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The coupled vehicle roll/yaw/sway motion of lateral-directional oscillations is often a 

contributor to rotorcraft handling qualities deficiencies. The extent of the deficiencies, and the 

required pilot control compensation to mitigate their effects, depends critically on the 

damping and frequency of the lateral-directional oscillatory mode. Current rotorcraft 

performance/certification standards (e.g. ADS-33E-PRF/CS-29) for mode stability have been 

developed from standards that date from the 1950s or from fixed-wing requirements; there 

has been limited flight testing to support their validation. This paper examines the suitability 

of these dynamic stability criteria to modern rotorcraft using ground-based simulation, by 

assessing simulation model configurations covering a range of handling qualities, selected 

based on frequency and damping. The underlying simulation model is a FLIGHTLAB Bell 

412 model, augmented using a model renovation technique, to ensure that the baseline 

configuration resembles National Research Council of Canada’s test aircraft, and the non-

lateral-directional oscillation handling qualities are Level 1. The test configurations have been 

developed with delta-derivatives added to the nonlinear model to change the mode frequency 

and damping, whilst preserving yaw sensitivity and the magnitude ratio of the roll/ yaw 

motion. The preliminary results demonstrate that the handling qualities improve with 

increasing damping, giving a reasonable match with the military standards. However, Level 2 

deficiencies generally prevented achievement of desired performance at low workload. 

Further work is needed examine the suitability of current lateral-directional oscillation civil 

certification criteria. 

I. Nomenclature 

fAy  = lateral specific forces at the pilot-station [m/s2] 

p, q, r  = angular velocity components of helicopter about fuselage x-, y-, z-axes [deg/s, rad/s] 

u, v, w  = translational velocity components of the helicopter along fuselage x-, y-, z-axes [ft/s] 
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Lv, Mq, etc. = moment stability derivatives normalized by moments of inertia [rad/(s-ft), 1/s etc.] 

𝐿𝑋𝑎
, 𝑀𝑋𝑏

, etc. = control derivatives normalized by moments of inertia [rad/(s2-inch) etc.] 

Xa, Xb  = pilot lateral and longitudinal cyclic stick inputs [inch] 

Xc, Xp  = pilot collective and pedal inputs [inch] 

Yv, Xq, etc. = force stability derivatives normalized by aircraft mass [1/s, ft/(srad) etc.] 

𝑌𝑋𝑎
, 𝑋𝑋𝑏

, etc. = control derivatives normalized by aircraft mass [ft/(s2-inch) etc.] 

    = Euler angles [deg, rad] 

   = phase angle between roll rate and sideslip [deg] 

    = relative damping and frequency of the lateral-directional oscillation [n/a, rad/s]  

II. Introduction 

For both fixed and rotary-wing aircraft, the lateral-directional oscillation (LDO) is considered a ‘nuisance’ mode, 

in that it contributes nothing useful to the aircraft performance and maneuverability and any excitation needs 

suppression by pilot control action, thus contributing to handling deficiencies. As with all oscillatory modes, the extent 

of the deficiencies depends on the modal damping and frequency and the amplitude ratios and phases of the coupled 

motions. Compared with fixed-wing aircraft, rotorcraft LDO damping is reduced by fin/tail rotor blockage and a de-

stabilizing dihedral effect. The roll/yaw ratio can be unity or greater, and the phase between the motions can require 

complex pilot compensation. Explanation of these effects are discussed in more detail in Ref. [1]. 

Civil and military rotorcraft certification standards [2, 3] define the acceptable amount of stability in terms of 

relative damping as a function of frequency for the LDO. Fig. 1 shows the Handling Qualities (HQ) boundaries for 

the frequency (vertical axis) and damping (horizontal axis) from these standards, dividing the chart into regions of 

constant relative damping and natural frequency. Flight test results for a range of current aircraft are shown on the 

chart illustrating typical levels of LDO mode characteristics. As can be seen, these un-stabilized aircraft are, at best, 

Level 2 for the ‘all other Mission Task Elements (MTE)’ category in Aeronautical Design Standard-33 (ADS-33, [2]). 

The civil standard, CS-29 [2], contains a list of requirements, and acceptable means of compliance, that must be 

satisfied for large rotorcraft to be certified for operations in a range of flight conditions e.g. Category A vertical 

operations, day/night. CS-29 states that the rotorcraft must be stable for flight in Visual Meteorological Conditions, 

represented by the vertical zero damping line in Fig. 1, whilst in Instrument Meteorological Conditions, different 

damping levels are defined depending on the frequency of the LDO. 

The military standard, ADS-33E-PRF [3], defines HQs as Level 1, 2 or 3 with further differentiation relating to 

the mission of the aircraft. The regions for ‘All Other MTEs’ are aimed at cargo/utility aircraft while ‘Target 

Acquisition and Tracking’ (TA&T) boundaries are for scout/attack rotorcraft. As with CS-29, ADS-33E-PRF LDO 

damping requirements are dependent on the frequency of the oscillation. Ref. [6] notes that “no supporting data for 

these boundaries relevant to helicopters have appeared in the open literature since publication of ADS-33”; this is 

also true for the CS-29 standards. The ADS-33 boundaries are largely based on the fixed-wing military aircraft 

standards, MIL-F-8785C [7], for the ‘Dutch roll’ mode. One significant difference is the Level 1-2 boundary for 

TA&T tasks which is an extension of the 0.35 relative damping boundary line for yaw oscillations in low-speed tasks 

flown with divided attention. The ADS-33 user-guide [8] states that there are “no quantitative data to support this 

limit in forward flight. The intent is the same, however, since excessive lateral-directional oscillations in a high 

workload environment, will result in degraded handling qualities at any speed.”. The 0.19 relative damping 

() and n = 0.35 lines, correspond to the Level 1-2 boundary for fixed-wing aircraft in Category A flight phases. 

ADS-33 adopts this as the Level 1-2 boundary for ‘All other MTEs’, and Level 2-3 boundary for ‘TA&T’ tasks, 

although Ref. [8] states that, “the representation of this boundary as the Level 2 limit for slalom, ground-attack and 

air combat is less supportable, and is based on convenience of format”. The Level 2-3 boundary (n   n > 

0.05) and (zero ) Level 3-4 boundary accord with the fixed-wing military aircraft standard. 
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Returning to the CS-29 requirements, it is emphasized that these are not Level 1-2 HQ boundaries as such, as the 

culture of civil standards does not admit this categorization. The standards for acceptable HQs in IFR flight are drawn 

from the early MIL-STD-8501 [9] criteria where the allowable number of cycles to half amplitude is prescribed as a 

function of the LDO period. 

 

 

 

Fig. 1 ADS-33E and CS-29 LDO boundaries, with flight test results for several types (Puma [4], Bo105 80 kts 

[4] , AH64 [4], Bo105 120kts, BK117 [5], B412 [1] 

 

Clearly, the relevance of these aged standards to current rotorcraft operational needs is questionable, and further 

investigation is warranted. Particular questions stemming from this historical perspective are: (1) for the most 

demanding military helicopter tasks, is the minimum relative damping of 0.35 really required? (2) is a minimum 

relative damping of 0.19 sufficient for Level 1 HQs in general MTEs? (3) how close to zero damping is acceptable 

for Level 2 performance? for example, is a  of 0.2 sufficient? (4) is a   of 0.11 sufficient as a minimum standard for 

civil operations in IFR flight? A key objective of the research reported in this paper is to examine the ‘veracity’ of the 

current civil/military LDO HQ boundaries by assessing characteristics across the stability chart through flight testing 

and piloted simulation. This paper describes the test facilities used, the methodology for establishing the test 

configurations, and results from the first phase of assessments. 

 

III. Test Facilities and Development of a Baseline Simulation Model 

 

The reference aircraft is the National Research Council (NRC) Canada’s Bell 412 (B412) Advanced Systems 

Research Aircraft (ASRA) [10],  

Fig. 2. Flight tests were conducted in support of the LDO research primarily to ensure that the baseline simulation 

model was representative of the aircraft. Fig. 2 shows a view from the cockpit as the pilot commences the right to left 

runway crossing in a Roll-Step MTE (see Appendix 1). Fig. 3 shows the HELIFLIGHT-R flight simulator [11] and a 

similar cockpit view. The multi-body-dynamic modelling and simulation environment FLIGHTLAB [12] was used to 

create the baseline simulation model (F-B412) of the B412 ASRA aircraft, using data measured on the aircraft from 

several flight test campaigns in support of control law design [13] and simulation fidelity research [11, 14-23]. Two 

further measurement and flight test campaigns have taken place during the current Rotorcraft Simulation Fidelity 
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project [20]. The first flight trial provided data from clinical inputs to support further model development [22]; the 

second focused on measuring LDO characteristics.  

 

 

  

Fig. 2 NRC Bell 412 ASRA and view from the cockpit during the Roll-Step MTE 

 

 

Fig. 3 UoL HELIFLIGHT-R and view from the cockpit during the Roll-Step MTE 

 

 

Fig. 4 shows a comparison between ASRA and F-B412 Roll-Step results, flown by the same pilot as part of the 

simulation fidelity validation effort. The pilot returned an HQR 5 in flight and an HQR 6 in simulation. The Level 2 

ratings were returned largely because of difficulties experienced coordinating (with lateral cyclic and pedals) the turns 

when leveling out after the first and second runway crossings; the pilot only just managing to achieve adequate 

performance standards. The heading oscillations between 2000 and 2500ft illustrate the LDO being excited as the 

aircraft lines up with the runway after the first crossing. The pilot was unsure of his height and speed precision during 

the MTE, due to poor visual cues but also the high level of concentration required for ground-track and heading 

maintenance. Despite this, in both flight and simulation the pilot kept within the desired standards for height and speed 

throughout the MTE. Generally, the results accord with the location of the B412 in Fig. 1 (Level 2), although there is 

an element of ground-tracking required in the MTE of course (Level 3 for TA&T MTEs). 
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Fig. 4 Comparison of Roll-Step results for F-B412 and ASRA; ground-track, heading and controls 

 

System IDentification (SID) has been used to derive a linear model of the B412 to predict the LDO characteristic 

at a 90kts flight test condition [1]; the flight test (FT) result is indicated by the solid black star in Figs 1 and 5; the 

baseline F-B412 LDO point is indicated by the hollow circle. The F-B412 LDO damping is approximately 30% and 

the frequency 70% larger than from FT. Predicting the LDO characteristics through simulation has proved notoriously 

difficult as noted by previous studies [4, 6].  

One method to improve the fidelity of the baseline simulation model, to make it more representative of the test 

aircraft, is to apply the renovation technique developed in Ref. [14], where the mismatches between flight and 

simulation are corrected or ‘renovated’ with incremental forces and moments as ‘delta’ derivatives. These deltas are 

derived from comparisons of the derivatives identified using SID with those from the F-B412, from SID or 

conventional linearization [1]. The renovation method selects the derivatives which are effective at improving the 

match between flight test and the model response. For the present study, the renovated model, designated the RF-

B412, shown as a solid circle in Fig. 5, was created to reflect the ASRA’s LDO characteristics using a set of four 

stability derivatives: ΔLv, ΔNv, ΔNr and ΔN ped shown in Table 1.  

 

Table 1 Renovation of F-B412 

Derivative B412 F-B412 Δ value change % Δ change 

Lv -0.021 -0.037 0.0120 -32.5% 

Nv 0.006 0.024 -0.0164 -69.5% 

Nr -0.819 -1.029 0.2227 -21.6% 

Nped -0.567 -0.671 0.1178 -17.5% 

 

To isolate the effects of LDO stability from other HQs, the test configurations should exhibit Level 1 for the non-

LDO HQs. Typically, such HQ improvements are implemented through a stability augmentation system (SAS). 

However, in the present work, the HQs have been ‘supplemented’ (SRF-B412) using the delta-derivative technique 

to, e.g. improve the pitch and roll damping, pitch-from-heave and roll-from-pitch cross couplings, which were not 

Level 1 in the baseline RF-B412; the required delta derivatives are listed in  

Table 2. The advantage of this approach is that it allows selected HQs to be improved instead of several derivatives 

being augmented by a single SAS channel. The handling qualities of the SRF-B412 are summarized in Table 3 and 

the associated HQ charts are documented in Appendix 2. Note that there are still some areas which do not show Level 
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1 HQs. The first is the LDO itself which is the focus of this paper and will be further supplemented to give a range of 

LDO HQ characteristics. Secondly, roll bandwidth remains borderline Level 1-2, primarily because a 110-millisecond 

(visual system) delay is included for HELIFLIGHT-R, reducing the effective bandwidth and increasing the effective 

phase delay. 

 

Table 2 HQ Supplement Renovation of F-B412 

Derivative F-B412 Δ value change 

Lp -2.5 -0.9 

Mq -0.97 -0.3 

Lq -1.2 -1.0 

Mcol 0.16 -0.07 

 

Table 3 Summary of Predicted HQs of SRF-B412 (green – Level 1, yellow – Level 2, red – Level 3) 

Criteria Axis Direction Boundaries 90 Knots 

    RF-B412 SRF-B412 
      

 
Stability 

LDO  TA&T 3 3 

 All Other MTEs 2 2 

Spiral Mode   1 1 

Phugoid Mode  Fully Attended 1 1 

 Divided Attention 2 2 

Short Period Mode  Fully Attended 1 1 

 Divided Attention 1 1 

      

 
 

Bandwidth 

Roll  TA&T 2 2 

 All Other MTEs - VMC and Fully 
Attended Operations 

2 2 

 All Other MTEs - IMC and/or 
Divided Attention Operations 

2 2 

Pitch  TA&T 2 2 

 All Other MTEs - VMC and Fully 
Attended Operations 

2 1 

 All Other MTEs - IMC and/or 
Divided Attention Operations 

3 2 

Yaw  TA&T 2 2 

      

 
Quickness 

 

 
3.4.6.2 Roll 

Left TA&T 2 2 

All other MTEs 1 1 

Right TA&T 2 2 

All other MTEs 1 1 

      

 
 
 

Control 
Power 

 
3.4.6.3 Roll 

Left Limited/ Moderate/ Aggressive/ 
TA&T 

1 1 

Right Limited/ Moderate/ Aggressive/ 
TA&T 

1 1 

Pitch  requires multi-axis inputs 

Yaw Left Aggressive 1 1 

Right Aggressive 1 1 

      

 
 
 

 
Cross 

Coupling 

3.4.3 Flight Path Front requires multi-axis inputs 

3.4.5.1 Pitch from coll.  small Pass Pass 

3.4.5.1 Pitch from coll.  large Pass Pass 

3.4.5.2 Roll from pitch   Aggressive 1 1 

3.4.5.3 Pitch from roll   Aggressive 1 1 

Roll-Sideslip (3.4.7.1)  Bank angle oscillation limitations 1 1 

Roll-Sideslip (3.4.7.2)  Sideslip excursion limitations 1 1 
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IV. LDO Test Configurations 

LDO test configurations were selected based on frequency and damping to cover a range of HQs on the ADS-33 

and CS-29 stability chart (Fig. 5). The first set of configurations (C1-C3) represent aircraft with approximately the 

same LDO frequency (1.5 rad/s) as the B412-ASRA, allowing the effect of LDO damping across the HQ regions to 

be examined. A second group (configurations C4-C6) represents an increased LDO frequency of 2 rad/s. The damping 

range is greater to maintain a similar spread of LDO HQs. Finally, configurations C7-C9 are used to examine the 

effect of damping changes at an LDO frequency of 2.5 rad/s, similar to the Bo105 (Fig. 1). 

The LDO test configurations have been developed from the baseline RF-B412 with supplemented HQs using the 

weathercock stability derivative Nv and the yaw damping derivative Nr. The magnitude ratio of the roll and yaw motion 

for the LDO test configurations was maintained constant to ensure that HQ effects due to roll/yaw/sideslip ratios and 

their phase did not impact the primary objective. This was achieved by modifying the dihedral effect, Lv, to maintain 

the B412-ASRA ratio p/r of 0.6. In addition, Nped was varied to give the same yaw control sensitivity as the B412-

ASRA (16deg/s.inch) across all configurations; this also ensures performance exceeds the minimum ADS-33E-PRF 

Level 1 yaw control power requirement [3]. Roll control power remains the same as Lp and LXa remain constant. The 

delta derivatives are recorded in Appendix 3. 

 

 

 

Fig. 5 LDO test configurations on the frequency-damping chart 

 

In addition to the LDO stability characteristics, ADS-33E-PRF characterizes the bank angle changes in relation to 

the phase of the roll-sideslip oscillation. The y-axis parameter (𝜙𝑜𝑠𝑐 𝜙𝑎𝑣)⁄  in Fig. 6 is calculated from the ratio of 

peaks and troughs while the x-axis parameter,  , is the phase angle between roll rate and sideslip. These oscillatory 

characteristics remain within Level 1 for all test configurations, with the maximum sideslip to roll rate phase difference 

of 62 degrees being between C3 and C7.  
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Fig. 6 Roll from sideslip coupling for the nine LDO test configurations. 

 

V. Pilot-in-the-Loop Simulation Trials 

The current fixed-wing military standards for dynamic stability relate to flight phases or, in the case of the civil 

standards, to the ability to maintain trim flight in Visual Meteorological conditions and Instrument Meteorological 

Conditions (VMC and IMC). ADS-33 is a mission-oriented standard with MTEs used as part of the assessment 

methodology. The initial investigations in our research have focused on a typical forward-flight, close to the surface, 

MTE. The Roll-Step MTE [24], described in Appendix 1, was chosen as it provides moderate roll attitude changes 

and a flight-path/attitude tracking element.  

  The Roll-Step MTE is flown mainly with reference to outside world cues. Both sides of a 200 ft wide runway are 

flanked by an ordered set of numbered gates 500ft apart where the pilot is required to fly through a defined series of 

these gates that form the Roll-Step MTE. The task begins with the aircraft aligned along the runway left edge, flying 

at a reference height and speed. Once the specified gate number is reached, the pilot is required to turn to the right 

across the runway then turn the aircraft back within the required performance standards on reaching the designated 

gate on the right runway edge. The pilot must maintain track on the right runway edge until reaching the next specified 

gate, when a left turn is initiated to cross the runway to the specified gate on the left runway edge. When passing 

through each of these four gates, the pilot must meet the performance standards listed in Appendix 1. Finally, a ground 

tracking phase of 1000ft is included as an integral part of the MTE. On completing the run, the pilot completes a 

questionnaire, designed to aid the pilot and engineer understand and record all information on influencing aircraft 

characteristics, task performance and compensation. The pilot then returns a Handling Qualities Rating (HQR) [25].  

In the preliminary work reported here, two test pilots participated in a simulation trial and the HQRs recorded by 

both pilots for the 9 LDO configurations tested are shown in Fig. 7. Superscripts to the HQR represent a Pilot Induced 

Oscillation (PIO) rating, only awarded if the pilot felt a PIO was triggered, using the scale defined in Ref. [26]. Some 

general observations on the HQRs are made before discussing the results in more detail: 

 

a) The HQRs returned by the pilots generally improve as damping increases. 

b) The frequency of the mode appears to have little impact on the HQR. 

c) LDO relative damping between 0.25 and 0.4 generally resulted in Level 2 HQRs.  

d) The zero damping LDO configurations resulted in PIO-susceptible Level 2 HQRs.  
e) Level 1 HQs were predicted (ADS-33, all-other-MTEs class) for configurations C3, C6 and C9 but mostly 

Level 2 HQRs were returned. 

The HQRs are supported by pilot comments on task performance, compensation and influencing characteristics. 

These fall into two categories: those that relate to the impact of the LDO characteristics and those that relate to non-

LDO characteristics including simulation environment. These comments will be referred to in the following discussion 

of the HQRs. 
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Fig. 7 HQRs for the Roll-Step MTE with varying LDO relative damping and frequency 

 

The zero damping cases were dominated by yaw oscillations, triggered by the pilot capturing and tracking the side 

of the runway. An example is shown in Fig. 8 for C1 flown by Pilot A (HQR 5), where the oscillation caused the pilot 

to stray beyond the desired heading performance boundary when engaging in the final tracking phase of the task.  

  

  

  
 

Fig. 8 Directional/Lateral control and task performance in the MTE, Pilot A configuration C1 

 

 

The pilots commented that these oscillations felt like a yaw PIO. However, analysis using the Inceptor Peak Power 

Phase (IPPP) metric [27], illustrated in Fig. 9 for roll and yaw inceptors, suggests that no PIO was experienced. The 

suggestion is that the free LDO has been perceived by the pilots as a PIO. However, the yaw oscillations forced the 
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pilots to change their strategy. The oscillation was triggered by the lateral stick input, and compensatory pedals, 

causing the pilot to be less aggressive with both inceptors in an attempt to diminish the oscillation.  

The solid Level 2 HQRs returned for this zero damping LDO configuration, with p/r ratio of 0.6, contrast with the 

predicted (ADS-33) Level 3 characteristics. However, both pilots were forced to lower their gains to achieve adequate 

performance, albeit requiring considerable compensation by Pilot A. This leads to the question of how the HQRs 

might change if the p/r ratio increases to 1 or higher? This will be discussed in the Future Work section. 

One final point to make here is that the roll bandwidth, predicted to be Level 2 did not appear to influence the 

results. The pilots reported that roll inputs drive the yaw oscillation but that roll response was “crisp and predictable”. 

 

 
 

Fig. 9 IPPP [27] of Xa, Xp power and frequency 

 

C3, C6 and C9 LDO characteristics were selected to lie within the Level 1 region for ‘all other MTES’. However, 

Level 2 HQRs were returned in most cases; only one HQR 3 was returned (C9, Pilot A). Pilot comments indicate that 

these Level 2 ratings were attributed largely to non-LDO characteristics, particularly height and speed cueing and 

associated performance, Fig.  10. Pilot A achieved desired performance for all higher damping cases, but commented 

on inceptor characteristics and the inability to perceive changes in height and speed sufficiently well from the visual 

and vestibular cues provided. In contrast, Pilot B returned HQR 5 for both configurations C6 and C9 even though Fig.  

10 b) shows that height and speed performance deviated into adequate for only short periods during the tracking 

capture phase of the task for C6. The pilot commented it was not possible to accurately judge if desired performance 

was achieved.  

Returning to the zero damping configurations C1, C4 and C7, the pilots reported the same issues in meeting height 

and speed performance (Fig. 7) which can be seen to be significantly worse from Fig.  10 c) and d) than the high 

damping cases. Height performance was found to be outside of desired in most cases, even beyond adequate is some. 

However, this was masked by the additional compensation required by the pilot trying to maintain lateral performance 

causing oscillations in yaw. When the LDO damping increased, the pilot compensation in the lateral channels reduced, 

hence increasing capacity to turn their attention from the lateral axis to height and speed performance; a classic trade-

off in multi-dimensional MTEs.  

Challenges in providing sufficient cueing in the simulation environment for the pilot to be able to judge task 

performance is well documented [28]. In the present study, the pilots’ comments suggest that the visual cues should 

be improved to provide the necessary cueing environment for near-Earth MTEs, particularly related to micro texture 

detail around and on the runway. 
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 a) Pilot A: high damping (C3, C6, C9)   b) Pilot B: high damping (C3, C6, C9)

   
c) Pilot A: zero damping (C1, C4, C7)   d) Pilot B: zero damping  (C1, C4, C7) 

  

Fig.  10 Task Performance in the Roll-Step MTE (C1, C4, C7) 

 

 
 

Fig. 11 Roll-Step MTE control and attitudes for C7, C8 and C9 

 

Fig. 11 compares the roll and yaw control inputs and aircraft responses for pilot A flying the three highest frequency 

(2.5 rad/s) configurations, C7–C9. We again see the pilot struggling to suppress the yaw LDO for the zero-damping 
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configuration C7 throughout the MTE. During the runway edge tracking between gates 6 and 9, the pilot allowed the 

yaw oscillations to continue with minimal suppression, concerned about exciting a PIO. In the first crossing the aircraft 

climbed out of desired, momentarily exceeding the adequate boundary, before the pilot picked up the height increase 

and spent most of the runway tracking bringing the aircraft back to 50ft. This appears to have contributed to his 

allowing the LDO to persist but the yaw excursions were relatively small. Nevertheless, these yaw oscillations result 

in lateral accelerations at the pilot-station of about ±0.05g. Fig. 12 shows a cross-plot of the lateral specific forces, fAy 

(at the pilot-station) and yaw angle, , at the pilot-station during the runway edge tracking. The hexapod motion 

system on HELIFLIGHT-R will have transmitted only a fraction of these to the cockpit and the question arises as to 

how the pilot might have modified the suppression if the full motion had been felt. This question will be picked up in 

the ongoing research for both near-Earth MTEs and up-and-away Instrument Flight rules / Visual Flight Rules 

(IFR/VFR) cruise MTEs in turbulence. 

 

 

  
 

Fig. 12 Lateral specific force at the pilot station as a function of yaw attitude; tracking between G6 and G9 

 

The level of difficulty a pilot experiences attempting to achieve the performance standards in the presence of HQ 

deficiencies is reflected in the control activity. Closer examination of differences in control movements can provide 

insight into the levels of compensation used by the pilot with different configurations. Fig.13 shows a comparison of 

(closed-loop) roll attitude quickness (Fig.13 a)) and lateral cyclic control attack (Fig.13 b)) [29] for C6, C7 and C9. 

The attitude quickness shows two distinct groups of attitude changes; one related to the larger ‘guidance’ changes as 

the aircraft transitions across the runway, the other related to the smaller ‘stabilization’ changes, that continue 

throughout the MTE. In Fig. 13 a), a 2 deg threshold has been applied to the quickness computation. Fig.13 a) shows 

that the guidance quickness used is generally well below the maximum capability of the aircraft and only exceed Level 

1 performance on a few occasions. Stabilization quickness levels are higher and do approach maximum capability for 

C9.  

 

 
a) Roll attitude quickness                                                           b) Attack 

 

Fig.13 Roll attitude quickness a) and attack charts b) for C7, C8 and C9 in the Roll-Step MTE (XA ±1) 

 

With a rate command response type, as on the F-B412, every attitude change, hence quickness point, requires two 

movements of the lateral cyclic, hence two attack points. The control attack is derived in a similar way to the attitude 

quickness; for every inceptor movement, the maximum rate is divided by the amplitude. The accumulation of control 
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attack across an MTE therefore is a measure of the effort and the spread across control amplitude provides an 

indication of the mix between guidance and stabilization effort. In Fig. 13 b), the attack number for the zero-damping 

configuration C7 is 36, and attack rate (AR) of 0.9/sec so approximately one control movement every second, on 

average. Also shown in Fig, 13(b) is the cut-off frequency [29], the frequency at which 70% of the total control energy 

is utilized. Both control metrics show a reduction of about 20% for C9 compared with C7 as the HQR improves from 

5 to 3. The stabilization/guidance groupings for control attack are more blurred compared with quickness although it 

could be argued that a control displacement of just below 0.2 (20% of left or right stick or approximately 1inch 

displacement) roughly separates the two groups. 

Fig. 14 illustrates how the control attack varies during the MTE. This composite plot shows the control time history 

above the spectrogram (frequency content as a function of time, [30] alongside the corresponding frequency spectrum. 

The lower figure then shows how the attack, averaged over a 5sec window, varies during the MTE. The frequency-

domain data shows the dominant peak around 0.15Hz, corresponding to the runway crossings (6.7s), for all three 

configurations. The smaller peak at around 0.5Hz for C7 corresponds with the pilot struggling to suppress the LDO; 

also evident in the time history. The frequency of the LDO is about 0.4Hz so the pilot has closed the loop to suppress 

the LDO, raising the frequency of the closed-loop dynamic about 25% in doing so. The spectrogram and attack 

variation show where in the MTE the pilot is working hardest. The two obvious peaks for C8 and C9 show this to be 

the runway crossings, and particularly re-establishing the runway edges. For C7, while the effort does reduce during 

the right-edge tracking, control attack remains high throughout the MTE. 

 

 

 
 

Fig. 14 Composite charts showing (lateral cyclic) control activity during the roll-step MTE; C7, C8 and C9  

 

 

The kind of results presented in Fig. 14 form part of ongoing research into control compensation analysis, 

particularly relating to separating guidance and stabilization activity; the hypothesis here being that all the stabilization 

is essentially compensation, while the guidance commands form the core ‘task workload’ in the parlance of Cooper-

Harper [25]. Fig. 14 presents results for the primary control axis, lateral cyclic, and the correlation between HQRs and 

the control metrics is reasonable but does not include any information on what might described as the secondary 

control axes, longitudinal cyclic, pedals and collective. In general, for a multi-dimensional MTE, all will be required, 

for example, to maintain or change height and airspeed, and to maintain balanced flight. It is expected therefore that 

secondary control activity will contribute to both guidance and stabilization and hence to compensation and task 

workload. 

VI. Future Work 

There are several aspects of the appraisal of LDO HQs that need attention to complete the study. The paper has 

focused on configurations variations about the baseline F-B412 with a p/r ratio of 0.6 and its derivatives. Ref. [4] 

discussed how the p/r ratio can vary significantly within the operational flight regime, and of course from type to type. 

Recent flight tests with ASRA indicate this is also the case for the B412. Therefore, configurations with combination 

of supplemented derivatives which result in the same LDO damping and frequency, but different p/r ratio and phase 

will be explored. New HQ characteristics and potential deficiencies arise when the roll contributions to the LDO 

increase and it is expected that these will require more complex compensation strategies for MTEs like the roll-step 
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but also MTEs more representative of civil operations, for example, cruise and approach tasks in IMC. In this 

preliminary investigation, there is some evidence that the vestibular motion cueing will need to be better tuned to 

expose any issues associated with the pilot’s experience of lateral acceleration cause by both yawing and rolling at the 

pilot station. The HELIFLIGHT-R facility is well suited to exploring this aspect as part of the ongoing study. 

The evidence from the evaluations suggests that zero damping configurations are unsuitable for flying MTEs like 

the roll-step, but the test matrix did not include configurations around the LDO HQ boundaries at  = 0.05 and 0.11. 

In the continuing work, the matrix will be extended to include such low damping configurations.  

The study has made progress in the development of time/frequency domain metrics for quantifying levels of pilot 

control compensation. Metric analysis can be particularly helpful in understanding the impact of HQ deficiencies on 

performance and pilot control strategy. The Liverpool research continues with this theme for multi-axis metrics and 

the separation of pilot guidance and stabilization activity. 

VII. Concluding Remarks 

An investigation into the suitability of current lateral-directional-oscillation handling qualities, military and civil, 

standards has been conducted using Bell 412 FLIGHTLAB simulation model, supplemented with stability derivatives 

to create a range of test configurations. For this preliminary study, using the HELIFLIGHT-R flight simulator, the 

selected Mission Task Element was the Roll-Step, a visual, near-Earth military-style task. 

The zero-damping configurations resulted, as expected, in poor HQRs (5, Pilot A; 6, Pilot B), with considerable 

compensation required to maintain adequate performance, largely attributed to the need to suppress the free, LDO 

oscillation. Both pilots had to adapt their task strategies, reducing their cyclic gain to achieve adequate performance. 

The magnitude of the roll oscillation was relatively small compared to the dominant yaw oscillation (p/r ratio of 0.6). 

As discussed above, further investigation is needed for larger p/r ratios to determine if this increases the pilot 

compensation required for the task. The results indicate that zero damping, neutrally stable, configurations would be 

unsuitable for flying tasks requiring additional attentional duties. 

Increasing the LDO frequency across the configuration range (1.5 – 2.5 rad/s) did not result in much change in 

HQRs, although there was some evidence that the pilots closed the attitude loop more at the higher frequency. As 

relative damping increased to  ≈ 0.35, the HQRs improved but only pilot A flying C9 returned a Level 1, HQR 3. 

For this configuration, where predicted HQs were Level 1, the pilots began to complain about the quality of the motion 

cues, particularly visuals and ground surface detail. In particular, height keeping and loop-closure with cyclic and 

collective, emerged as the dominant deficiency. These results highlight the challenges with performing such a task in 

the simulation environment where (predicted) Level 1 configurations were assigned Level 2 HQRs, due to deficiencies 

in cues for aiding the pilot with height and speed maintenance. This and several other aspects discussed in the future 

work section are being addressed in the ongoing research. 

 

 

 

 

 

 

Appendix 1 

Table A1.1 Roll-Step MTE definition 

Title Roll-step 

Mission Scout-Attack 

Critical HQ HQs associated with lateral-directional stability 

Objectives • Check ability to manoeuvre in forward flight with respect to the ground. 

• Check roll and heave co-ordination. 

• Check turn co-ordination for moderately aggressive forward-flight 

manoeuvring. 

• Check for objectionable inter-axis coupling during moderately aggressive 

forward-flight manoeuvring. 



15 

 

Manoeuvre 

Description 

The pilot is required to fly through an ordered series of these gates which form the roll-

step task. The manoeuvre starts with the aircraft displaced aft of the runway threshold, 

lined up with the left-hand edge of the runway at an altitude of hft trimmed at Vknots. 

The manoeuvre requires the pilot to traverse the runway, YRSft, over a distance of XRSft 

and then capture and track the right-hand edge of the runway, before traversing back 

across the runway and completing the manoeuvre by capturing and tracking the left-hand 

runway edge. Speed and altitude requirements must be maintained throughout the MTE. 

Roll attitude, , heading , and lateral ground track requirements, within the yft, 

are applied between the gates on the runway edges (see figure below).  

Test 

Course  

Description 

200ft wide airport runway which is flanked by a series of numbered gates 500ft apart 

(see figure below). The lateral separation of the gates indicates the adequate performance 

requirements; half of this distance is the desired performance requirement. 

Performance 

Standards 

Desired (d) 

• Maintain lateral ground track, y along runway edge: 15ft 

• Maintain altitude, h: 10ft 

• Maintain speed V: 5kts 

• Maintain heading through gates :  10deg 

• Maintain bank angle through gates :  5deg 

Adequate (a) 

• 30ft 

• 15ft 

• 10kts 

•  15deg 

• 10deg 

 
Roll-Step MTE performance standards 
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Appendix 2 Handling Qualities of the renovated F-B412 with and without supplements 

 

 

Fig. A2.1 Impact of renovation and HQ supplements on pitch and roll bandwidth 

 

Fig. A2.2 Impact of renovation and HQ supplements on roll quickness 

 

 

Fig. A2.3 Impact of renovation and HQ supplements on pitch from heave criteria 
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Fig. A2.4 Impact of renovation and HQ supplements on cross coupling criteria 

 

 

Appendix 3 

Table A3.1 LDO Supplemented Derivatives 

config Nv Nr Lv Nped 

1 -0.0172  1.030 0.0174 -0.35 

2 -0.0167  0.446 0.0164 -0.2 

3 -0.0138  -0.356 0.0158 0.05 

4 -0.0065  0.965 0.0064 -0.2 

5 -0.0054  0.289 0.0054 -0.02 

6 -0.0011  -0.6 0.0055 0.25 

7 0.0077  0.915 -0.0069 -0.05 

8 0.01 0.03 -0.008 0.18 

9 0.0183 -1.133 -0.0059 0.58 
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