilots do not mask PIO tendencies, and perhaps the task performance requirements must be 
further constrained.  
 
An example of pilot learning is shown though a comparison of Figure 46 and Figure 47. The former example is 
the first attempt of the manoeuvre completed by Pilot A, with a PIO prone vehicle configuration. As shown, 
following the first translation, the pilot applies some large, oscillatory control inputs to stabilise the aircraft roll 
motion. Furthermore, some high frequency small longitudinal control inputs are shown. The second attempt at 
the manoeuvre is shown in Figure 47. In this attempt, the pilot applies more calculated control input, and during 
the section of the manoeuvre where he encountered problems in the first run, the pilot does not apply any control 
inputs. The pilot uses the pedals to make small corrections to the heading during the test. Interestingly, at the end 
of the manoeuvre, the pilot wanted to explore the limits of the vehicle, and quickly triggered a divergent PIO. 
This was achieved through the high gain tracking when going through the last three gates. In this case, the 
simulation was stopped to prevent loss of control. These examples show how the pilot can avoid triggering PIOs, 
in vehicles where clear PIO tendencies exist.  
 
A recommendation here is that the task (or tolerances) should be redesigned to prevent pilots from completing 
the manoeuvre using a strategy that has resulted from learning in previous manoeuvre attempts. If the pilot is 
able to both complete the manoeuvre and avoid PIO tendencies (if they exist within the vehicle), the task 
performance requirements are not stringent enough. The risk here is that the task may become so difficult that is 
impossible to achieve. Therefore, another method to disturb pilot control, such as turbulence, could be used to 
force closed-loop control. The requirement for all tasks is that they are repeatable, which is something that needs 
to be investigated with future versions of the Roll Step manoeuvre.  In any case, attention must be given to PIO 
susceptibility for all completed test runs. When assessing handling qualities, it is often only the cases where the 
pilots provide ratings that are considered, after they have become comfortable with their levels of task 
performance.  
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Figure 46: Pilot A, 1st completion of Roll Step 
manoeuvre, PIO prone configuration 

 

Figure 47: Pilot A, 2nd completion of Roll 
Step manoeuvre, PIO prone configuration 

2.3.2 Task Design Guidelines for exposing to RPCs 
 
This part presents the key factors that need to be taken into account when developing an effective task to expose 
RPCs. These factors are generalised from the results of two test campaigns conducted on the HELIFLIGHT-R 
Simulator (HFR) in the University of Liverpool and SIMONA Research Simulator (SRS) in TU Delft to 
compare effects of different simulator platforms on rotorcraft pilot coupling (RPC) prediction with four ADS-
33E-PRF manoeuvres: Acceleration-Deceleration, Vertical Manoeuvre, Precision Hover, and Roll Step. 
Therefore, the results are presented first and then the key factors are summarised.   
 
The HQR and PIOR values of the four MTEs from both simulators are shown from Figure 48 to Figure 51. 

 

Figure 48 Subjective HQR and PIOR comparison between HFR and SRS from AD manoeuvre 
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Figure 49 Subjective HQR and PIOR comparison between HFR and SRS from Vertical manoeuvre 
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Figure 50 Subjective HQR and PIOR comparison between HFR and SRS from Precision Hover 
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Figure 51 Subjective HQR and PIOR comparison between HFR and SRS from Roll step (60 kts) 
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The cut-off ωc values from the investigated cases are shown from Figure 52 to Figure 54. 
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Figure 52 Cut-off frequency values of two simulators from Accel-Decel and Vertical Manoeuvre 
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Figure 53 Cut-off frequency values of two simulators from Precision Hover 
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Figure 54 Cut-off frequency values of two simulators from Roll Step 

The time-varying cut-off frequency ωG values based on the Wavelet scalogram and their related control inputs of 
the cases with the same subjective HQR and PIOR selected from two test campaigns are shown from Figure 55 
to Figure 57. 
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Figure 55 Comparisons of pilot control behaviours on HFR and SRS with the same HQR and PIOR 
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Figure 56 Comparisons of pilot control behaviours on HFR and SRS with the same HQR and PIOR 
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Figure 57 Comparisons of pilot control behaviours on HFR and SRS with the same HQR and PIOR 

 

The four manoeuvres being investigated here can be generally considered as high-gain tasks. However, among 
them, the PH manoeuvre shows the highest pilot control activities (Figure 53 and Figure 56) and is awarded with 
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the highest PIORs (averaged across the pilots). For example, the time-varying cut-off frequency of the PH task 
shows the highest frequency 5 rad/s in Figure 56. There are two possible factors contributing to this 
phenomenon. Firstly, the PH task involve strong multi-axis coupling due to the vehicle being operated near the 
hover.  Both the approach to the hover position and the subsequent stabilization phases result in strong coupling 
between the longitudinal and lateral axes. These inter-axis couplings thereby increase the pilot gain and 
workload. On the contrary, the other three manoeuvres are one-axis dominant tasks. Although the RS involves 
both the lateral and longitudinal flying phases, these two phases work at different time scales. Second and 
probably most importantly, there is a task-mode change occurring from the low-speed transition to the long 
stabilization process in the PH manoeuvre. This task model change results in pilot control strategy adaption 
which to some extent, can be considered as a PIO triggering factor. Therefore, the two factors (multi-axis 
coupling and pilot control strategy adaptation) lead to the most effective manoeuvre to expose RPCs here. 

The results here are consistent with the traditional findings that high-gain missions are normal and ordinary in 
the practical flying duties, whereas severe PRCs are extraordinary events. The RPCs are usually related to 
abnormal transitions in the pilot or the effective vehicle dynamics. The lessons in the paper thereby are useful for 
the development of flying tasks to expose the potential RPCs. 

 

2.3.3 Simulator Settings Guidelines to expose RPCs 
 

Motion Base Guidelines 

Experience during both rigid body test campaigns in HFR and SRS suggest the following considerations for the 
motion base settings of simulators to be used in an RPC exposure test campaign: 

 The classical compromise while adjusting a motion base washout filter for any flying task should be 
taken into account for the first step, and then further comprise should be carried out for the RPC 
candidate task. These two steps are described below: 

 First step: 

Table 6 briefly summarizes the primary effects of motion base settings on the motion response.  

 

Table 6. Brief summary of effects motion base settings   

  Low High Notes 

H
ig

h
 p

as
s 

fi
lt

er
 

Filter order High drift 

Low phase distortion 

Low drift 

High phase distortion 

Due to gravity, the heave 
axis generally uses high 

order filters. 

Filter gain Less Responsive 

Too low: lack of 
noticeable motion cue 

More Responsive 

Too high: too 
aggressive cue 

commands 

When combined with 
high break frequencies, 

unpleasant washout 
effects could  appear 

with high gain. 

Filter break frequency More mid-frequency 
content in response 

Less Phase  distortion 

Less mid-frequency 
content in response 

More Phase  
distortion 

Depending on the 
desired frequency range, 
keeping the break 
frequency low is 
preferable 

 

Tilt Coordination Higher filter order  
required for surge 

and sway 

Lower filter order  
required for surge 

and sway 

Surge and sway 
channels achieve one 
more order due to tilt 

coordination 

On-axis harmonization Higher risk of on-axis 
abrupt response 

Lower risk of on-axis 
abrupt response 

Matching pitch & surge 
and roll & sway could 
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provide more smooth 
on-axis response 

Stroke actuator 
position and rate limits 

Larger motion space 

Higher risk of 
damage 

Lower motion space 

Lower risk of damage 

 

 

Simulator motion bases should be adjusted according to the task to be flown while performing 
compromises similar to ones that are listed in Table 6. During the first step, the task could be 
introduced with its nominal configuration (e.g. no RPC trigger, least aggression demand). Motion 
space and filter settings should be considered as task-dependent, and the user should adjust the 
proper channel parameters to benefit from the simulator capabilities for the selected task.  

 Second step: 

Adjust filter parameters depending on the task to be flown, with the most RPC candidate task 
configuration flown by a pilot with high gain and aggressive control strategy. Nominal task 
progression may not stress the motion base enough when compared to a developed severe RPC 
case. In order to avoid psychologically blocking pilots to enter a possible RPC cycle, the motion 
base should be able to provide sufficient and ‘safe’ motion cueing during the worst case scenario 
(e.g. highest aggression task setup and triggering effect).   

Control Loading Guidelines  
Control loading settings should represent the actual vehicle characteristics as closely as possible. Varying the 
fundamental parameters may increase or decrease the tendency to expose RPC occurrences, depending on the 
task and the participating pilots control strategy. Considering the recommendation for including a wide range of 
pilots with various control strategies in a RPC-focused test campaign, the best practice could be setting the 
control loading system into the baseline, which is the feel characteristics of the vehicle to be modelled.  

Most likely the control loading system of the simulator includes tuning software, and having an easily accessible 
and configurable software is highly recommended. Furthermore, using as many pilots as possible with 
considerable experience on a ‘reference’ vehicle with close dynamics and operational capabilities could improve 
the matching of control loading system in the simulator with the real rotorcraft to be designed. However, using  
control loading parameter values of the ‘reference’ vehicle could not be proper. Because, artificial feel systems 
include representative subsystems, which may not provide the same feeling if the actual vehicle control system 
values are plugged in. Thus, the control loading tuning software should provide sufficient freedom to change 
parameters of the feel systems.  

 

Visual System Guidelines  
A larger field of view is suggested for any rotorcraft test campaign using simulators, particularly for tasks close 
to ground, during which pilots use all possible reference visual cues. The brightness, resolution, refresh rate, 
edge blending, and other technical aspects of projection system should provide a visual environment that is 
sufficient for pilots to complete task especially during a RPC prone flying task.  

 

2.4 Aeroelastic Testing Guidelines to Expose RPCs 
 
The success or not for a rotary-wing aero-elastic test is mainly determined by the following three elements: a 
reasonable vibration environment, an appropriate elastic aircraft model, and a triggering factor. The guidelines 
used to design an effective rotary-wing aero-elastic test are given based on each of these factors. 
 
How to select a vibration signal 
 
It is known and accepted that APC and RPC usually need a trigger that initiates the phenomenon by perturbing 
the control of the pilot and inducing a change in the status of the pilot (a change in the actual or mental model of 
the vehicle, a shift of the focus of the pilot from the primary task). 
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put the aircraft into level flight. Such changes from a sharp turn to level flight, which require higher precision in 
positioning than the turn itself, also represent a change in piloting attitude and thus may act as the trigger for a 
PAO. Indeed, in the tests it was at such stage that the only pilot repeatedly undergoing PAO for a specific 
helicopter configuration had to abandon the task because of the uncontrollable oscillations associated with 
aeroelastic modes (the lightly damped regressive lead lag mode interacting with regressive flap and roll). 
 
In conclusion, manoeuvres requiring the pilot to transition from one flight condition to another requiring higher 
precision through a capture phase seem to have the potential to act as triggers for adverse A/RPC events. 
 

3 Simulator Guidelines for Fixed-wing 

For the ARISTOTEL project, both the TsAGI PSPK-102 and NLR GRACE research simulator facilities were 
complementary to each other (each having their particular cockpit control capabilities) and are comparable to 
modern high fidelity fixed-wing flight simulators. Both facilities represent at least the industry standard applied 
by aircraft manufacturers for the design and implementation of new aircraft flight control systems and evaluation 
of large transport aircraft APC proneness. The results in this chapter are based on the practical experiences 
during the piloted testing of aeroelastic fixed-wing APC in both the TsAGI PSPK-102 and NLR GRACE 
facilities. The simulator settings and selected flight tasks can be applied as best practice for aircraft manufactures 
having facilities with similar specifications and/or hardware capabilities to test APC proneness during the flight 
control development process. These guidelines provide recommendations to experimentally verify the fixed-
wing aeroelastic APC development criteria as reported in ARISTOTEL document D-5.1 “Design Guidelines for 
A/RPC Prevention” (ref. 18). 
Based on the experimental data obtained during the simulator experiments, the Chapter determines guidelines to 
help recognize APCs on a simulator and contains requirements for all components of the flight simulation 
procedure, i.e.: simulated flight tasks, simulator characteristics and motion system drive algorithms, the aircraft 
models, and inceptor loading characteristics. 

3.1 Simulator Settings for Aeroelastic APC 
Aeroelastic APC is a result of a biodynamic interaction in the pilot-aircraft system. It means that APC 
phenomenon can be detected if only the disturbing accelerations are reproduced. This means that the equipment 
for piloted testing of aeroelastic APC should meet certain requirements and settings to adequately expose this 
particular APC phenomenon. 
 

NLR GRACE facility 
The Generic Research Aircraft Cockpit Environment (GRACE) is the NLR transport cockpit research simulator 
facility. The GRACE simulator features a two-seat flight deck typical of a transport aircraft. The instrumentation 
panel installed in the cockpit is equipped with large liquid-crystal displays that were configured to display the 
selected ARISTOTEL tracking tasks ( 
 
 

 

 

 

Figure 60). The main GRACE hardware settings as applied in the experiments are summarised in the following 
subsections. 
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The motion drive algorithms used for the ARISTOTEL experiments are Bosch-Rexroth’s implementation of the 
classical motion filter as developed by Reid and Nahon (Ref. 19). Configured with a conventionally tuned 
parameter set, these Bosch-Rexroth motion drive algorithms are assumed to be representative for a conventional 
hexapod motion cueing as nowadays is deployed by airline training facilities and manufacturer developmental 
testing. This base-line motion drive algorithm implementation is referred as the “classic” motion filter and, in 
contrary to the TsAGI motion drive algorithm, has not been modified during the test campaigns. 

TsAGI PSPK‐102 facility 
TsAGI’s PSPK-102 research simulator has a 6-DoF hydraulic motion system of a synergistic type. The motion 
system consists of six actuators with hydrostatic bearings. The actuator's stroke is 1.8 m. The maximum values 
of displacement, velocity and acceleration in this motion system for each degree of freedom respectively are 
shown in Table 8. 
 

Table 8. TsAGI’s PSPK-102 motion platform physical characteristics   

 Travel,  
m , deg 

Velocity,  
m/sec, deg/sec

Acceleration, 
m/sec2, deg/sec2 

Surge 1.75 1.5 7 
Sway 1.475 1.3 7 
Heave 1.23 1.1 8 
Roll 35.1 30 230 
Pitch 37.8 30 230 
Yaw 60 50 260 

 

To measure and register the accelerations reproduced, six acceleration transducers are placed in the simulator 
platform which allows the measurement of linear and angular accelerations along all degrees of freedom. 

Degree of Freedom Excursions (pos, min) Acceleration Velocity 
Surge 660 [mm], -557 [mm] ± 6.0 [m / s2] ± 0.855 [m / s] 
Sway 553 [mm], -553 [mm] ± 6.0 [m / s2] ± 0.855 [m / s] 
Heave 446 [mm], -414 [mm] ± 8.0 [m / s2] ± 0.611 [m / s] 
Roll 17.75 [º ], -17.75 [º ] ± 130.0 [º / s2] ± 30.0 [º / s] 
Pitch 16.60 [º ], -17.25 [º ] ± 130.0 [º / s2] ± 30.0 [º / s] 
aw 22.05 [º ], -22.05 [º ] ± 200.0 [º / s2] ± 40.0 [º / s] 
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pilotfrbrδδ FδsignFδsignFδFδFδm     

 
where: m is inertia, δF  is damping, δF  is force gradient, Fbr is breakout force, Ffr is friction, Fpilot is forces 

applied by a pilot. 

In of the experiments that were conducted during the project, all the feel system characteristics varied in a wide 
range. 

 

3.2 Simulator Guidelines for Fixed wing aeroelastic APC 

3.2.1 Selection of Flight Tasks 

 
The tasks should be selected to demonstrate, first of all, the effect of structural elasticity and the role of inceptor 
characteristics in contributing to this effect. The effect of high-frequency lateral accelerations is most noticeable 
while performing two main piloting elements: step-wise inceptor deflections, when the pilot is in the open loop, 
and/or short and abrupt inceptor deflections while tracking. Taking this fact into account, the following piloting 
tasks were selected: Gust landing, Tracking the “jumping” runway, Roll tracking. All these piloting tasks assume 
abrupt inceptor activity, which results in intense lateral accelerations.  
 
Gust landing 

Initial conditions: altitude 262 ft,  heading 0, distance  from  the  runway  0.81 miles.  

At 115 ft altitude a side step-wise left or right (random) wind gust is introduced: 

Wy = 8t  knots  at 0<t<3 sec,  
Wy = 24 knots  if  t >3 sec. 

The task diagram is shown in Figure 67. 

The wind gust introduced leads to aircraft rolling and lateral drifting. To compensate for the aircraft motion, a 
pilot should respond quickly to align the aircraft along the runway whilst avoiding large bank angles.  

 

Figure 67 The diagram of the “Gust landing” task. 

 

Tracking the “jumping” runway 

The task is performed at altitude 50 ft, heading and bank angle are zero. In the course of experiment the runway 
right- and left-side shifting is simulated in turns every 20 seconds. The size of shifting is equal to the half-size of 
runway 98 ft. 

The task diagram is shown in Figure 68. 
 
 
 
 
 
 

         runway 

8 kt/sec 

Altitude 262.5 ft, 
Distance 0.81 miles 

Altitude 100 ft 

wy=24 knots 

                                     
                   30 м
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The results in Phase II show the adaptation of the pilots to the RPC event (the RPC was introduced by adding 
time delay in the control path). It was observed that all pilots matched almost the same low frequency (up to 3 
rad/s) magnitude response except Pilot D, who responded with the highest visual gain which implies a higher 
compensatory task performance with a high crossover frequency than other pilots. All pilots showed an 
increased lead generation during Phase II. Another result is the reduction of pilots’ neuromuscular natural 
frequency, such that the frequency of the magnitude peak has lower values in Phase than Phase I. This shows 
that the pilot’s physical adaptation to RPC is to gain more phase while coping with added time delay. Akin to 
neuromuscular resonance frequency, pilots also showed lower neuromuscular damping (for example pilot A 
showed signs of a significant under-damped neuromuscular activation when compared to Phase I results). The 
pilot adaptation when exposed to RPC triggered time delay could be summarized as: 
 

 There is a reduction in pilots’ visual gains during RPC, especially at low frequencies, this in 
order to increase the vehicle stability; 

 There is an increase in the pilots lead equalization (equalization can be defined as the pilots 
capacity to adapt their control behaviour according to the vehicle dynamics, in other words to 
equalize what the aircraft is doing. It is generally accepted that the pilot equalization consists 
of one lead term and one lag term) of the pilots in order to overcome the additional time delay 
introduced in the control path;  

 There is a decrease in the pilot neuromuscular frequency and neuromuscular damping;  
 
One of the lessons learned from this identification exercise showing the pilot strategy as exposed to RPC 
demonstrates how important the human reaction time is in A/RPCs and one can be trained for improving this 
reaction time in A/RPCs. Another lesson is that when exposed to a time delay in the control system, a 
professional pilot is backs off from the control loop trying to calm the aircraft oscillations.  
 
Discussing human reaction time, this can be defined as the time elapsing between the onset of a stimulus and the 
onset of a response to that stimulus. Simple Reaction Time is generally accepted to be around 220 milliseconds 
[ref. 7]. In simple reaction time experiments, there is only one stimulus and one response. Simple reaction time 
can be gauged in a variety of ways but basically a person is asked to place their finger on a button or a switch 
and told to manipulate that button or switch in response to a light or a sound. In this case the person is reacting to 
a “Known Stimulus” during the observe step and using a pre-determined response during the decide step. It 
should be noted here that many researchers have found that reaction to Auditory Stimulus is faster than reaction 
to Visual Stimulus. Perhaps this is because an Auditory Stimulus only takes 8-10 Milliseconds to reach the brain, 
but a visual stimulus takes 20-40 milliseconds to reach the brain [ref. 8]. A more familiar example of simple 
reaction time is the “Brake Light Theory” “You are driving down the road and you “Observe” the brake lights 
of the car in front of you come on. This is a “Known Stimulus” because you expect while driving to have this 
happen and because you expect this, you already have a predetermined response, which is to remove your foot 
from the accelerator and apply the brake. From the time we Observe the brake light (Onset of Stimulus) to the 
time we begin to remove our foot from the accelerator, (Onset of a reaction to Stimulus) less time has elapsed 
than if we were responding to an Unknown Stimulus, which brings us to the Flash Bang Theory. Our reaction 
time is slower when we are responding to “Unknown Stimulus…”.(from Boyd’s O.O.D.A Loop and How We 
Use It By: Tracy A. Hightower, www.tacticalresponses.com ) 
 
There are other factors that can affect the human reaction time, some of which can be overcome with training. In 
1952 Hick [ref 9] confirmed that by going from one response choice (Decision Step) to two, response time 
increased by 58%. This is widely known as “Hick’s Law” or “Hick–Hyman” Law [ref. 10] and describes the 
time it takes for a person to make a decision as a result of the possible choices he or she has. According to this 
law, increasing the number of choices will increase the decision time logarithmically. The Hick–Hyman law 
assesses cognitive information capacity in choice reaction experiments. The Hick-Hayman law has been 
repeatedly confirmed by subsequent research. For a pilot, if the vehicle does not react how it should, the more 
choices the pilot has to choose from, the slower he/she will react. As an example if a student through training has 
learned that at any given time his/her vehicle may experience a type one malfunction and he/she has trained to 
have a single response then as in the “Brake Light” example, through training and experience the malfunction 
has become a “Known Stimulus” and the solution has become a predetermined response and reaction time is 
faster. 
 
Other factors that affect the human reaction time are Denial and Emotional Filter. Denial is when you refuse to 
accept or Deny that this is happening to you. Emotional Filter is a lot like Denial except that you wish that this 
were not happening to you. Both of these things can and will affect your reaction time but fortunately they can 
be overcome with training as this commonly happens with people who have little or no training. 
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In 1960, Henry and Rogers [ref. 11] found that not only does increasing the number of responses affect human 
reaction time, but also by increasing the complexity of the tasks, induces stress that can adversely affect your 
reaction time. In their experiment, while doing simple reaction time test, the participants were instructed  to 
place their finger next to a switch and when they hear a certain sound, they are to flip the switch. After each 
subject’s time was registered and recorded they used the same group and did the same test but added another task 
to do after flipping the switch. The subjects were told to flip a second switch after completing the second task. In 
both tests, the only time recorded was the time it took to push the first button and the researchers found that the 
added stress of having a more complex task to perform caused each subject’s reaction time to increase by an 
average of 31%.  
 
Fighter pilots know that Fatigue is also an important factor affecting pilot reaction time. Colonel Boyd, the 
initiator of the OODA concept in training in the 1950’s (Observe, Orient, Decide and Act), observed that in a 
dogfight between F-86 and Mig-15, the pilots flying the F-86 were winning although it was known that F-86 
aircraft was slower and less manoeuvrable when compared to Mig-15. The reason for this was that the F-86 was 
fully hydraulically controlled and the MIG-15 was only hydraulically assisted. This meant that Boyd’s pilots 
could operate their aircraft with easy and gentle manipulation of the controls, while the MIG pilots had to work 
harder to manoeuvre their aircraft. Boyd found that the more his pilots manoeuvred and the longer a dogfight 
persisted the more fatigued the MIG pilots became and the slower their reaction time became until the F-86 
pilots were able to manoeuvre their aircraft into a position of dominance. Discussing on the O.O.D.A. Loop 
mentioned above, one can conclude that this concept can apply also to pilot training in an A/RPC. This loop is a 
way of explaining how the pilots go through the process of reacting to stimulus. First, one observes or gets 
information (although we process approximately 80% of the information we receive with our sense of sight, we 
can and do make observations with our other senses).The next step is the Orient step in which he/she determines 
what it means to him/her and what he/she can do about it. In the Orient stage one is focusing his/her attention on 
what he/she has just observed. The next step is the Decide step in which one has to make a decision on what to 
do about what he/she has just observed and focused his/her attention on. Once one has made his/her decision, 
finally the last step comes, that is to Act upon that decision. The O.O.D.A loop is what happens between the 
onset of a stimulus and the onset of a reaction to that stimulus and this can be trained. In a pilot training protocol 
for RPC, the first and last stage of the OODA loop, i.e. Observe and Act are important (see also the APC 
recommendations below) 
 
 

4.2 Training protocols for APC  

The experiments conducted and analysis made in the previous chapters allow us to make the following 
recommendations for training organizations to demonstrate aeroelastic APC events to pilots and to train them to 
recognize and avoid these dangerous and unpleasant events.  

Since the work done in the project dealt with roll control axis, the recommendations given here, are for 
aeroelastic APC known as “roll ratchet”.  

 
Types of simulated flight tasks. 

The APC is a non-regular, accidental event. Among the triggers which can provoke APC to arise, is pilot “tight” 
control activity. That is why the flight tasks should force the pilots to apply such style of control. Three types of 
flight tasks are recommended:  

1. Gust landing 
2. Tracking the “jumping” runway 
3. Roll tracking task 

The description of the tasks is given in Section 3.2.1. 

The pilots are instructed to make sharp inceptor deflections to counteract the wind gust, or to track the visual 
signal. The sharp control activity would provoke structural elasticity oscillations which can lead to APC event. 

If there is no possibility on the training simulators to vary aircraft characteristics to demonstrate the APC 
tendency, the modern inceptor loading systems can allow variation of feel system characteristics, for example 
damping. The damping variation is an effective way to demonstrate APC tendency changing. 
 
How to identify that an APC event is in the progress 
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The aeroelastic APC characterizes itself by sustained accelerations at the frequencies corresponding to the 
dominant structural elasticity mode. The auto-oscillations can make further task fulfillment difficult or 
impossible at all, and lead to dramatic pilot rating degradation.  

Figure 84 above demonstrates APC in progress. As this and other recordings made during APC cases show, the 
aeroelastic APC grows very quickly. At the beginning the pilot can feel a certain small-amplitude “beating”, 
which within 2-4 seconds can develop into serious sustained accelerations with rather large amplitude (up to 0.1 
g). The accelerations cause abrupt body and limb-manipulator system displacements, which interfere with the 
voluntary pilot activities and lead to the accelerations intensification.    
 
Piloting techniques to avoid APC and to cope with it in flight 

The aeroelastic APC is an accidental event, which can occur even if structural elasticity characteristics and 
inceptor feel system characteristics are optimum (as it was observed in experiments in the ARISTOTEL 2nd test 
campaign). The trigger can be pilot sharp control activity. Thus, the general recommendation for the pilots to 
avoid aeroelastic APC in flight is to avoid the sharp inceptor deflections.  

The introduction of the additional inceptor damping is the implementation of the idea. The damping does 
increase the total inceptor forces at the frequencies typical of the active control activity, but prevents the sharp 
control inputs leading to APC. 

The control systems with side sticks and centre sticks are more prone to aeroelastic APC. If the APC occurs with 
such types of inceptors, the only recommendation is to release the stick until the oscillations stop. If the pilot 
continues to struggle with APC trying to stop it with a tighter grip, the accelerations can become even worse.  

The control systems with traditional wheel are not so prone to the high-frequency APCs. Nevertheless, the APC 
for such type of inceptor cannot be totally excluded, for example, when the pilot controls the wheel with one 
hand on (the other hand is on the engine levers). In the project we did not consider this case in detail, but can 
assume that if wheel is deflected more than 45, then an APC is possible.  
If the APC occurs with a wheel, the recommendation to the pilot is to apply the other hand: two-hand control 
provides APC’s reduction and disappearance.    
 

4.3 Training Protocols for A/RPC: Pilot Guidelines  
 
During the ARISTOTEL project, 6 professional pilots were used for investigations. Furthermore, some non-
professional pilots were used. An important element of all test campaigns was the correct briefing, and 
engagement of pilots. It was important for the pilot to know what is expected of them during the test campaign, 
and the requirements for testing. This is very important for ensuring that standardized test procedures are in 
place. Below are some of the key requirements when conducting trials; 
 
Task Performance Aspects 
 
It is important that the pilot is fully aware what is expected from their completion of any tasks. Given the chance, 
the pilot will most likely not do the task as it was originally designed. Therefore, it is very important that the 
pilot is aware of what is expected, and for the engineer to carefully monitor what the pilot is achieving. RPCs 
only materialize in certain, possibly rare, circumstances. One pilots operation of the vehicle may be very 
different from the next. This is why it is important that all pilots are required to excerpt the same levels of task 
aggression. The tasks used in this project, performance tolerances have been carefully engineered to ensure that 
the required levels of aggression are met. If the pilot does not perform the task to these tolerances, it is likely 
they will not expose the same A/RPC tendencies as the next. In terms of standardization, it is really important 
that all pilots complete the task as it was designed. Furthermore, it is not acceptable for the pilot to estimate what 
will occur if they increase their performance to meet requirements. Occasionally, the pilot will comment “If I 
kept doing this, I would award a rating of ….”. This is sometimes common in HQ investigations, where the 
rating is very dependent on the task performance. As pilots become more proficient with tasks, their confidence 
and performance is likely to improve. In A/RPC investigations, the dynamic nature of couplings could change as 
the pilot becomes more proficient with the task. The result may be that the tendency for A/RPC increases.  
 
Awareness of what constitutes A/RPC 
 
The test pilot is always willing to investigate performance aspects of the aircraft. However, the pilot must be able 
to recognize what they are looking for in the investigations. Furthermore, they must be aware of all definitions, 
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and the understanding of various terms. If not correctly instructed, pilots will usually try and apply their 
opinions, which may not necessarily agree with the opinions of those conducting the flight test. In order for pilot 
comments, any subjective ratings, and any opinions of the flight test team to correlate, both must have an 
understanding of the others views.  
 
Therefore, in the briefing process, it is important that all pilots are made familiar with what constitutes an un-
commanded oscillation, an un-demanded motion. Furthermore, it is important that pilots understand what they 
are assessing, and when the assessment takes place.  
 
Observation of pilot performance 
 
During the test process, pilots may be experienced to unfamiliar and undesirable vehicle characteristics (These 
are of course what the test team likely wants to see). However, these experiences may be slightly alien to the 
pilot, and may leave them less than happy. There could be a number of implications from this that the assessing 
engineer must be aware of. The first is pilot reluctance; it must be observed whether pilots are exerting consistent 
performance, throughout their flight tests. Ideally, at the end of day, the pilot should be performing in the same 
manner they performed at the start of the day. If the pilot feels any discomfort or sickness, it is likely that they 
will dramatically change the way in which they fly the task to compensate. The second aspect is pilot tiredness. 
If pilots are tired, it is likely that there performance would suffer alongside their ability to convey what they felt 
during the task completion. This will lead to both spurious pilot ratings and the comments, and also likely lead to 
a reduction in task performance.   
 
Pilot Comments 
 
The most important aspect of any piloted investigation is collection of their comments. Subjective ratings are 
taken in order to guide the pilots comment process. Questionnaires or other measures may be employed to also 
assist.  After each test case, the pilots should give comments on their experiences which they had during 
completion of the task maneuver. When presenting results or discussing performance with pilots, their comments 
should always be used. 
 

5 Conclusions 

Concerning the Simulation Task Recommendations it was proved that for helicopters, piloting tasks that force 
high gain, closed-loop pilot control should be selected. These tasks must have well defined, and well justified 
performance parameters, to force consistent pilot control strategy. However, tasks are expected to expose 
performance beyond that expected for normal operation of the vehicle. Suitability of tasks can be assessed using 
Handling Qualities Ratings.  
 
ADS-33 manoeuvres are a suitable baseline for RPC investigations. Tasks designed to assess vehicle handling 
qualities can unmask RPC tendencies, when flown using a certain piloting strategy. However, tasks do not 
necessarily expose deficiencies for all pilots. Pilots who are cautious, or use an ‘open-loop’ control strategy, 
were shown to complete ADS-33 manoeuvres without exposing deficiencies due to RPC triggers. As a result, \ 
high scatter in pilot subjective ratings was observed. Therefore, tasks must be modified to ensure consistent 
performance between pilots. Modifications should create a task that is operationally relevant, but pushes the 
vehicle beyond the normal operational range.  
 
Moving the reference pole of the Precision Hover course has the desired effect of decreasing pilot variability, 
and increasing consistency amongst results. Furthermore, more dynamic and dangerous PIOs were observed, 
exposing the possible oscillations that may occur in the vehicle. Moving the pole closer to the pilot also 
increased the emphasis on the forward cue during completion of the manoeuvre. This was found to increase task 
performance consistency, and reduce differences in performance attributed to differences in the simulation 
cueing environment.  
 
Changes in performance to the Roll Step did not show a large difference in subjective ratings awarded. However, 
increasing the task speed did show a difference in results obtained. It is recommended that the task performance 
requirements are again revisited. Very limited investigations with narrower gates showed a large increase in PIO 
susceptibility. It is envisaged that changing task performance in this way will increase the success of the 
manoeuvre in exposing PIOs.  
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A range of pilots, of different experience and backgrounds should be used for completion of Mission Tasks. 
Eventually, the aircraft will be flown by inexperienced pilots, who will have very different flying abilities to 
experienced test pilots. In the investigations, it was found that operationally current pilots are less likely to 
expose RPC tendencies whilst completing ADS-33 style manoeuvres. This is as they are more used to flying the 
manoeuvre in an environment where safety is paramount. These pilots will be more likely to back-out or 
abandon task as soon as they experience any problems. Test pilots who are less current, or more ‘experimental’ 
will give less consideration for safety, and will likely try and push the vehicle to its performance limitations. 
Changes in performance tolerances should reduce the variability offered with regards to pilot control strategy.  
 
For aircraft, determined are the requirements to all elements important to ensure adequate fidelity of aeroelastic 
APC simulation (flight tasks, aircraft model, simulator dynamics, motion system drive algorithms, inceptor 
loading system), based on the extensive simulator experiments and the basic knowledge on the pilot’s motion 
cues perception: 
Three flight tasks are recommended to use simultaneously: gust landing, tracking the “jumping” runway, roll 
tracking task. The tasks force the pilot to make step-wise control inputs, which provoke high-frequency 
structural elasticity oscillations and can lead to APC. 
The model of structural elasticity must be accurately presented. The level of accelerations determines the pilot 
opinion of the aircraft handling qualities and is one of the main factors leading to APC tendency. 
Flight simulator must have good dynamic performance. Amplitude distortions can lead to the distortions of 
accelerations intensity reproduction and, as a consequence, to APC tendency overestimation or underestimation. 
The effect of phase distortion depends on the structural elasticity characteristics, but in any case lead to APC 
tendency underestimation, due to the fact the aircraft response becomes not so abrupt, and pilots interpret the 
accelerations as a high-frequency disturbance rather than consequences of their control activity. The 
recommendations in this guideline are given to improve the flight simulator dynamic performance by 
introduction of the special correction filters. 
Lateral accelerations should be reproduced full-scale. Scaling down would reduce the accelerations’ effect and 
distort pilot opinion of the elastic aircraft handling qualities or pilot training. Since the perception of 
accelerations at the frequencies typical of structural elasticity does not practically depends on the low-frequency 
accelerations caused by rigid-body aircraft motion, only high-frequency filters can be used to reproduce the 
lateral motion. 
Inceptor loading system must allow variation of the feel system characteristics in a wide range in order to help 
designers to properly select them and to demonstrate to the pilots the APC tendency caused by inadequate 
inceptor characteristics. Special attention should be paid to the control systems with sidesticks and center sticks, 
as they are the most prone to APC.  
These set of recommendations for fixed-wing flight control system developmental testing can also be applied for 
accurate pilot training for aeroelastic APCs, which include types of simulated flight tasks, identification of the 
APC in progress, piloting techniques to avoid APC and to cope with it in flight.  
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