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Abstract
The Open-Loop Onset Point (OLOP) criterion has, for many years, been successfully used as a method to predict quasi-non-
linear pilot-induced oscillations (PIOs) for fixed-wing aircraft. Only limited research has been conducted using the criterion 
for prediction of PIOs occurring in rotorcraft. This paper details a study to extend the application of OLOP to rotorcraft, 
using the combination of control inputs appropriate for the task and a suitable pilot model. Results are compared between 
pilot subjective opinion and OLOP predictions, from tests performed in a ground-based simulation facility. Using ‘task-
specific’ application of OLOP, results obtained in the investigation are encouraging, whereby the objective predictions reflect 
subjective pilot assessment. From results obtained, a modified boundary is presented.
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List of symbols
Ke  Pilot gain (proportional component of 

visual compensation)
UM  Pilot compensation
Yc  Bare airframe vehicle transfer function
Ye  Visual compensation error
Yp  Pilot transfer function
YNM  Neuromuscular dynamics
YPF  Proprioceptive feedback
Yv  Vehicle transfer function
YFS  Force-feel characteristics
YVF  Vestibular feedback dynamics
p, q  Roll, pitch rotational velocities of aircraft, 

◦/s
�act  Actuator position, %
�c  Change in control displacement, %
�F  Change in control force input, N
�p�  Phase delay, s
�, �  Roll, pitch attitude, ◦

�com  Command pitch attitude, ◦

�BW  Vehicle bandwidth, rad/s
�c  Gain crossover frequency, rad/s
�OLOP  Open-loop onset frequency, rad/s

Subscripts
LAT  Lateral axis
LON  Longitudinal axis
lat0  Lateral, hover
lat60  Lateral, 60 kts forward flight
lon0  Longitudinal, hover

Abbreviations
AC(G)  Attitude command (good HQs)
AC(P)  Attitude command (poor HQs)
ACT/FHS  Active control technology/flying helicop-

ter simulator
ADS  Aeronautical design standard
APC(R)  Adverse pilot coupling (rating)
ARISTOTEL  Aircraft and rotorcraft pilot couplings: 

tools and techniques for alleviation and 
detection

AVES  Air vehicle simulator
Cat. II  Category II pilot-induced oscillations
CONDUIT  Control designer’s unified interface soft-

ware package
DLR  Deutsches Zentrum fuer Luft und Raum-

fahrt (German Aerospace Center)
FCS  Flight control system
HQ(R)  Handling qualities (rating)
HQSF  Handling qualities sensitivity function
MTE  Mission task element
OLOP  Open-Loop Onset Point
PIO(R)  Pilot-induced oscillation (rating)
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PVS  Pilot-vehicle system
RC  Rate command
RL  Rate limit
RLE  Rate limiting element
RPC  Rotorcraft pilot coupling
TS  Task specific
VMS  Vertical motion simulator

1 Introduction

The occurrence of pilot-induced oscillations (PIOs) due 
to rate limiting in operational rotorcraft is rare. However, 
when so-called ‘Category II’ PIOs (Cat. II, quasi-non lin-
ear behaviour [1]) occur, it may lead to catastrophic failure 
(destroying equipment and causing loss of life [2]). Typi-
cally, these PIOs will be caused by non-linear elements in 
the control system, such as rate and saturation limits. Rate 
limits (RLs) in particular have caused many of the most 
dramatic PIOs found in the literature [1]. Rate limits cause 
non-linear system response when the command magnitude 
and frequency exceed the ‘saturation point’. This results in 
an additional system delay, which can be characterised by 
the magnitude and frequency of input [3]. A range of RLs 
are used in rotorcraft control systems to prevent excessive 
rate of change (e.g. of surface or control element). Whilst 
most RLs are used to prevent abnormal response, other RLs 
may be used to tune control parameters or suppress vehicle 
response modes. A typical use of RLs is to restrict the rate 
of actuator travel, to protect hardware and software limits. 
Examples include rate or position limiters implemented into 
the FCS to protect systems from physical damage [4]. These 
RLs are activated when large or high frequency inputs are 
applied to the actuator. Continued ‘activation’ of these lim-
its will lead to sustained saturation, and Cat. II PIOs. In 
normal operation, unexpectedly large- or high-frequency 
inputs may occur due to certain task conditions, for exam-
ple, during tight control (high gain) tracking tasks, during 
operations in adverse weather conditions or due to the pilot 
experience (i.e. overcontrol of the vehicle by students dur-
ing training flights [5]). Another potential source of Cat. II 
PIOs is control system failures, which cause changes in the 
pilot-vehicle system response [6, 7]. Triggering this type of 
PIO is a particular concern during the development of novel 
rotorcraft configurations and experimental flight testing. In 
these circumstances, many flight control systems (FCS) are 
tested (with a pilot-in-the-loop) for the first time. There is 
a significant risk that the vehicle RLs may be encountered. 
This has been found in previous investigations [8].

For rotorcraft, this risk exists due to the lack of a uni-
fied method to observe the influence of rate limiting and the 
potential for Cat. II PIOs. Current Handling Qualities (HQ) 
guidelines for rotorcraft, Aeronautical Design Standard 33 

(ADS-33 [9]), offer a range of predictive HQ metrics to 
determine if the vehicle will be prone to linear-type PIOs 
(i.e. Category I type events). For example, using bandwidth-
phase delay criterion, it is possible to ensure that the vehicle 
meets Level 1 HQ requirements and is robust to this type of 
PIO (under normal operational conditions).

ADS-33 criteria are also used to develop novel control 
systems, using optimisation programs such as CONDUIT 
[10]. These tools make use of HQ and stability criteria to 
tune the response of the vehicle. Control system parameters 
are optimised to ensure that the response of the vehicle is 
within desired objective, hard, and soft constraints. The 
application of these criteria can lead to very agile control 
systems. However, the application of the criteria from ADS-
33 do not account for the presence of rate-limiting elements 
(RLE) within the control systems. For this reason, they 
must be separately considered. For this purpose, the Open-
Loop Onset Point (OLOP) criterion can be applied [11]. 
The OLOP criterion was specifically designed to predict the 
incipience of PIO caused by rate limiting and is based on 
fixed-wing vehicle models and flight test data. Application to 
rotorcraft has been limited to a number of studies, discussed 
in the following section.

In this paper, the specific application of the OLOP cri-
terion to rotorcraft is investigated and extensions to the 
methodology are proposed. The paper proceeds as follows. 
First, for completeness, the ‘classical OLOP method’ is 
introduced. The extensions to the method proposed in this 
research are introduced. Second, the pilot model used for the 
analysis, the Hess structural pilot model, is explained and 
parameters of the model are introduced. Third, the setup for 
the pilot-in-the-loop investigation is explained, including the 
tasks, pilots, and simulation facility used in the investigation. 
Next, the OLOP predictions based on the FCS models and 
RLs used are shown. Following this, all results from the sim-
ulation campaign are presented alongside OLOP PIO pre-
dictions. Finally, conclusions from the work are presented.

2  The open loop onset criterion

This section describes the OLOP criterion and extensions 
made in this research for its application to rotorcraft.

2.1  Original conception and application

OLOP is a method specifically designed to determine the 
PIO susceptibility due to RLEs within the pilot-vehicle sys-
tem (PVS). It was proposed by Duda [11] as a method spe-
cifically tailored for predicting Cat. II PIOs using linearised 
models of fixed-wing aircraft. Since its initial conception, 
over the past 20 years, it has been applied to a wide range 
of vehicles. The method is based upon the use of describing 
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functions to approximate RLEs in the system. Normal RLEs 
can be described by the input amplitude and a so-called open 
onset frequency ( �OLOP ). This is the frequency where the 
RLE is ‘activated’ for the first time.

Research in Ref. [11] showed that the activation of RLEs 
leads to a rapid increase in phase distortion. This is referred 
to as a ‘phase-jump’. Observing the frequency and dynam-
ics at the point where the phase jump occurs allows one to 
determine whether the activation of RLEs has the potential 
to cause Cat. II PIOs. Using an extensive database of fixed-
wing Cat. II PIO events, Duda defined a boundary to deter-
mine PIO susceptibility using a Nichols chart. This bound-
ary is shown in results presented in this paper.

OLOP has a number of advantages when investigating 
rate limiting. First, it can be applied during linear analysis 
of control systems, typically employed during the develop-
ment phase. Second, it can be applied to RLEs at different 
points in the FCS. RLEs both in the forward and feedback 
control paths can be analysed. Third, the criterion accounts 
for changes in pilot-vehicle dynamics due to the FCS.

2.2  Application to rotorcraft

A number of studies, including those detailed in Refs. [4, 
8, 12–16], have used OLOP for analysis with varying suc-
cess. Generally, OLOP has been used only when PIOs were 
encountered during research campaigns. In Ref. [8], it was 
recognised that using ADS-33 criteria and linearised models 
could lead to very high system bandwidth, which was ini-
tially found to tune the roll and pitch axis command model 
bandwidths to meet Level 1 requirements. When testing 
a H-53 model with these bandwidths for the first time in 
the vertical motion simulator (VMS), RLEs of the actuator 
models were reached, and the pilots had difficulty flying the 
system. Divergent PIOs occurred at the end of one test run 
and pilots commented that the vehicle was very PIO sensi-
tive, uncontrollable and quick to diverge. Post analysis of 
the system was conducted using OLOP and the susceptibil-
ity of the system was confirmed. Here the legitimacy of the 
method for application to rotorcraft was confirmed.

The method is also included in CONDUIT to ensure 
that the non-linearities in system actuators and limits are 
accounted for when using linearised methods to determine 
control system parameters. In Ref. [12], it was recommended 
that OLOP is applied to rotorcraft without a pilot model 
as most rotorcraft are bare-airframe unstable. The authors 
state that very conservative estimates of rate limiting onset 
are obtained when using a pilot model and, when enforced, 
severely limits performance. Therefore, OLOP is used with-
out a pilot model so that the results are less conservative. 
Duda stated that this method is acceptable for RLE in the 
FCS and not for RLE at the pilot input [11].

In Refs. [13, 14], the method was investigated for predic-
tion of Cat. II PIOs for rotorcraft during forward flight. The 
results from the application of OLOP were compared with 
subjective pilot assessment obtained in simulation using a 
roll tracking task. Pilot ratings suggested a disagreement 
between OLOP boundaries proposed by Duda and PIO sus-
ceptibility. As a result of this research, a new less conserva-
tive OLOP boundary was proposed. The research, however, 
was based on a very limited test database.

Extension to this work was conducted during the ARIS-
TOTEL project (Aircraft and Rotorcraft Pilot Couplings: 
Tools and Techniques for Alleviation and Detection). In this 
research, further investigations using OLOP were under-
taken, using two research simulators. Furthermore, a number 
of different low-speed and forward flight tasks were used to 
collect pilot subjective assessment and objective data. In this 
research, the conservative nature of the OLOP boundary was 
confirmed [4, 15].

The application of OLOP criterion for various flight 
speeds was also investigated in Ref. [16]. In this research, 
results suggested that the use of the maximum control input 
led to conservative predictions, which did not reflect the 
pilot activity during piloted ADS-33 mission task elements 
(MTEs) or during normal operation of the vehicle. As a 
result, it was proposed that OLOP is applied using realistic 
inceptor deflection (normal pilot actions).

Due to the conservative nature of the boundary for 
rotorcraft investigations, no standardised method for the 
application of OLOP currently exists. Both changes to the 
boundary and the process have previously been proposed. 
The following section outlines the extensions and modifi-
cations to the OLOP process, which are proposed in this 
research, to increase its suitability for application to rotor-
craft predictions.

2.3  Method of application

To apply the OLOP criterion, a linear model of the aircraft, 
the location of the relevant RLE, and information regard-
ing the maximum control deflections are required [17]. The 
application is performed using the following four steps: 

1. Determine the open-loop transfer function between pilot 
input and actuator input.

2. Determine the open-loop onset point ( �OLOP).
3. Select a pilot model.
4. Determine the transfer function of the PVS by breaking 

the loop at the RLE.

In Step 1, the transfer function between pilot input and vehi-
cle input is determined with respect to frequency. In Step 2, 
�OLOP is determined. To simulate the worst-case scenario, 
the transfer function obtained in Step 1 is multiplied by the 
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maximum control input. This transfer function is compared 
to the transfer function of the RLE, performed using infor-
mation contained in Fig. 1. The (lowest) frequency where 
the gain of both the transfer function of the control input and 
the RLE are equal is determined as the �OLOP . This is the 
frequency where the RLE will be ‘activated’. The example 
in Fig. 1 shows the calculation of �OLOP for two RLs: 35 %∕s 
and 17 %∕s . The determined �OLOP is independent from the 
pilot model used.

To determine whether the RLE will lead to PIOs, a pilot 
model is required. The model is found using the open-loop 
vehicle transfer function. Duda states that a pilot model 
should be employed, and should be tuned to give an open-
loop crossover phase between − 120◦ and − 160◦ [11]. Tun-
ing the crossover phase can be used to vary the ‘pilot gain’. 
A low gain pilot is represented by a − 120◦ phase crossover, 
whilst − 160◦ represents a high-gain pilot.

Once the pilot model has been determined, the transfer 
function of the PVS is determined by ‘breaking the loop’ at 
the RLE. An example of this is shown in Fig. 2. In this case, 
limiting occurs at the actuator output. The resulting open-
loop transfer function is plotted using a Nichols chart along 
with �OLOP found in Step 2. The OLOP boundary is used to 
determine whether the case is prone to PIO.

The method described above is referred to as ‘classical 
OLOP’. As the analysis is conducted by ‘breaking the loop’ 
at the RLE, the method is suitable for the analysis of RLEs 

in both the forward and feedback control channels. The use 
of the method for both cases has been extensively validated 
for fixed-wing aircraft [18]. In this research, the closed-loop 
model shown in Fig. 2 is used.

For the application of OLOP, models of the pilot, bare 
airframe vehicle ( Yc ), force feel characteristics ( YFS ) and 
FCS are used. For the application of the ‘classical OLOP’ 
method, Duda suggested to use a pilot model represented 
by a pure gain (regardless of closed-loop system dynam-
ics). As stated above, this pilot model is tuned so that the 
open-loop PVS leads to a crossover phase between − 120◦ 
(low-gain pilot model) and − 160◦ (high-gain pilot model). 
In this research, the RLE is used to break the closed-loop 
system between the FCS and Yc . This can be seen in Fig. 2.

Figure 3 shows examples of results found using the ‘clas-
sical’ application of OLOP. For these case, the high-gain 
pilot model is used (i.e. phase crossover of − 160◦.). The 
results are displayed on a Nichols chart, showing the rela-
tionship between phase and amplitude. Two examples are 
shown: one PIO prone and one PIO robust case. Also shown 
is the OLOP boundary proposed by Duda [11]. As previ-
ously stated, if ‘activated’, the RLE will cause a ‘phase-
jump’. The �OLOP shows at which frequency this will occur. 
By plotting this point on the Nichols chart, both the phase 
and amplitude of the closed-loop model can be determined. 
Duda found that for cases where the onset-point occurred at 
low open-loop system gain, the increased phase distortion 
would not influence pilot control activity, has no destabilis-
ing effect and, therefore, does not lead to PIO. Conversely, 
when the onset-point occurs at higher open-loop system 
gain, a destabilising affect will occur, and PIOs would be 
experienced during attempted closed-loop control.

As shown in Fig. 3, �OLOP below the boundary will result 
in a PIO robust system. An �OLOP above the boundary results 
in a PIO prone configuration. This information can be used 
to determine design parameters for the control system. Once 
the PIO susceptibility is known, a number of methods are 
applicable to reduce the potential for PIO. First, and obvi-
ously, a reduction in the rate limiting will lead to an increase 
in �OLOP frequency. This will push the point further towards 
the PIO robust region. A second possibility is to decrease 
the pilot control gearing, to limit the amplitude of the open-
loop system at �OLOP . Third, if the RLE and control gear-
ing cannot be modified, efforts can be made to manipulate 
parameters in the FCS to reduce PIO susceptibility.
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2.4  Extensions to OLOP

Two extensions to the OLOP model are proposed in this 
research: the inclusion of a sophisticated pilot model and the 
use of task-specific control input magnitudes.

Most previous applications have used a simple gain pilot 
model (as used during the original conception). Tuning of 
the pilot model is conducted by tuning the model to achieve 
an specified open-loop phase margin at gain crossover (i.e. 
0 dB). The phase margin is the difference between the insta-
bility phase (i.e. − 180◦ ) and the phase at crossover. The use 
of this model can lead to high crossover frequency, unrep-
resentative of the actual pilot dynamics. The model also 
does not include any considerations for the control dynam-
ics or the delay during compensatory pilot control. In Ref. 
[19], OLOP was applied using a Neal–Smith pilot model. 
This model was tuned to replicate low- and high-gain pilot 
dynamics. The model was found to be suitable for use with 
the OLOP method.

In this research, OLOP analysis is performed using Hess’ 
structural pilot model. This model has been selected as it has 
been previously shown to be suitable for rotorcraft closed-
loop task analysis [20, 21]. Furthermore, the model incor-
porates neuromuscular dynamics, control inceptor dynamics 
and vestibular feedback. All of these elements have been 
shown to influence the susceptibility of the vehicle to PIO 
[4, 6, 15]. With the use of the Hess model, detailed analy-
sis of the influence of these elements can be conducted to 
assist in the design process. For example, tuning the control 
inceptor dynamics could be used to avoid PIOs rather than 
required modification to the FCS.

The second modification to the OLOP process is the use 
of appropriate control input magnitudes. It is believed that 
the conservative predictions found in previous research are 

due to the requirement to use maximum control input mag-
nitude to determine �OLOP . In reality, the pilot would only 
provide inputs of this magnitude during an emergency or 
failure situation. Whilst application of OLOP using this con-
trol magnitude ensures that the vehicle is completely PIO 
free through the entire control envelope, this is unlikely to 
occur during testing. Typically, for normal rotorcraft opera-
tions, the pilot will use only 20–30% of the maximum con-
trol input. For trimmed control and normal operations, an 
additional safety margin is required. Not only is it unlikely 
that the pilot will reach full control displacement, it is also 
unlikely that oscillatory control input will be sustained 
at this magnitude. Therefore, for the application in this 
research, it is proposed to use command inputs expected 
for the defined tasks. This is achieved by determining an 
approximate/estimate of the required control deflections to 
complete the task. This can be performed either through 
initial pilot-in-the-loop tests or through the use of a model 
of the PVS dynamics. The required control input is then 
used in place of the maximum control input during ‘Step 2’ 
of the OLOP process.

Figure 4 shows the sensitivity of �OLOP to the input size. 
For this example, �OLOP has been calculated for pilot control 
input deflections between (±)10 and 50% maximum travel. 
50% is considered to be maximum control input (i.e. oscilla-
tory control with a maximum control range of 100% ). Num-
bers alongside each �OLOP show the frequency in rad/s. As 
shown, for this example, with a pilot input above 30% , the 
vehicle is predicted to be PIO prone. This dependency on 
inceptor input magnitude was also recognised in research 
detailed in Ref. [19], investigating the use of OLOP for 
fixed-wing aircraft. Here, the metric ‘stick ratio’ was pro-
posed to improve OLOP predictions.
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The result from the modifications leads to a ‘task specific’ 
(TS) version of OLOP, whereby analysis is made for the 
specific situation where the vehicle is flown.

3  Parametrising Hess’ structural pilot model

The Hess structural pilot model is shown in Fig. 5. This is 
in the form as presented in Ref. [20], as previously used for 
rotorcraft investigations. The model includes vestibular feed-
back, neuromuscular dynamics, visual error compensation 
and proprioceptive feedback. These elements of the model 
are discussed below. The Hess model requires parametrisa-
tion before it can be used. These parameters are depend-
ent on the vehicle, pilot, and the ‘simulation environment’ 
dynamics.

3.1  Pilot gain and crossover frequency

In Ref. [20], a method is outlined to extract task-based cross-
over frequency. It is also stated that it is generally appro-
priate, for rotorcraft flying tasks, to select an open-loop 
crossover frequency ( �c ) of 2 rad/s. This generally specified 
crossover frequency is used in this research. The pilot gain 
is contained within the visual error compensation block is 
given by Eq. (1). To obtain an �c of 2 rad/s, the pilot gain Ke 
was tuned using an iterative loop.

3.2  Form of proprioceptive feedback 
and neuromuscular dynamics

As stated in Ref. [21], the form of the proprioceptive feed-
back is central to the model, and represents the pilots “inter-
nal model” of the dynamics. Its form is, therefore, dependent 
upon the vehicle dynamics, whereby the principles of the 
crossover model are observed [22];

(1)Ye = Kee
−0.2s

where Yp represents the pilot dynamics, and Yv represents 
the vehicle dynamics (including FCS), and �c is open-loop 
crossover frequency. The form of the proprioceptive feed-
back is therefore chosen so that, in the region of crossover, 
YPF ∝ sYv . The magnitude of the pure gain is selected so that 
the closed-loop poles of the proprioceptive system have a 
minimum damping ratio of 0.15. [20]. For this investigation, 
the form of the proprioceptive feedback was selected using 
the method stated in Ref. [20]. The form of the feedback was 
dependent on the FCS used. Neuromuscular dynamics were 
taken from Ref. [20] (Eq. 3).

3.3  Vestibular feedback

The Hess model allows the vestibular feedback to be mod-
elled, whereby Eq. (4), a simplified gain of feedback of 
the angular rate is used. In this investigation, for pilot-in-
the-loop tests, fixed-base simulation was used throughout. 
Therefore, Kṁ = 0.

3.4  Force feel feedback

A significant advantage of the Hess structural model is the 
inclusion of force-feel characteristics. Using the propriocep-
tive feedback loop, the impact of the force-feel characteris-
tics can be observed. For the investigation, an approximation 
of the force-feel characteristics was given by Eq. (5). The 
force-feel characteristics used in this investigation were pre-
viously used in research discussed in Ref. [23].

(2)YpYv =
�c

s
e−�es,

(3)YNM =
102

s2 + 2(0.707)10s + 102

(4)YVF = sKṁ.

Fig. 5  Hess structural pilot 
model
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3.5  Vehicle dynamics approximation

A model of DLR’s Active Control Technology/Flying Heli-
copter Simulator (ACT/FHS) was used for real-time piloted 
simulation in the Air Vehicle Simulator (AVES) facility 
[24]. A fully non-linear model of the aircraft was used for 
investigations, described in Ref. [25]. For predictions using 
the Hess structural pilot model, low-order transfer function 
approximations were used. These models were identified 
from data collected from AVES using system identification 
techniques. They were used to represent the aircraft plant 
Yc . Three plant models were used in the investigations, to 
represent longitudinal and lateral dynamics during hover 
and forward flight (60 kts, lateral only). These are shown 
in Eqs. (6)–(8).

In addition, the FCS was modelled and used in conjunc-
tion with the Hess pilot model. For the investigation, three 
different control feedback models were used: one control 
system with Rate Command (RC) response type and two 
control systems with Attitude Command response type: one 
deemed to have good HQs (AC(G)) and one deemed to have 
poor HQs (AC(P)).

(5)YFS =
2(18.8)2

s2 + 2(1.0)18.8s + 18.82
.

(6)Yc(lon0) =
q

�actLON

=
1.4215

s2 + (15.35)s + 33.83

(7)Yc(lat0) =
p

�actLAT

=
3.0941

s2 + (12.12)s + 100

(8)Yc(lat60) =
p

�actLAT

=
3.0877

s2 + (11.85)s + 93.12
.

Figure 6a, b shows the longitudinal and lateral bandwidth, 
respectively, of the three control systems tested. For the lon-
gitudinal axis, all three models have bandwidth within the 
Level 1 region. For the lateral axis, all cases are within the 
Level 2 region, due to phase requirements of the target track-
ing and acquisition boundaries. The AC(P) configuration 
shows an apparent reduction in bandwidth from the other 
cases. Generally, all models were expected to exhibit suf-
ficient bandwidth to perform MTEs. Predictions for forward 
flight were found to be very similar, due to similarities in the 
low-order equivalent transfer functions. No significant han-
dling deficiencies were predicted using bandwidth criteria.

3.6  Handling quality sensitivity function (HQSF)

A further advantage of the Hess model is that the predicted 
HQs can be determined through the use of the HQ sensitivity 
function (HQSF). This is found using Eq. (9) and may be 
used to supplement ADS-33 predictive criteria. The HQSF 
is evaluated between 1 and 10 rad/s, and is assessed against 
boundaries determined from previous investigations. The 
model has been employed in previous studies involving 
rotorcraft [20, 21]. The HQSF provides an assessment of 
the closed-loop pilot-vehicle model characteristics.

Figure 7a, b shows the HQSF for the three models evaluated 
for the hover condition. For the longitudinal dynamics the 
HQSF shows a clear difference between the cases. Results 
from the application of ADS-33E bandwidth boundaries 
show both the RC and AC(G) have predicted Level 1 HQs. 
However, the AC(P) configuration is predicted to have Level 
3 HQs, due to the HQSF between 2 and 3 rad/s. For the 
lateral dynamics, all models are predicted to have Level 1 
HQs using the HQSF. A considerable difference was found 

(9)HQSF =
|
|
|
|
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.

Fig. 6  Bandwidth for vehicle 
configurations plotted against 
ADS-33E target acquisition and 
tracking boundaries
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between HQSF results (shown in Fig. 7) and bandwidth 
results (shown in Fig. 6). This is because bandwidth results 
account only for the characteristics of the open-loop vehi-
cle. The HQSF, however, accounts for the closed-loop pilot-
vehicle system.

3.7  Comparison between pure gain model and Hess 
pilot model

A comparison of OLOP results, using both the Hess pilot 
model and the pure gain pilot model approach (both for 
low-gain and high-gain pilot) is shown in Fig. 8. Using the 
same method as outlined by Duda [11], the low- and high-
gain pilot models were tuned to give an open-loop phase 
at 0 dB equal to 120◦ and 160◦ , respectively. Using the 
process described in the previous section, the Hess pilot 
model has been tuned to ensure that open-loop crossover 
(0 dB) occurs at 2 rad/s. The difference in method to tune 
the pilot-vehicle system response leads to the significant 

difference between the predictions obtained. The examples 
show two rate limits: 35 % /s and 70 %/s.

The onset points are found to be 2.21 rad/s and 3.51 
rad/s, two frequencies which could realistically be reached 
during piloted closed-loop control. From the three pilot 
models shown, and using the boundary proposed by Duda 
[11], PIO is predicted for all 35 % /s rate limits. The use of 
the Hess model significantly changes the OLOP predic-
tion for the 70 % /s case. With the Hess model, the case is 
clearly PIO robust. For the low gain pilot model, the case 
is marginally PIO robust, and for the high-gain model the 
model is clearly with the PIO prone region.

4  Pilot‑in‑the‑loop investigations

This section details piloted simulation campaign con-
ducted during this research effort.

4.1  Air vehicle simulator (AVES)

The AVES simulation facility (see Fig. 9) was used to 
collect all data used in this research. AVES is maintained 
and developed by DLR. Its design centres around the 
ability to easily interchange aircraft cockpits for use on 
a single motion platform. Currently, the facility features 
one fixed-wing cockpit (A320) and one helicopter cockpit 
(ACT/FHS). During the test campaigns conducted in this 
research, AVES was used without the use of the hexapod 
motion platform.

The AVES ACT/FHS cockpit is a replica of the aircraft. 
The cockpit contains four seats: one experimental pilot seat, 
one safety pilot seat, a flight test engineer, and a simulator 
operator. All experimental software to be tested in-flight is 
first tested in AVES. AVES is used both to support flight 
testing and to supplement or replace it when experimentation 
cannot be conducted in-flight.

Fig. 7  HQSF
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4.2  Task selection

Five tasks were selected to investigate the application of 
OLOP and the extensions to the model discussed above. 
Tasks were selected to represent different control axes and 
flight conditions. Information regarding the source of the 
tasks, flight conditions, primary axis, and modifications to 
the task, are shown in Table 1.

The majority of tasks were taken directly from HQ 
specification ADS-33E [9]. These tasks use strictly defined 
performance requirements, generally accepted to represent 

typical performance requirements for rotorcraft. As the tasks 
are primarily used to assess HQs, they are not directly suited 
to expose PIOs. Furthermore, task performance require-
ments were not found to be directly suited to the aircraft 
model used in this investigation, the ACT/FHS helicopter. 
Therefore, for use in this investigation, some modifications 
were made.

No modifications were made to the Accel–Decel or Pir-
ouette tasks. The lateral reposition performance require-
ments to reach a maximum ground speed of 35 kts was not 
achievable without extremely high (and unrealistic) aggres-
sion. This meant adequate performance was not achievable 
and pilots were required to abandon the task. Therefore, a 
reduction in aggression was made by reducing the required 
ground speed to 25 kts. This led to more suitable perfor-
mance requirements. The Hover task as defined in ADS-
33 was found to be a low aggression task, which did not 
expose PIO characteristics. In Ref. [27], task aggression of 
the Hover manoeuvre was increased through modifications 
to the required hover positional tolerances. In the current 
investigation, this was not possible due to constraints of the 
visual scene. Therefore, to increase the task aggression, the 
translation speed was increased. This increased the aggres-
sion during the stabilisation phase, exposing PIO tendencies. 
Pilots stated that, although task aggression increased, it was 
still realistic for operations.

In addition to ADS-33 tasks, one lateral tracking task 
was selected. This was to investigate PIO susceptibility 
during forward flight. Previous PIO investigations have 
also utilised tracking tasks which combine changes in flight 
attitude and stabilisation periods [4, 14, 28]. The tracking 
task was completed using head-down display only, shown in 
Fig. 10. Using the artificial horizon, a desired attitude was 
displayed to the pilot. Pilots were required to capture the 
desired attitude within 2 s to achieve the task. This was set 
as a requirement to force pilot aggression. Once the attitude 
was captured, pilots were required to keep within desired (or 
adequate) attitude tolerances until the next change in desired 
attitude. The task was completed with a forward flight speed 
of 60 knots. The aircraft was trimmed in this condition prior 
to each run. The pilot was required to maintain forward 

Fig. 9  DLR’s air vehicle simulator (AVES)

Table 1  Tasks completed in investigation

aOscillatory input

Manoeuvre Source Flight condition Primary axis Modifications Max. input (approx.)a , %

Accel–Decel ADS-33E [9] Low speed Long. None ± 15–30 Long.
Lateral reposition ADS-33E Low speed Lat. Reduction in required maximum 

ground speed
± 15–30 Lat.

Pirouette ADS-33E Low speed Lat./long. None ± 10 Lat. /± 10 Long.
Hover ADS-33E Low speed Lat./long. Increase in translation speed ± 15–20 Lat./5–10 Long.
Tracking DLR [26] Forward flight Lat. None ± 25–35 Lat.
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speed throughout the run. To maintain realism, no axes were 
fixed. Each run consisted of 14 attitude changes. Desired 
vehicle attitudes were between 5 ◦ and 10◦ . For desired per-
formance, pilots were required to maintain a roll attitude ± 
5 ◦ and for adequate performance ± 10◦ . The pilots generally 
commented that the task was suitable and representative of 
aggressive forward flight manoeuvring.

To determine expected control input magnitudes, as 
required for the extensions to the OLOP method discussed 
above, a number of preliminary tests were completed with 
the MTEs selected. From these tests, approximate maxi-
mum control inputs were determined. A number of prelimi-
nary tests were completed for each MTE. From these tests, 
recorded data were visually analysed, to determine the maxi-
mum commanded input used by the pilot during completion 
of each task. These are shown in Table 1. For some tasks, 
considerable pilot input was required in both the lateral and 
longitudinal axes. Both input magnitudes are shown. For 
other tasks, only the primary axis is shown. For all OLOP 
predictions shown in the following section, the maximum 
commanded input from each task (i.e. from Table 1) was 
used.

It can be seen that the Accel–Decel manoeuvre required 
the largest inputs. These input magnitudes were found dur-
ing the stabilisation element of the task following the decel-
eration to hover. The tracking task required the largest inputs 
in the lateral axis.

4.3  Assessment methods

To collect qualitative feedback, pilot comments were sup-
ported through the use of a number of subjective rating 
scales. To determine PIO incipience, two rating scales were 
used: the PIO rating scale and the Adverse Pilot Coupling 
(APC) scale. These scales are both shown in “Appendix”. 

The original version of the PIO scale, presented in Ref. [29] 
and first used in 1967 (featuring only the use of descriptive 
terms) was used. In this work, ratings obtained using this 
scale are called ‘PIOR’. The ‘combined scale’ [30], which 
was developed in 1981 and fits original terms to a decision 
tree structure is perhaps the most frequently applied scale.

The PIOR scale is known to have a number of deficien-
cies, which lead to difficulties when classifying PIOs. These 
are discussed in detail in Refs. [31, 32]. These include the 
lack of guidance for pilots, lack of consideration for non-
oscillatory phenomena (e.g. rapid divergence, loss of 
control) and the absence of terms regarding the severity 
of oscillations. In Ref. [27], the APC scale was presented 
as an alternative means of assessing the broader field of 
Rotorcraft-Pilot Couplings (RPCs). This was developed 
through investigations during the ARISTOTEL project [4]. 
The APC scale was developed with experimental test pilots, 
and detailed investigations comparing results obtained using 
previous scales were conducted [27]. In addition, HQ ratings 
were obtained using the Cooper–Harper scale.

5  Results

This section shows the results obtained from completion of 
the selected tasks.

5.1  Accel–Decel

The Accel–Decel manoeuvre was completed using only 
the RC control system. During completion of the manoeu-
vre, both pilots commented that the task aggression was 
too high (to safely complete the manoeuvre in-flight). To 
achieve desired ground speed, as specified by the task per-
formance requirements, very large nose-down pitch attitudes 
were required. This was considered unrealistic for opera-
tions close to the ground. If the investigation were repeated, 
the longitudinal course track should be lengthened, to allow 
for lower aggression. Table 2 shows the subjective ratings 
obtained during completion of the Accel–Decel.

During completion of the Accel–Decel manoeuvre, both 
pilots did not encounter large and clearly visible PIOs. 
With the additional rate limiting, pilot ratings suggested 
mild oscillations (or motions) in the longitudinal axis 
occurred during the stabilisation period of the task. These 
also appeared to influence task performance, and hindered 
the pilots’ ability to obtain desired performance standards. 
However, oscillations did not lead to uncontrollable vehicle 
characteristics. Figure 11 shows an example of data recorded 
during the completion of the Accel–Decel manoeuvre. Here, 
two examples of cases flown with RLEs: 35 %/s and 17 %/s 
in the longitudinal channel.

Fig. 10  Head-down display used for the tracking task
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It can be seen that RLE were ‘activated’ during com-
pletion of the task. However, divergent and large PIOs 
were not experienced. APC ratings obtained suggest that 
small minor oscillations were apparent, but did not lead to 
any significant change in control strategy. A degradation 
in HQR was also found, from a HQR 4 to HQR 5 when 
introducing RLEs.

Figure 12 shows a comparison between the classical and 
task-specific (TS) OLOP predictions for the Accel–Decel 
task. Points shown are the �OLOP for the two RL values 
tested: 35 % /s and 17 %/s. For this case, all points are 
predicted to be PIO prone. Also shown are APC ratings 
awarded during the task completion.

As shown, for both the classical and TS OLOP, �OLOP 
points are above the OLOP boundary. This means the 
case is predicted to be Cat. II PIO prone. Using the clas-
sical method, the �OLOP points are significantly above the 
boundary. However, clear PIOs were not experienced dur-
ing completion of the Accel–Decel manoeuvre. Using the 
TS method, �OLOP points are close to the OLOP boundary. 
This appears to be more representative of results found 
during piloted simulation.

5.2  Tracking task

The tracking task was conducted using all three control com-
mand types and flown by both pilots. Ratings awarded are 
shown in Table 3. During completion of the tracking task, 
the vehicle was trimmed in forward flight. Performance 
requirements were only in the lateral axis. The capture 
element of the task required the pilots to command large 
control input displacement. This was found to successfully 
expose PIOs during the tests, however, not consistently for 
both pilots. During completion of the task, Pilot B was more 
resistant to PIO, particularly for the control types with pre-
dicted good HQs (RC and AC(G)).

Figure  13a, b shows two examples of the results 
obtained from completion of the tracking task for Pilot A 
and Pilot B, respectively. These results were obtained for 
the AC(G) control system. Figure 13a shows the results 
where Pilot A entered large PIOs and clearly activated 
vehicle RLE. Roll oscillations are shown in the vehicle roll 
attitude output ( � ) after approximately t = 35 s. These con-
tinue until the completion of the manoeuvre. In this case, 
the pilot is unable to arrest oscillations during attempted 
completion of the task. These oscillations can clearly be 
classified as Cat. II, as rate limiting is apparent throughout 
the run. Conversely, Fig. 13b shows results from the same 
case when performed by Pilot B. In this case, considerable 

Table 2  Pilot rating: Accel–
Decel task

Pilot Com RL �
OLOP

HQR APCR PIOR

A RC N – 4 2 2
A RC 35 2.4 5 4A 2
A RC 17 1.4 5 4A 2
B RC N – 4 1 1
B RC 35 2.4 5 4C 2
B RC 17 1.4 5 4B 2
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rate limiting also occurs throughout the completion of the 
task. However, the pilot consciously uses a control strategy 
to suppress (or avoid) PIO. In this case, the pilot reduces 
his control gain and applies no immediate large change in 
control input following any large change in vehicle roll 
attitude. This affectively means that the pilot is going 
‘open-loop’ and, therefore, avoiding PIO. Despite this 
strategy, the pilot is able to complete the task to desired 
performance requirements. At the end of the manoeuvre, 
during a large attitude capture, a small oscillation in roll 
attitude is apparent. The pilot did not recognise this as PIO 
during the manoeuvre. Results here, and the difference 
between the two pilots, suggest that the manoeuvre should 
be further constrained to consistently expose underlying 
PIOs.

In the case discussed above, it was possible for the pilot 
to avoid PIO due to the favourable HQs of the vehicle. How-
ever, for the PVS with poor HQs (i.e. AC(P)), this was not 
possible. Figure 14 shows the completion of the manoeu-
vre performed by Pilot B with the AC(P) model. As shown, 
following t = 60 s, rate limiting severity and frequency 
increases. Furthermore, roll oscillations are shown in the 
roll channel. For the same configuration, Pilot A entered 
severe PIOs, which forced him to abandon the task.

Figure 15a shows the TS OLOP predictions for the track-
ing task. Predictions are for the lateral axis, calculated using 
the forward-flight model. OLOP predictions are shown for 
cases with RL = 35% /s and RL = 17% /s for all control sys-
tem models. Also shown are APC ratings awarded by both 
pilots. Results show disagreement between pilot ratings 
and the OLOP boundary. This is found for cases with large 
phase margin at the open-loop gain crossover (Amplitude 

0 dB). These cases were found to be PIO robust during the 
completion of the tracking task. The case where the phase 
margin was small (AC(P)) was found to result in severe PIOs 
(APCR = 7B, PIOR = 5).

5.3  Lateral reposition

The lateral reposition task was completed by one pilot (Pilot 
A). This was due to available time during the test campaign. 
The pilot completed the manoeuvre using two control types 
(RC and AC(P)). Ratings awarded are shown in Table 4.

For the RC system, no significant PIOs were observed. 
Though the APCRs, the pilot commented that he experi-
enced non-oscillatory motions during the completion of the 
task. Conversely, severe PIOs were experienced using the 
AC(P) model. In this case, reduction in RL led to a signifi-
cant increase in PIO severity. For the case with RL = 17%/s, 
the pilot awarded APCR = 8E and PIOR = 5. In this case, 
the pilot abandoned the task due to oscillations experienced. 
These occurred during the attempted stabilisation follow-
ing the lateral translation. Abandoning the task led to the 
convergence of oscillations and stabilisation of the vehicle.

OLOP predictions for the lateral reposition task are 
shown in Fig. 15b. Predictions are similar to those found for 
the tracking task. In this case, the OLOP boundary appears 
to be conservative for cases with high-phase margin at gain 
crossover.

5.4  Pirouette

The Pirouette manoeuvre was completed by both test pilots, 
using all control configurations. In this task, pilots were 

Table 3  Pilot rating: tracking 
task

Pilot Com RL �
OLOP

HQR APCR PIOR

A RC 35 2.4 3 1 1
A RC 17 1.2 3 1 1
A RC 5 0.4 5 5B 2
B RC 17 1.2 5 2 2
A AC(G) N – 4 1 2
A AC(G) 35 1.3 5 1 1
A AC(G) 17 0.8 6 7B 4
B AC(G) N – 5 4A 2
B AC(G) 17 0.8 4 2 2
B AC(G) 10 0.6 5 4A 2
A AC(P) N – 5 5B 3
A AC(P) 35 1.1 6 7B 4
A AC(P) 17 0.8 7 7B 4
B AC(P) N – 4 4A 2
B AC(P) 17 0.8 6 5A 2
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required to apply control inputs both in lateral and longi-
tudinal channels. Primary and largest control inputs were 
made within the lateral axis, particularly during the stabili-
sation element of the task. Pilots were constantly required 
to correct the longitudinal position whilst completing the 
manoeuvre. Results from pilot subjective assessment are 
shown in Table 5.

Unexpectedly, the task requirements of the Pirou-
ette manoeuvre consistently caused longitudinal PIOs. 
These were found as the pilots attempted to maintain their 

longitudinal track position whilst maintaining the lateral 
translation. Figure 15c shows OLOP predictions for the 
longitudinal axis.

For the AC(P) configuration, only a very small phase 
margin exists at the 0 db crossover point (difference between 
− 180◦ and phase at 0 dB, Fig. 15c). This indicates that the 
PVS is close to instability. It is believed that the proximity to 
instability and the task performance requirements have led 
to activation of RLE. An example of a divergent oscillation 
which occurred during completion of the task is shown in 
Fig. 16a.

Although the majority of PIOs during the Pirouette 
manoeuvre were found in the longitudinal axis, one PIO 
was observed in the lateral axis. This was found during a test 
completed by Pilot A, using the AC(P) command system. 
With the RL = 17%/s, the pilot entered a small, rate-limited 
PIO during the hover capture, and the end of the manoeuvre. 
This is shown in Fig. 16b. The pilot stated that, for this case, 
the PIO was not severe, and awarded APC 4C. As shown, in 
this case, the PIO started following small oscillatory con-
trol inputs at t = 43 s. During the start of these oscillations, 
the pilot commands control inputs approximately ± 3–4% of 
available lateral control.

Figure 15d shows the OLOP prediction for this case: 
lateral dynamics of the vehicle in hover, with pilot input 
magnitude of ±4% . As shown, using the classical OLOP 
boundary, the case is predicted to be marginally PIO Prone, 
confirming the results of piloted assessment.
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Fig. 15  OLOP predictions using 
task-specific (TS) approach
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Table 4  Pilot rating: lateral 
reposition

Pilot Com RL �
OLOP

HQR APCR PIOR

A RC N – 4 2 2
A RC 35 2.7 5 2 2
A RC 17 1.3 5 2 2
A AC(P) 35 1.1 6 5C 3
A AC(P) 17 0.8 7 8E 5
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5.5  Hover

The Hover task was conducted using both the RC and the 
AC(P) control systems. Unlike the other tasks performed, 
PIOs were consistently experienced both in the lateral and 
longitudinal axes. Table 6 shows the results obtained. Addi-
tional information regarding whether RLEs were ‘activated’ 
during completion of the manoeuvre is also shown, to deter-
mine whether APC and PIO ratings awarded resulted from 
longitudinal or lateral characteristics.

In many cases, both the lateral and longitudinal RLEs 
were triggered during completion of the Hover MTE. In 
general, HQRs for the Hover task, with the faster transition 
speed, indicated that pilots had difficulty achieving desired 
and adequate task performance standards. The inclusion of 
RLEs led to a degradation in HQRs. During completion of 
the Hover MTE, on one occasion, PIOs led to a loss of con-
trol. This was for the AC(P) case, whereby divergent oscilla-
tions began in the longitudinal axis and subsequently caused 
oscillations to also occur in the lateral axis. Using the RC 
model, limiting in the lateral axis was more apparent. This 
was due to the larger control inputs required to complete task 
performance, particularly during the stabilisation element, 
in this axis.

OLOP predictions, using approximations of maximum 
control input expected during completion of the Hover task 
are shown in Fig. 15e, f, for both longitudinal and lateral 
dynamics, respectively. Also shown are the APCRs obtained 
during task completion. For each case, pilots awarded only a 
single APC rating. Therefore, this is repeated in each OLOP 
figure.

On one occasion, the Pilot awarded a APCR = 8E, for 
a PIO experienced in the lateral axis during completion of 
the task. This PIO is shown in Fig. 17 and occurred during 
the attempted stabilisation element of the task. Oscillations 
continued for only 1.5 cycles. The pilot stated that to arrest 
the severe oscillations, he was required to ‘abandon the task’. 
As a result, and following the guidelines on the use of the 
APC scale, he awarded APC = 8E. However, following the 
initial oscillation, the pilot was able to stabilise the vehicle, 
and complete the stabilised hover element of the task.

For this case, the pilot could not successfully complete 
the translation to hover in the allowable time, due to the PIO 
which occurred during the attempted capture. Large oscil-
lations led to a large change in ground speed between 6 and 
10 knots during the attempted capture. For this case, severe 
PIOs were not expected, due to the proximity of the �OLOP 
to the classical boundary. For the other tasks, this region was 
found to be PIO robust, both in terms of longitudinal and 
lateral PIO dynamics. This was the only case found during 
the investigation where a PIO was found for a case close 
to the classical OLOP boundary with an open-loop phase 
above − 120◦.

5.6  Summary of results

Generally, the extensions to the OLOP model were found to 
be suitable additions to the Cat. II PIO prediction method. 
The results obtained reflected subjective feedback from 
the experimental test pilots. Using the Hess pilot model, 
a greater understanding of both the open-loop and closed-
loop dynamics of the PVS was obtained. Unlike the classical 

Table 5  Pilot rating: pirouette Pilot Com RL �
OLOP

 lat/long HQR APCR PIOR

A RC 35 7.7/5.0 5 5B (lon) 4 (lon)
A RC 17 4.0/3.1 7 5D (lon) 6 (lon)
B RC N –/– 4 1 1
B RC 35 7.7/5.0 4 1 1
B RC 17 4.0/3.1 4 1 1
B RC 10 2.3/2.2 4 4A (lon) 2 (lon)
A AC(G) N –/– 5 1 1
A AC(G) 35 3.6/2.8 4 1 1
A AC(G) 17 1.9/1.8 4 1 1
B AC(G) N –/– 4 1 1
B AC(G) 35 3.6/2.8 4 1 1
B AC(G) 17 1.9/1.8 4 1 1
B AC(G) 10 1.3/1.3 4 2 2
A AC(P) N –/– 5 5B (lon) 4 (lon)
A AC(P) 17 1.4/1.3 5 4C (lon) 4 (lon)
B AC(P) N –/– 6 5C (lon) 3 (lon)
B AC(P) 35 2.1/1.8 5 5B (both) 3 (both)
B AC(P) 17 1.4/1.3 10 9E (both) 6 (both)
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OLOP method, the PVS dynamics were tuned using a gain 
crossover frequency. Vehicle models with high-open-loop 
phase margin were found to be more robust to PIO than 
those with a low-phase margin. This is in agreement with 
the classical OLOP boundary. Figure 18 shows �OLOP points 
obtained from OLOP analysis, for all tasks and both lateral 
and longitudinal axes. Each �OLOP point has been classified 
whereby either no Cat. II PIO was experienced or where 
Cat. II PIOs were experienced. These classifications are 
based upon the pilot subjective ratings awarded.

Figure 18 shows the classical OLOP boundary, proposed 
by Duda [11], and a proposed boundary based upon results 
obtained in this investigation. The results from this inves-
tigation showed that points featuring high-open-loop phase 
margin were found to be PIO robust when completing the 
majority of MTEs. One point (lateral axis, Hover task) was 
found to result in a severe PIO, but this was not sustained, 
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(a) Divergent longitudinal PIO during manoeuvre.
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(b) Lateral PIO during completion of manoeuvre.

Fig. 16  Examples of data obtained during the Pirouette manoeuvre

Table 6  Pilot rating: Hover Pilot Com RL �
OLOP

 lat/long HQR APCR PIOR RL active

A RC 35 4.1/3.2 6 5C 4 No
A RC 17 2.0/1.9 7 5C 4 Lat
A RC 17 2.0/1.9 7 5C 4 Both
B RC N –/– 5 4A 2 No
B RC 35 4.1/3.2 6 5B 3 No
B RC 17 2.0/1.9 7 8E 6 Both
A AC(P) 35 1.4/1.4 4 4C 2 No
A AC(P) 17 1.0/1.0 4 5C 4 Both
B AC(P) N –/– 5 5B 3 No
B AC(P) 35 1.4/1.4 7 7D 4 Long
B AC(P) 17 1.0/1.0 10 9E 6 Both
B AC(P) 17 1.0/1.0 9 7D 4 Both
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Fig. 17  Lateral PIO occurring during Hover MTE
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continuing for only for 1.5 cycle. As a result, the findings 
generally supported increasing the slope of the OLOP 
boundary with increasing phase margin. The proposed 
boundary, based on the results obtained, was found to be 
very similar to the boundary proposed for phase-compen-
sated RLEs in Ref. [17].

6  Conclusions

This study has shown that the Open-Loop Onset Point cri-
terion (OLOP) can be successfully applied to rotorcraft to 
predict the incipience of Cat. II PIO events. The following 
are the key conclusions from this investigation.

• The five tasks investigated in this research effort were 
found to be suitable to expose Cat. II PIOs. A number 
of tasks were modified from manoeuvre specifications 
contained in the Handling Qualities (HQ) specification 
ADS-33E. These modifications improved the suitability 
of the tasks to expose PIOs. Although generally tasks 
were appropriate, a number of improvements were sug-
gested for future investigations. Furthermore, in some 
cases, task constraints must be revisited, to ensure that 
pilot aggression is sufficient to trigger PIOs.

• Extensions to the OLOP method, both the use of a sophisti-
cated pilot model and realistic control input magnitudes was 
found to lead to appropriate PIO predictions for the cases 
tested in this research effort. Using the OLOP boundary, 
results obtained were much less conservative in comparison 
to those found when using the ‘classical OLOP’ method.

• Results from the investigation were used to generate a 
modified OLOP boundary. During the investigation, it 
was found that configurations featuring a high-phase 
margin at the gain crossover were more robust to PIO. 
Therefore, the results suggested that the OLOP bound-
ary should be adjusted at phase values greater than 
− 140◦.

This study has demonstrated an update to the OLOP method 
through use of realistic control inputs and a sophisticated 
pilot model. An extension to this methodology would be to 
characterise the pilot in the frequency domain. The charac-
terisation would be used to update the parameters of the pilot 
model, replacing the approximations used in this research 
effort. This is recommended for future research.

Although the method has been developed and demon-
strated using a helicopter model, there is nothing limiting the 
further application to other types of vehicle, both rotorcraft 
[e.g. Tiltrotor, electric vertical take-off and lift (eVTOL)] 
and fixed-wing. Particularly for new aircraft, during flight 
testing, the method can offer significant benefit by giving 
clear guidance on how to tune and configure rate limiters to 
avoid PIOs. Research in this area is recommended for future 
investigations.

Acknowledgements Open Access funding provided by Projekt DEAL. 
Data used in this paper were collected during a joint test campaign 
between researchers from DLR and the National Research Council 
Canada (NRC). The author wishes to thank Marc Alexander (NRC) for 
his assistance conducting the campaign in the AVES simulator. Further 
thanks is extended to test pilots who participated in the campaign, 
Perry Comeau (NRC) and Miles Barnett (DLR). Finally, the author 
wishes to thank Holger Duda, for his advice regarding the application 
of the OLOP criterion.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

Appendix

The appendix contains rating scales used in this investiga-
tion: the Adverse Pilot Coupling (APC) rating scale and the 
Pilot-Induced Oscillation (PIO) rating scale (Figs. 19, 20).
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