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Abstract: Rotorcraft-pilot-couplings (RPCs) of today helicopters seem to be highly more problematic for safety 
than aircraft-pilot couplings (APCs). GARTEUR organisation (Group for Aeronautical Research and 
Technology in Europe) has recently engaged the industry, research laboratories and academia in the group 
GARTEUR HC-AG16 with the goal of assessing the problems associated with undesirable RPCs. The goal of 
the present paper is to give an overview of the GARTEUR work performed on rigid body RPC. Rigid body RPC 
involve adverse coupling phenomena dominated by helicopter lower frequency dynamics  (range at frequencies 
of approximately 1 Hz and below) characteristic to flight mechanics modeling and an active pilot “keen“ to fulfil 
the mission task by actively controlling the rotorcraft. Using a state-space identified model enhanced by a full 
authority fly-by-wire RCAH-type flight control system, the paper will demonstrate that: 1) the bandwidth/phase 
delay criterion and Gibson average phase rate criterion used for Cat. I PIO prediction of fixed wing aircraft can 
be applied also for helicopters. Low dynamics and high time delays result in general in a PIO prone system. 2) 
the OLOP criterion used for Cat. II PIO analysis shows that the boundaries for helicopters lie between the fixed 
wing aircraft original OLOP boundary and the modified OLOP2 boundary. The paper investigates the concept of 
“boundary avoidance” for RPC analysis. In this respect, it will be shown that the condition for a RPC onset 
depends on the value of the minimum time to boundary which has to be proportional to the system time delay. 
The closer are the boundaries, the higher the tendency to develop RPC. 

Nomenclature 

A = system matrix (-) 
B = control matrix (-) 
C = FCS system matrix (-) 
f = vector of non-linear functions (-) 

x  = state vector  (-) 

u  = pilot control vector (-) 

y  = FCS state vector (-) 

FBKu = Feedback control vector (-) 

FCSu = FCS control vector [-] 

ffwK  = FCS feedforward  gain matrix [-] 

fbkK = FCS feedback  gain matrix [-] 
p = roll rate [rad/s] 
q  = pitch rate [rad/s] 
r = yaw rate [rad/s] 
 

 
 

mint = minimum time to boundary in the BAT 
concept [s] 

, ,u v w  = velocity components [m/s] 
g  = gravity [m/s2] 

xzzzyyxx IIII ,,,  = moments of inertia [kgm2] 
δ  = system time delay (msec) 

0δ = collective pilot control [%] 

pδ = pedal pilot control [%] 

xδ = longitudinal pilot control [%] 

yδ = lateral pilot control [%] 

φ = roll angle [rad] 
θ  = pitch angle [rad] 
ψ = yaw angle [rad] 
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1. INTRODUCTION and BACKGROUND 
Pilot induced oscillations (PIOs) have plagued 
piloted aircraft and rotorcraft since the beginnings 
of powered flight. Generally they are defined as 
“inadvertent, sustained aircraft oscillations as a 
consequence of an abnormal joint enterprise 
between the aircraft and the pilot” [ref. 1]. In other 
words, PIOs are sustained or uncontrollable 
oscillations resulting from the efforts of the pilot to 
control the aircraft. These undesirable oscillations 
may result in potential instabilities and limit cycle 
oscillations, degrading aircraft handling qualities 
and exceeding the vehicle structural strength limits. 
While the PIOs of early aircraft were due almost 
entirely to the pilot or to poor design, today’s PIOs 
are far more complex and varied from those 
encountered in the past.  Recently a new term for 
PIO has been introduced: aircraft/rotorcraft-pilot 
coupling (APC/RPC). Reference 2 underlines that it 
is important to note that the new correct term is 
unfavorable APC/RPC, since it can be argued that 
normal pilot control is favorable APC/RPC. The 
term APC/RPC will be used throughout the present 
paper.  
 
As regarding the rotorcraft-pilot coupling (RPC), 
rotorcraft design tends to lag aircraft design by 
some two decades. Table 1 summarizes a short 
collection of famous adverse RPCs occurring 
during the years.  
 
Type Year Associated with Ref 
BO 46 1964 Rotor Control/gyro 

system coupling 
23 

CH-47 1968 Rotor/Sling Load 
Bounce 

24 

AH-56 1970 Flexible Control 
Actuation System  

25 

CH-53E 
(USN) 

1978 Flexible Mode-Sling 
Load Interaction 

26,33 

CH-53 
G (GAF) 

1980 Flexible Mode-Sling 
Load Interaction 

27 

UH-60 
ADOCS 

1988 Excessive time delays 28 

V-22 1989 Flight  Control/ Flexible 
Mode Interaction 

29, 
33  

BO 105 
ATTHeS 

1993 Time delay/attitude 
command 

30 

BO 105 
ATTHeS 

1995 Biomechanical/Airframe 
coupling 

31 

EC 135 2008 Air resonance controller 
introduced in the FCS 
system 

32 

EC 145 - FCS system  
Tiger - FCS system  
Table 1: Adverse Rotorcraft-Pilot Coupling 
Occurrences [ref. 3 + new occurrences]  
 
Recent experiences showed that research 
helicopters that incorporated advanced FCS 

systems exhibited RPCs in several high gain tasks 
including landing, tracking tasks or other 
aggressive manoeuvres. RPCs of today’s 
helicopters seem to be highly more problematic for 
safety than APCs. The reason for this is that, in 
general, rotorcraft, in particular military helicopters, 
have to be capable of precise and aggressive 
manoeuvring close to he ground at night and in bad 
weather. Therefore, rotorcraft handling qualities are 
specifically tailored to the demands of different 
manoeuvres by using complex flight control 
systems (FCS). The problem is that each FCS 
component of an actively controlled rotorcraft 
introduced to improve handling qualities adds extra 
high-order dynamics to the rotorcraft-pilot system. 
The bare rotorcraft dynamics will couple to the 
pilot and FCS dynamics, changing the final 
rotorcraft behaviour. Figure 1 from ref. 3 shows the 
multitude of integrated FCS components that can be 
used to improve handling qualities. One can see 
different components as inceptors (manipulators) 
and effectors (actuators and rotor blade controllers), 
sensors, display and software interfaces (control 
and display laws). Hence, different flight control 
laws can be programmed for different flight phases, 
for example attitude command attitude hold 
(ACAH) for precision landing or slalom 
manoeuvre, rate command attitude hold (RCAH) 
for nap-of-the-earth flight, etc. “The higher-order 
dynamics of actively controlled rotorcraft will 
result in reduced system bandwidth and increased 
system phase delay which is directly related to the 
total effective time delay of the rotorcraft-pilot 
system...Effective time delays of more than 200 ms 
(50-70ms inherent rotor response delay, 30ms 
actuator delay and additional delays due to digital 
computing, sensor signal shaping and filtering) 
may reveal poor handling qualities due to high-
gain tasks. They exhibit potential sources of 
adverse rotorcraft-pilot coupling.”[ref. 3]  

 
Figure 1: Integrated Rotorcraft-Pilot System 
[ref. 3] 

To solve this problem, GARTEUR organisation 
(Group for Aeronautical Research and Technology 
in Europe) has recently engaged the industry, 
research laboratories and academia in the group 
GARTEUR HC-AG16 with the goal of assessing 
the problems associated with undesirable RPCs and 
to recommend technologies for prediction and 
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suppression of these oscillations [refs. 4, 5, 6]. The 
group has divided the RPC phenomena into two 
categories: 1) lower frequency range RPC at 
frequencies of approximately 1 Hz and below or 
“rigid-body RPC“ involving adverse coupling 
phenomena dominated by helicopter low frequency 
dynamics i.e. flight mechanics characteristics, by 
the flight control system and by an active pilot 
“keen“ to fulfil the mission task by actively 
controlling the rotorcraft; 2) high frequency range 
RPC at frequencies of 2 Hz  up to 8 Hz or 
“aeroelastic RPC“ corresponding to higher 
frequency dynamics, i.e. elastic airframe and main 
rotor blades modes, which involve more a passive 
pilot subjected to vibrations. The goal of the present 
paper is to give an overview of the GARTEUR 
work performed on rigid body RPC. As helicopter 
example, the paper will concentrate on a BO105 
model and on two flight conditions, i.e. hover and 
65 kts straight flight.  

2. HELICOPTER-PILOT MODELLING FOR 
RIGID BODY RPC 
A simplified rotorcraft model was employed in the 
study of the RPC proneness named BO105 
“Baseline model”. It is an identified state space 
model provided by DLR [ref. 7] and features 8 
degrees of freedom corresponding to a rigid 
airframe, a rigid main rotor with equivalent hinges 
and a teetering rigid tail rotor. The vehicle 
dynamics are: 
 

( )

( ) θφφψ
φφθ

θφφφ

cos/cossin
sincos

tancossin

rq
rq

rqp

uBfxAx

+=
−=

++=

++=

  (1) 

 
with 

( T
trimtrimtrim qprqpwwvvuux −−−= )

the state vector corresponding to helicopter 
translational and rotational velocities in x-,y- and z-
axis and φ,θ,ψ the Euler angles;  

( )T
ptrimptrimytrimyxtrimxu δδδδδδδδ −−−−= 00

 the 
control vector corresponding respectively to 
longitudinal, lateral, collective and pedal pilot 
controls; A and B the matrices of state derivatives 
and control derivatives and  the nonlinear 
contribution due to gravity, inertial couplings and 
flight dynamics couplings. One can see that the 
DLR identified model is characterized by an 
extension of the differential equation in roll and 
pitch to equations of second order, these additional 
degrees of freedom being substituted to the 
longitudinal and lateral flapping. The non-linear 
term  is given by: 
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     (2) 
 
The state trim values 
( )trim trim trim trim trimu v w φ θ  and the control 

trim values ( )0xtrim ytrim trim ptrimδ δ δ δ  together 
with  the system matrix A and control matrix B 
have been provided by DLR and correspond to two 
flight conditions: hover and level flight 65kts (i.e. 
120 km/h or 33m/s). The signs of the pilot controls 
are specified in ref. 7 as: Longitudinal control xδ : -
100% pushed and +100% pulled; Lateral control 

yδ -100% left,+100% right; Collective control 0δ : 
0% pushed down, +100% pulled up; Pedal control 

pδ : -100% pushed left, +100% pushed right. Each 
partner of the GARTEUR group had also their “in-
house” theoretical models for helicopter modeling  
(example TUD had an 8 dof model body-first order 
flapping dynamics 1 1( , , , , , , , )c su v w p q r β β , DLR  
and ONERA a 10th order HOST [ref. 8] model 
body-second order flapping dynamics 

1 1 1 1( , , , , , , , , , )c s c su v w p q r β β β β , Univ. of Liverpool 
and NLR a FLIGHTLAB model [ref. 9]. All the 
partners tried to adjust their model as good as 
possible to the identified baseline model and used it 
as a reference. Figure 2  presents for example the 
pole map of the HOST model as compared to the 
identified baseline modes of eq. (1).  
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Figure 2: Eigenvalues of the BO105 

 3



One can see that the theoretical and identified 
eigenvalues of the Dutch roll for hovering case are 
quite different in damping. Responses to a (3-2-1-1) 
pedal input were also compared on Figure 3 for the 
baseline model and the identified state-space model 

(SSM) together with flight tests data. One can see a 
good agreement between the short term response of 
the baseline model and the flight tests. 
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Figure 3 Comparison between the baseline model, the SSM model and the flight test data 

  
For RPC analysis, the state space model (1) has 
been linearized. The linear model is represented by 
the equivalent system: 
 

( ) uBxfAx ++= '    (3) 
 
where  contains the derivatives 'f

( )/ trim /f x f f∂ ∂ = − Δx of the nonlinear term . 
By definition of the non-linear term f, 

 is equal to zero at trim 
conditions. The linear model is then simply: 

f

( ) xffxf trim Δ−=∂∂ //

 
uBxAx +=     (4) 

 
This was done because RPC analysis involves 
usually criteria which are mode based (this has 
historical reasons as early PIOs were mainly due to 
deficiency in short period damping or low control 
sensitivity and therefore needed criteria predicting 
these specific modes). 
 
Next, the non-linear state space model of the 
BO105 helicopter was augmented with a full-
authority flight control system (FCS). This was 
done in order to present a large bandwidth 
characteristic for RPC prediction. Figure 4 presents 
the BO105 with generic augmented dynamics 
analysis. One can see that the pilot inputs, together 
with the FCS system, provide the input to the 
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rotorcraft model, the rotorcraft states being fed back 
to the FCS system. 

( )1 2 3 4
Ty y y y y=

  

 
Figure 4: Generic modelling of the helicopter-
FCS system 

For the FCS system, a full-authority fly-by-wire 
RCAH-type control law was added to the original 
model (see Figure 5). This gives what is called the 
“Augmented BO105 model”. The function of the 
longitudinal controller is pitch rate control with 
attitude hold. The lateral and directional controller 
enables the pilot to perform roll rate and yaw rate 
control with attitude hold. The function of the 
vertical controller is vertical speed control in body-
axes. The designed FCS has tunable feed-forward 
and feedback gains to provide the vehicle with 
varying flying qualities which comply with the 
ADS-33 requirements from Level 1 to Level 3.  In 
addition, the ability to introduce time delays to the 
model control circuit was provided to create 
vehicles of different RPC proneness. 
 

 
Figure 5 Diagram of the FCS system 

 
The dynamics of the augmented helicopter model is 
given by: 
 

( )

( )

0
0 0 0

sin cos tan

cos sin
sin cos / cos

xffw
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where 

( )

is the flight control system 
state vector. The feedback control law is given by: 
 

FBK xfbk yfbk

x
u K K

y
⎡ ⎤

⎡ ⎤= ⎢ ⎥⎣ ⎦
⎣ ⎦

   (6) 

 
The gain matrices   and  
are obtained analytically by shaping the pitch, roll, 
heave and yaw responses to the desired dynamics. 

yffwxffw KK , yfbkxfbk KK ,

 
Commenting on the adequacy of the mathematical 
model considered in this paper, the GARTEUR 
group considered that by using a state space model 
augmented with a numerical FCS, the dynamic 
behaviour of the BO105 could easily be modified 
for RPC analysis. The level of fidelity considered in 
the state space model can approximate the 
helicopter behaviour in the range of modeling for 
pilot compensatory behavior, i.e. up to 0.8 Hz. 
Therefore, the model used is able to reveal the 
RPCs in the range of 1-5 rad/sec (0.16-0.8 Hz) that 
are associated with pilot behavior in the 
compensatory loop and corresponds to rigid body 
RPC prediction. 
 
The GARTEUR HC-AG16 group undertook two 
different approaches to model the pilot for RPC 
analysis. From the beginning it was decided that the 
pilot model to be designed had to explicitly 
concentrate on the pilot effort in the compensatory 
loop. This means that the pilot exerts continuous 
closed-loop control on the aircraft in order to 
minimize the error existing between the 
commanded signal and the helicopter response. The 
pilot model fulfils the function of guidance and 
stabilization. The guidance function is achieved by 
means of the FCS system as described above. For 
the stabilization function, two approaches have 
been used: 1) one model is based on the principles 
of crossover modeling [ref. 1]; 2) the other model is 
based on a new approach currently under 
development at TUD, the so-called boundary-
avoidance tracking. The latter will be extensively 
treated in section 4 of this paper. 
 

T
trim trim trimx u u v v w w p q r p q= − − −

is the helicopter state vector; 

( 0 0

T

x xtrim y ytrim trim p ptrimu δ δ δ δ δ δ δ δ= − − − − )
is the pilot control input vector; 

Figure 6 presents the basic principles for the 
compensatory control in the crossover model for 
the roll axis. The incoming signal (for example the 
desired roll attitude φdes) is captured from the 
guidance level and is processed by the pilot at the 
stabilization level. To initiate the PIO, a variable 
time delay of 0, 100 and 200 msec has been 
introduced in the pilot control (time delay in 
processing the visual, proprioceptive or vestibular 
signals). The pilot output then enters the FCS 
system and the rotorcraft model resulting in 
changes to the helicopter states (i.e. roll attitude φ). 
The helicopter states are fed-back in a closed-loop 
to the pilot, the pilot applying the input based on 
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the error needed to change the attitude from φ to 
φdes. The essence of the cross-over model is that 
increasing pilot gain, Kp, leads to instability. 
    

 
Figure 6 Compensatory control behavior in the 
cross over pilot model 

3. RPC PREDICTION 
Up to the present, the criteria employed in the 
prediction of contemporary rotorcraft RPCs have 
been largely drawn from fixed-wing aircraft 
criteria. Therefore, the main research focus of the 
GARTEUR group on the rigid body RPC was to 
review existing fixed wing PIO criteria and to 
assess whether these criteria could be applied to 
rotorcraft. In this context, it should be mentioned 
that only Category I and Category II PIO criteria 
were investigated. According to McRuer [ref. 1], 
Category I refers to linear pilot-vehicle system 
oscillations, i.e. one can assume linear behavior of 
the pilot and control system. The most common 
cause associated with such PIOs is excessive phase 
loss (in frequency domain) or excessive time delay 
(in time domain), typically resulting in a 
destabilization of the closed loop pilot-vehicle 
system. Category II PIO or quasi-linear pilot-
vehicle oscillations correspond to limit cycle 
oscillations of the pilot-vehicle system due to 
nonlinear control elements in the feedback system 
(such as rate and position limiters). The usual cause 
of category II PIO is a trigger event. Category III 
PIO covers severe pilot-vehicle oscillations, which 
are inherently non-linear and characterized by a 
transition from one transient response to another. 
The detection and modeling of transition physics in 
category III PIOs can be related to the vehicle (e.g. 
non-linear aerodynamics), to the flight control 
system state transition (e.g. mode switching) or the 
pilot-biomechanics (e.g. pilot pattern change). 
Category III PIO analysis was beyond the scope of 
the GARTEUR research activities.  
 
3.1 Predicting  RPC 
Fixed-wing category I PIO occurrences are 
associated with poor handling qualities in the open 

loop system because the system has very limited 
phase margin or has a narrow bandwidth and is 
easily destabilized. This is also true for helicopters. 
From the multitude of PIO criteria defined for 
aircraft (see ref. 5 and ref. 1 for a good overview) 
two criteria have been selected by the GARTEUR 
group: 1) the bandwidth criterion and 2) the Gibson 
average phase rate criterion. The selection of 
criteria was based upon an analysis of aircraft 
criteria as given by ref. 10. There, a database of 207 
aircraft configurations was used to assess the ability 
of different existing fixed wing criteria to correctly 
predict PIOs. The results showed that the most 
successful criterion to predict fixed wing PIO 
corresponds to Bandwidth/Phase delay criterion 
(86% correctly predict PIOs) followed by Gibson 
criterion (73%). Therefore, the GARTEUR group 
on rigid body RPC decided to first concentrate on 
these criteria. Sections 3.1.2 and 3.1.3 apply these 
criteria to the BO105 helicopter.  

3.1.1 Experiments 
To predict the BO105 model combinations which 
are RPC prone and RPC resistant using existing 
PIO criteria, a set of configurations were set up by 
Univ. of Liverpool and ONERA and implemented 
in the full-motion simulator of the University of 
Liverpool (see refs. 11 and 12). The design of the 
experiments was inspired by the work of 
GARTEUR group FM-AG12 on fixed wing aircraft 
[ref. 4]. Two different kinds of experiment were 
undertaken in the simulator: 1) display tracking task 
and 2) non display tracking tasks (manoeuvres). 
The display tracking task consisted of roll tasks 
being conducted with different configurations in 
advancing flight. Each run lasted for about one 
minute. During the flight the pilot had to track the 
given task as aggressively as possible and after 
each test run a PIO rating (PIOR) was given 
according to the PIO rating scale (see Figure 7 from 
ref. 13). After the tracking task was flown, the pilot 
had to concentrate on two manoeuvres: slalom (see 
Figure 8) and precision hover. These manoeuvres 
were designed according to the ADS-33 handling 
qualities standard [ref. 16] description. Table 2 
summarizes the chosen configurations. C1 
represents forward flight 65kts condition and C2 
the hover, B=baseline model, A= augmented 
model, L,M,H FCS desired dynamics (low, 
medium, high); B,M,G expected behaviour (Bad, 
Medium, Good).  
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Condition Helicopter FCS Desired Dynamics 
(bandwidth) 

Time Delay 
(msec) 

Expected behaviour Condition 

Baseline 
model B C1 Augmented 
model A 

N/A Low 
L 

Medium 
M 

High 
H 0 100 200 

Good 
G 
 

Medium 
M 

Bad 
B 

C1B-G 
C1B-M… 
 

Baseline 
model B C2 Augmented 
model A 

N/A Low Medium High 0 100 200 

Good Medium Bad C2A-M-B 
C2A-H-G. 
. 
 

Table 2: Modified BO105 models for ‘rigid body’ RPC studies 
 
  

 
Figure 7 PIO rating scale [ref. 13] 

 

 
Figure 8 ADS-33 slalom manoeuvre in the 
simulator at Liverpool 

3.1.2 Predicting Category I RPC - 
Bandwidth/Phase Delay Criterion 
The bandwidth criterion was developed during the 
1970’s as a longitudinal handling qualities 
requirement, primarily for fighter aircraft [ref. 14] 
and was later introduced in the military standards 
MIL-STD-1797A [ref. 15]. Physically, the 
bandwidth is a measure of the maximum frequency 
below which the pilot can follow all commands and 
above which he cannot. Essentially, it is a measure 
of the quickness with which the aircraft can 
respond to an input: an aircraft with high bandwidth 
is described as agile with a crisp response; an 
aircraft with low bandwidth is more sluggish with a 
smooth response.  

 
The criterion uses the bode plot representation of 
the aircraft response to pilot input (input expressed 
as control force or stick displacement). For 
example, Figure 9 plots the bode representation of 
the pitch response to control force for the BO105 
with time delay included in the control system. The 
helicopter is disturbed from an initial hover 
condition by application of a sinusoidal input in 
longitudinal cyclic.  

 
Figure 9 Bode plot of pitch response to pitch 
input for BO105 in hover 

From this figure two parameters are needed for the 
calculation of the pitch axis bandwidth criterion: 
the bandwidth frequency ωBWθ  and the phase-delay 
τp. The bandwidth frequency is defined as the 
frequency where the phase margin is 45 deg (when 
related to phase) or as the frequency where the gain 
margin is 6dB (when related to gain). Further, the 
phase delay parameter for the pitch attitude 
responses can be calculated as:  
 

180

180

180deg ( 2 )
(sec)

2 180p θ
ω ω πτ

ω
− − Φ =

=  (7) 

 
where ω180 is the frequency corresponding to a -180 
deg phase delay and Φ(ω=ω180) the phase angle 
read at 2 ω180. The phase delay is a measure of the 
steepness of the slope of the phase curve at the 
point where the output lags the input by 180 deg 
(neutral stability). As the pilot increases his gain in 
the task, he approaches the frequency where the 
aircraft responds out of phase with the input. His 
natural reaction is then to apply a “mental lead 
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filter” to compensate for this phase shift. The 
success of this technique depends to a large degree 
on the response predictability: if the phase slope 
near the -180 deg point is shallow, minor control 
deviations in the vicinity of this frequency will 
cause minor changes in the phase shift and the 
“mental filter” will be predictable; if the phase 
slope near the -180 deg point is too steep, minor 
changes in frequency will cause major changes in 
the phase shift and the “mental filter” will be less 
predictable.  

The bandwidth/phase delay criterion was applied  
to the BO105 for pitch and roll axes in hover and 
forward flight conditions using the database of 
cases flown in the simulator (see section 3.1.1). The 
theoretical predictions are presented in Figure 10 
and Figure 11 as are the boundaries for fixed wing 
aircraft. Generally, one can see that low/medium 
dynamics associated with high time delays (bad 
configuration) result in a PIO prone system. 
Comparing the prediction of the bandwidth-phase 
delay PIO criterion as plotted against the fixed 
wing boundaries with the prediction of the 
bandwidth-phase delay requirements from 
Aeronautical Design Standard ADS-33E-PRF as 
represented in Figure 12 [ref. 16], one can see a 
relatively good agreement between the expected 
results. For example, according to the ADS-33E-
PRF requirements, the designed FCS with no added 
time delay (C1A-M-G) is expected to provide Level 
1 flying qualities in roll. With a 100msec-added 
time delay (C1A-M-M), they degrade to Level 2. 
According to the APC bandwidth-phase delay 
criterion, this latter configuration is still PIO 
resistant.  A worse configuration with 200msec-
added time delay (C1A-M-B) results in a 
marginally adequate to inadequate (borderline 
Level 2-3) handling qualities and a PIO prone 
configuration. On Figure 12 corresponding to the 
ADS-33 bandwidth requirements, it can be seen 
that for the roll axis, the borderline Level 2-3 
corresponds roughly to the  PIO pass/fail division. 

 
The bandwidth/phase delay requirement was 
adopted from the fixed wing to the rotorcraft 
configurations and introduced in the Aeronautical 
Design Standard ADS-33 [ref. 1]. However, while 
for fixed wing aircraft, the phase delay was 
correlated with the APC susceptibility and plotted 
as APC boundaries giving the phase delay as a 
function of the bandwidth frequency, for rotorcraft, 
RPC boundaries have never been defined. More 
precisely, the bandwidth/phase delay requirement 
as introduced in the ADS-33 does not relate to RPC 
susceptibility but only to handling qualities 
boundaries in charts representing the phase delay 
τpθ as a function of bandwidth frequency ωBWθ. 
Only a comment of caution is present in the ADS-
33 stating that the rotorcraft may be PIO prone if 
the bandwidth defined by gain margin is less than 
the bandwidth defined by phase margin (i.e. 
ωBWgain< ωBWphase).  
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Figure 10 Bandwidth phase delay criterion for pitch axis – ONERA 
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Figure 11 Bandwidth phase delay criterion for roll axis – ONERA 

 
Figure 12 ADS-33 handling qualities bandwidth requirement for small-amplitude pitch (roll) attitude 
changes for hover and low speed [ref. 16]

The RPC theoretical predictions of Figure 10 and 
Figure 11 were compared to the piloted tests 
explained in Section 3.1.1. Figure 13 presents a 
sample of results obtained with the roll tracking 
task in forward flight. One can see a wide spread in 
ratings between the pilots (2 pilots). The results 
obtained suggest that assuming that the tasks and 
the evaluation procedure are well designed, more 
experiments with additional pilots should be 
conducted to reduce the spread in the ratings.  
Nevertheless, it is assumed that the calculated 
results are more or less representative, if 
complementary information such the maximum 
rating for all pilots in the same condition is also 
indicated. Indeed, if one pilot rates the system 
significantly better (e.g. PIOR 2) while the other 
pilot experiences a control loss (rating 6) then, 
despite the low mean rating, then a potential safety 
problem may still exist. 
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2  

3  
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5  

6  
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P
IO

 R
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ROLL

Augmented model - Roll tracking task

 
Figure 13 PIO ratings vs time delay –Roll    
tracking task 

3.1.3 Predicting Category I RPC - Gibson 
Phase Rate Criterion 
Gibson’s work in the fixed-wing industry led to the 
definition of design guidelines for aircraft control, 
handling qualities and PIO susceptibility. One of 
most recent criterion for predicting Category I PIOs 
is the Gibson phase rate criterion [ref. 17]. The 
assumption in this criterion considers that when the 
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aircraft response is 180 deg out of phase to the pilot 
commands the system is susceptible to PIOs. As 
long as the gain around this frequency is low 
enough, the aircraft response is low in magnitude so 
that a PIO is not encountered. Gibson gives PIO 
boundaries in a chart representing the average 
phase rate parameter as a function of the aircraft 
frequency when the response lags the pilot 
commands by 180 deg (see Figure 14). The average 
phase angle can be defined as: 

3.1.4 Predicting Category II RPC – OLOP 
Criterion 
For the application of the OLOP criterion, the 
augmented model of the BO105 was used. 
Nonlinearities represented by maximum stick 
deflections and maximum rates are added to the 
model. The procedure for the application of the 
criterion is summarized below: 
 

• Definition of a simple high gain pilot 
model based on the linear rotorcraft 
dynamics 

 
2

2 1

PR 1

ω ω
Φ − Φ

=
−

    (8) 
• Calculation of the linear closed-loop 

frequency response from the stick input to 
the input of the rate limiter 

 
where ω1 and ω2 represent points on the frequency 
response before and beyond ω180 and Φ1 and Φ2 are 
the corresponding phase. Usually, it is considered 
that ω1=ω180 and ω2=2ω180, this definition being 
equivalent to the phase delay parameter as used in 
the bandwidth criterion. In this case, equations (7) 
and (8) can be connected through the following 
relation: 

• Determination of the close-loop onset 
frequency onsetω  considering stick and 
actuator deflection limits. 

• Calculation of the linear open-loop 
frequency response and separation into 
amplitude )(0 ωA  and phase angle 

)(0 ωΦ   
[deg/ ][sec]

720[deg]p
PR Hz

θτ =    (9) • OLOP = [ )(0 onsetωΦ , )(0 onsetA ω ] 
 

 Figure 15 presents the application of OLOP 
criterion for the BO105 roll axis in forward flight 
when a rate limit of 100 per cent of stick deflection 
per second, 50 per cent of stick deflection per 
second is introduced in the forward path of the 
flight control system. The RPC prediction is shown 
for a low pilot gain and a medium pilot gain 
corresponding to a cross-over phase of -120 deg 
and -140 deg respectively. From the test campaigns 
conducted at the University of Liverpool, with the 
display roll tracking task, the above configurations 
were rated respectively PIOR 1 and PIOR 2 by a 
low-gain-pilot, while a higher-gain-pilot gave the 
ratings PIOR 3 and PIOR 4 respectively. This 
suggests that the boundary lies somewhere between 
the original OLOP boundary and the modified 
OLOP2 boundary reported in Ref. 18, but further 
validation has still to be made. 

Figure 14 presents the Gibson phase rate criterion 
when applied to the BO105 in forward flight for 
pitch axis. Looking at this figure, one can see again 
that the most PIO prone configurations are C1A-L-
M and C1A-L-B corresponding to low dynamics 
and high time delays and correspond to PIOR>3. 
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Figure 14 Gibson Average Phase Rate Criterion 
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Figure 15: OLOP criterion for the BO105 roll axis 

 4. THE CONCEPT OF BOUNDARY 
AVOIDANCE TRACKING FOR RPC 
ANALYSIS 

The GARTEUR HC-AG16 group has concentrated 
furthermore on finding new concepts which are 
typically suited for predicting rotorcraft RPC. An 
example herein is the so-called concept of 
“boundary avoidance tracking” (BAT). This 
concept was thought recently for the fixed-wing 
aircraft [refs. 19, 20]. The present paper will extend 
this concept to rotorcraft configurations. The next 
paragraphs summarize the concept of BAT and how 
it was extended to helicopters.  
 
Classically, pilot models used to describe the 
closed-loop pilot-vehicle interaction make the 
assumption that a pilot attempting to control an 
aircraft is always attempting to maintain a given 
condition (such as pitch attitude, flight path, all 
attitude or heading) – the so-called “point tracking” 
assumption. All PIO criteria derived up to date 
(including also the bandwidth and Gibson criteria) 
are based on this assumption and explain PIOs due 
to an extraordinary increase in the pilot gain that 
controls that point parameter up to the border where 
the pilot approaches the frequency where the 
aircraft responds out of phase to the input (see 
Figure 6 showing the principle of controlling the 
pitch attitude). Based on many discussions with the 
pilots, Gray [refs.  19, 20] considers that this 
assumption does not correspond to the pilots’ actual 
experience. He explains that “while pilots spend 
most of their time maintaining a variety of 
parameters” (point tracking), there are critical cases 
when the point tracking parameter is of secondary 
interest to the pilot. Such a case can be a dangerous 
PIO where it seems that the pilot is tracking 
something more than a point parameter. From the 
discussions with the pilots, Gray concluded that, for 
them, a PIO represented a succession of opposing 
events wherein they continuously attempt to 
survive by alternatively attempting to track the 
opposing risks describing those events. In other 

words, the pilots were tracking a hazard, 
expressible as a boundary, in an attempt to prevent 
a condition corresponding to that boundary. In this 
way, one can better model the pilot behavior in a 
PIO, not as traditionally done by means of a high 
gain tracking of a single parameter but by 
boundary-avoidance tracking (BAT).  
 
At TUD, the BAT concept was applied to 
helicopters (see refs. 21, 22) Consider next this 
concept applied to the investigation of a RPC 
problem in the pitch axis. In the classical point-
tracking model (see Figure 6) the pilot is trying to 
control the helicopter pitch attitude θ by feeding it 
back to obtain the error θerr before applying the 
longitudinal cyclic θ1s. Figure 16 presents the 
concept of the boundary tracking model as 
proposed by Gray [ref. 19] and applied to a 
helicopter model.  
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Figure 16 Boundary-tracking concept 

One can see that the helicopter pitch attitude and 
rate are fed back and used by the pilot to determine 
how much time is needed to reach the boundary - 
the so-called time to boundary tb. The time to 
boundary is in fact the source in provoking a PIO 
and can be calculated as: 
  

0

0

low
rel

b

up
rel

b

BV
if q t

q
BV

if q t
q

θ

θ

−
< =

−
> =

   (10) 
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Equation (10) depends upon whether the pilot is 
approaching a lower BVlow or an upper pitch 
attitude boundary BVup. The notations in eq. (10) 
refer to imposed values in :1) an upper BVup and a 
lower boundary value BVlow for the relative pitch 
attitude θrel =θ-θtrim that show the boundaries 
between which the pilot can move without threat; 
2) a maximum tmax and a minimum tmin time with 
the signification that when the tb≤tmax the pilot is 
moving towards the boundary and there is 
maximum threat for “hitting” the boundary, when 
tmax<tb<tmin then the pilot is not threatened by the 
boundary but he is aware of it in his actions and 
finally when tb≥tmin then the pilot is not threatened 
by the boundary. Depending on this time to the 
boundary, the pilot will feed back the helicopter 
response with a boundary feedback BF value before 
reaching the upper/lower boundary. The values of 
BV in the pitch axis vary between ±14o, ±10o, ±8o, 
±5o. 
 
4.1 Experiments on BAT 
To understand the concept of BAT, a series of pull-
up manoeuvres were tested in the simulator at 
Liverpool in two test campaigns: 1 (1 pilot) and 2 
(1 pilot repeated 2 times). Figure 17 presents the 
design of a BAT experiment. Mainly, the pilot had 
to fly a sinusoidal path (continuously pull-up/pull 
down manoeuvres) corresponding to a “longitudinal 
cyclic input marker” seen on the screen. The 
marker was moving between two boundaries. The 
boundaries were narrowed to increase the 
aggressiveness of the manoeuvre up to the limit of 
losing control (inducing RPC). To reduce the 
predictability of the path, the sinusoidal path was 
composed of a series of sine functions of different 
frequency. 
 

Boundaries moving up and 
down together with the pitch 
attitude to be followed

Long. Cyclic input 
marker

Boundaries moving up and 
down together with the pitch 
attitude to be followed

Long. Cyclic input 
marker

 
Figure 17 Test course for the BAT concept in the 
pitch axis 
 
4.2 Results on BAT concept for 
helicopters 
For helicopters, the simulator campaigns as 
described in section 4.1 showed three important 
characteristics of the BAT concept: 

 
1) Depending on the time and distance to the 

boundary, the pilot used both the point tracking 
and the boundary avoidance strategies. Therefore, 
the model of Gray as given by Figure 16 was 
extended to a combined point tracking/boundary 
tracking model as seen in Figure 18. The point 
tracking model was first built in the form of a 
Proportional Derivative PD controller monitoring 
all helicopter axes. The crucial question to be 
answered when building this new model was 
when did the pilot switch between one concept 
and the other? The simulations in the Liverpool 
simulator proved that when the pitch attitude was 
between halfway and 2/3 of the distance between 
the point tracker and the closest boundary the 
model had to switch from the point tracking to 
the boundary tracking concept (see Figure 19). 

 

 
Figure 18: Combined point tracking and 
boundary avoidance tracking modelling for RPC 
prediction-TUD 

 
Figure 19 Switching between the point tracking 
and boundary tracking modeling-TUD 

 
2) The second conclusion of the simulator tests was 

that, the time delay τsys introduced to trigger the 
RPC influenced the aggressiveness with which 
the pilot was flying the manoeuvre as he was 
approaching boundaries. As the pilot commented 
himself, he was not really threatened by the 
boundaries as long as the maneuverability was 
sufficient. When the time delay added to the 
system was increased, it was observed that the 
pilot started to respond to the boundaries earlier. 
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This observation gave reason to question whether 
the value of tmin should be, as initially assumed 
by Gray in ref. 19, constant. The following 
reasoning is presented: The pilot is assumed to 
passively perceive time delay of the system he is 
controlling. The result is that the pilot knows, or 
feels, that the response of the vehicle takes place 
at a certain amount of time after he has 
commanded the action. If he is approaching a 
boundary, he will have to take this amount of 
time delay into account in order to be able to 
safely avoid the boundary. The safety margin the 
pilot has to maintain (i.e. the time between 
control input and foreseen boundary violation) is 
at least equal to the effective time delay of the 
pilot-vehicle system. This margin is in fact the 
threshold for boundary avoidance tracking, tmin. 
Therefore, a new assumption was made w.r.t. the 
initial concept, i.e., for helicopters the effective 
time delay of the controlled system τsys is 
proportional to the minimum time to boundary 
tmin, i.e.: 

 
 min syst τ∝     (11) 

 
 
This means that if a pilot is controlling a 
hypothetical system with no time delay at all, he 
would not have to maintain a margin. The exact 
relation between effective time delay and tmin is still 
under investigation. Because the value of tmin 
depends on psychological processes, it may vary 
for different pilots. Most probably, the value is 
even different for one pilot, depending on his 
alertness. For example, a pilot may become less 
sensitive and maintain a lower value of tmin, if he 
becomes fatigued after many consecutive hours of 
flying. This effect is subject to research as well.  
 
3) The third observation of the simulator tests was 

that if the time to boundary tb is smaller than the 
minimum time to boundary tb <tmin, a RPC onset 
is initiated by the pilot. For example Figure 20 
shows the predicted results of the pitch 
manoeuvre in forward flight with time delay of 
200 msec using the model of Figure 18. One can 
see that for the interval 70 to 90 seconds a RPC 
onset has been initiated by the pilot and that this 
corresponds to the time to boundary tb <tmin from 
the 80th second of the simulation. 

  

NO PIO PIO ONSET

PIO

tmin

tmin

NO PIO PIO ONSET

PIO

tmin

tmin

 
Figure 20 Simulator results of BAT concept, 
pitch manoeuvre on forward flight 65kts 

5. CONCLUSIONS 
Concluding, the exercise of the paper was to 
present the results obtained by the GARTEUR HC-
AG16 group on predicting rigid body RPC and to 
develop new perspectives on analysing pilot 
behaviour during rotorcraft hazardous RPC that 
may lead to innovative criteria and techniques for 
RPC analysis. The results on rigid body RPC 
analysis demonstrate that: 
 

• Theoretical prediction of Category I RPC 
with the fixed wing bandwidth/phase delay 
criterion and Gibson phase rate criterion 
show that a system with low and medium 
dynamics associated with high time delays 
result in a RPC prone system. 

• Comparing the prediction of the 
bandwidth/phase delay PIO criterion as 
plotted in the fixed wing boundaries with 
the prediction of the bandwidth-phase 
delay requirements from Aeronautical 
Design Standard ADS-33E-PRF shows a 
relatively good agreement between the 
expected results. 

• Validation of the theoretical predictions of 
Category I RPC with simulator 
experiments shows a wide spread in the 
pilot PIO ratings. This suggests that, 
assuming that the tasks and the evaluation 
procedure are well designed, more 
experiments with additional pilots should 
be conducted to reduce the spread in the 
ratings. 
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• The concept of boundary avoidance 
tracking (BAT) was extended to rotorcraft 
applications and tested in the simulator. 
The results show that BAT concept can be 
applied to helicopters, the condition for a 
RPC onset depends on the value of the 
minimum time to boundary tmin which has 
to be proportional to the system time delay 
τsys. The simulator tests on BAT concept 
showed that the pilot uses both the point 
tracking concept or the boundary 
avoidance concept depending on the time 
and distance he has to reach that boundary. 
For a pitch axis manoeuvre, it was proved 
that, when the pitch attitude is between 
halfway and 2/3 of the distance between 
the point tracker and the closest boundary, 
the pilot is switching from the point 
tracking strategy to the boundary tracking. 
The closer are the boundaries, the higher 
the tendency to develop RPC. However, it 
appeared that the pilot was not really 
threatened by the boundaries as long as the 
maneuverability was sufficient. It appears 
that the primary condition for developing a 
RPC is the system time delay and not the 
approach to boundaries. 

  
Further research is needed to refine the adjustment 
of the APC criteria boundaries to rotorcraft 
requirements. Concerning the BAT concept, an 
interesting extension of the theoretical modelling is 
to use instead of a PD model the structural pilot 
model of Hess. 
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