Further assessment of a Scalogram based PIO Metric using University of Liverpool tilt rotor simulation data
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Actuation rate limiting imposed by a Complex Flight Control System can degrade aircraft handling qualities and lead to the introduction of pilot-induced oscillations. Current techniques for predicting pilot-induced oscillations involve Fourier analysis where a frequency response is generated over the whole time history of the flight. This provides the ability to locate the frequency at which the oscillation occurs, but loses the associated time record. Wavelet-based scalograms provide a technique for overcoming these issues where both stick force input power and controlled element phase roll off are combined in a new handling qualities metric called the Inceptor Peak Power-Phase. Further independent evaluation and validation of the metric using a previously unassessed aircraft configuration and evaluation maneuvers is made in this paper using data generated from Pilot-in-the-Loop simulations of the XV-15 tilt rotor at the University of Liverpool’s Heliflight simulation facility. The new metric was successful at identifying correctly both oilot-induced oscillations and non-pilot-induced oscillations for the cases assessed.

I. Nomenclature
dt	=	time step
	=	bandwidth frequency
	=	wavelet center frequency
	=	number of octaves
Nv	=	number of voices
	=	equivalent bandwidth
II. Introduction
A degradation in handling qualities caused by an actuation system failure can result in a reduction in the maximum actuation rate available at the control surface. This can lead to situations where the pilot and the aircraft are harmonized such that the aircraft response does not match the input behavior of the pilot, leading to pilot-vehicle system loss of control in the form of Pilot-Induced Oscillations (PIO). PIO analysis has historically focused on phase lag backed up by subjective pilot comments. If the phase lag is high, it is assumed to be in a PIO prone region. This may seem a simple way of identifying a PIO however in reality it can be very complex [1- 5] as other factors can affect this phase lag parameter, moreover the severity of a PIO is linked to the amplitude associated with the frequency at which the phase loss is measured. If the amplitude is small then it is usually not considered a PIO and may even be unnoticeable by the pilot. Previous metrics for the identification of PIO have been largely subjective and rely on the pilot’s individual remarks and comments. Furthermore, standard methods for measuring the severity of PIOs cannot determine the exact point in time when the oscillation occurred. While the Fourier transform is widely used in a variety of applications it does not represent abrupt changes efficiently as well as transient behavior. This is because the Fourier transform represents data as a sum of infinitely long sine waves that are not localized in time or space. Recent PIO identification methodologies such as the Phase Aggression Criteria proposed in Ref. [6-8] have shown success in identifying the oscillation in the time domain.
Ref. [9] proposes a new metric to identify PIOs utilizing information that is localized in both time and frequency. The Inceptor Peak Power-Phase (IPPP) metric makes use of a wavelet-based scalogram that considers the time-varying peak pilot input power as a function of the controlled element phase at the frequency of the peak power. Wavelet-based transforms are a relatively new way of characterizing time-varying systems. Rather than only a power versus frequency relationship averaged over an entire time history, wavelet transforms can produce plots of power versus time and frequency [10] from which the power has been shown to be able to differentiate run-to-run and pilot-to-pilot characteristics in pilot-vehicle system behaviour [11].
Ref. [9] notes that although results presented are promising, further investigation of the IPPP approach is needed, using a variety of aircraft configurations (i.e., PIO susceptible and PIO resistant) and evaluation tasks. Independent evaluation and validation of the scalogram-based PIO metric is made in this paper using tilt rotor simulation data generated using the University of Liverpool’s Heliflight [12] and Heliflight-R [13] simulation facilities. The tilt rotor is an ideal subject as the flight control system must provide adequate control in all three of the flight modes and a smooth blending between them. This requirement renders its design more complex than that of a helicopter or a fixed wing aircraft, due to the combination of control surfaces and actuators required. Of particular interest is the extensive range of piloted simulation trial data generated by the The University of Liverpool during research [14] and student projects when researching the impact on handling qualities when an actuation system failure occurs resulting in a reduction in the maximum actuation rate available at the control surface. 
Test pilots flew a range of nominally, single axis Mission Task Elements (MTEs) including the hover-turn, acceleration-deceleration, heave-hop and roll-step, specifically devised to assess axial performance in helicopter, conversion or airplane modes. At the end of each task the pilots completed an in-cockpit questionnaire, which not only provided the engineers with an insight into the vehicle response and limits, but also aided the pilot in returning an HQR using the Cooper-Harper Handling Qualities Rating (HQR) scale [15] and a PIO Tendency rating from the PIO rating scale [16]. The PIO information recorded make this data a valuable asset in providing a further assessment of the scalogram-based PIO metric. A selection of the results that provide the full range of PIO tendency ratings are examined in this paper using the Inceptor Peak Power-Phase metric.

Inceptor Peak Power-Phase Metric
Ref. [9] proposed a PIO metric called Inceptor Peak Power-Phase (IPPP) that utilizes wavelet-based transforms to analyze the stick force time history. IPPP generates a wavelet-based scalogram from which a time varying measurement of peak input power is calculated and plotted against a weighted phase lag. The scalogram is constructed by first creating a bank of scaled or dilated wavelets from a mother wavelet, then translating them along the time history signal. As the wavelet translates along the input signal, the similarity between the signal and the wavelet are compared. A stretched wavelet captures the slowly varying change in a signal, whilst a compressed wavelet identifies any abrupt changes in the reference signal. The result is a coefficient where if the time signal possesses very similar properties to that of the wavelet, a high coefficient value is returned. Likewise, if the properties differ, a low coefficient is returned. The result is a single time series containing all the coefficient values [17]. The process is repeated for each wavelet and the coefficients converted to a wavelet power spectrum by taking the modulus and squaring the coefficient values. The results are then displayed in a scalogram. Ref. [9] established a preliminary PIO/no-PIO boundary along the -90 deg phase lag vertical and the 0.25 normalized inceptor input peak power horizontal. These boundaries provide for cases wherein out-of-phase character may be present, but at pilot input amplitudes that are too small to be a concern for PIO.

Example
An example is provided to demonstrate the above methodology. Fig. 1 illustrates the inceptor control force applied during a mission task element and the resulting rate of change of attitude in the primary axis.
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[bookmark: _Ref499389380]Fig. 1 Example Inceptor Power Input
Next, a mother wavelet is selected. A Morlet wavelet is chosen because, like the test signal, it is sinusoidal and harmonic. The Morlet wavelet illustrated in Fig. 2 takes the form of a complex exponential which is set to the carrier or center frequency of the wavelet and is enveloped by a Gaussian distribution function. It is a compact rapidly decaying wave which exists for a finite period of time. The wavelet illustrated is expressed mathematically in Eq. (1) as:
												(1)
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[bookmark: _Ref499389424]Fig. 2 Morlet wavelet at 1Hz scale
where  is the center frequency of the sinusoid at time t = 0 and is the bandwidth frequency. The bandwidth frequency parameter dictates the decay of the signal in the time domain and hence the corresponding energy spread of the signal in the frequency domain. If this value is increased then the wavelet energy is more concentrated around the center frequency and results in a slower decay in the time domain, conversely decreasing this value results in a faster decay and less energy spread in the frequency domain. The user of the wavelet is at liberty to select what this value should be, but it should ultimately depend on the application of the wavelet.
A bank of wavelets is next created by applying a scaling vector to the mother wavelet to return a set of frequencies for analysis. A log-based range of frequencies such as that in Eq. (2) is the preferred form of analysis as it allows for a bias to be placed around the frequencies of interest:
												(2)
where  is the number of voices and  represents the number of octaves. The values for  and  in this example have been set to 5 and 20 respectively. The bank of wavelets is then translated along the signal time history. The output of which are the coefficients which reflect the similarity of the wavelet to the signal per time step. As the same wavelet bank can be used by any number of signals for analysis, the value only needs to be calculated for one particular mother wavelet, not once per time signal [9].  
Due to the choice of wavelets used and the characteristics of each wavelet being finite, the wavelet analysis will either over predict or under predict the power value in the scalogram. This difference in values can be viewed as a noise interference. The noise will only be zero under two conditions: the wavelet equivalent frequencies all exactly match each frequency being analysed in the time signal or an infinite number of wavelets is used; the first of these is highly improbable and the second is not practical [18]. As such, an equivalent bandwidth is applied to the power spectrum scalogram in Eq. (3):
														(3)
The coefficients are multiplied by the equivalent bandwidth and then smoothed resulting in a set of coefficients of the form . As illustrated in Fig. 3. A time varying measurement of peak input power is extracted from the scalogram by determining the maximum power from the power-frequency series at each time point as defined in Eq. (4):
													(4)
The result of which is illustrated in Fig. 4 for the example case. 
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[bookmark: _Ref499469240][bookmark: _Toc490667526][bookmark: _Toc490668664][bookmark: _Toc490668685]Fig. 3 Scalogram of the wavelet transform
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[bookmark: _Ref499402639][bookmark: _Toc490667527][bookmark: _Toc490668665][bookmark: _Toc490668686]Fig. 4 Linear Frequency Scalogram
As described by the PIO signature, an out-of-phase characteristic between the pilot inceptor command and an aircraft output state is not enough to be considered a PIO. Specifically, the amplitude of the pilot input must be “large enough for the pilot to care” [9]. Thus, to be an effective PIO metric, there is a need to separate those cases where there may be an out-of-phase oscillatory response, but the amplitude of the pilot input is too small to be considered PIO. Ref. [9] reports that most of the severe pitch and roll events occurred with stick forces in the 35 to 40 lbs peak-to-peak range. Thus the separation is made by normalizing the inceptor peak power by an inceptor force of ±17.5 lbs such that a PIO/no PIO region can be defined. 
Weighted Phase
The weighted phase lag is derived from a rate, not an attitude frequency response, so PIO susceptibility is defined in the neighborhood of -90 degrees of phase lag. The rate signal is used herein because it tends to have more output power than the corresponding attitude signal and typically a higher signal to noise ratio in the frequency range of interest. If the pilot were operating only with a pure gain, the phase lag associated with the PIO would be exactly -90 degrees. The maximum phase lag of the aircraft is be represented by Eq. (5):

											(5)

were  is the aircraft control element. A weighted phase lag is used to account for the spread across the frequency and power spectrum [16]. The weighted phase is determined from the functions in Eqs. (6,7):

										(6)
												(7)

Fig. 5 illustrates the result of the weighted phase lag for the example case illustrated in Fig. 1.
[bookmark: _Ref499404562][image: ]
[bookmark: _Ref499664872]Fig. 5 Weighted Phase Lag
The normalized inceptor peak power calculated for this example case as illustrated in Fig. 4 is combined with the weighted function shown in Fig. 5 to give the IPPP metric result in Fig. 6.
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[bookmark: _Ref499404593]Fig. 6 IPPP test case
 Flight Test Database Created from Tilt Rotor Simulation
An extensive range of piloted simulation data has been generated by the The University of Liverpool. One such project considered how the handling qualities of the XV-15 simulation model degrade in the event of an actuation system failure, resulting in a reduction in the maximum actuation rate available at the control surface [14]. Test pilots flew a range of nominally, single axis MTEs specifically devised to assess axial performance in helicopter, conversion and airplane modes. At the end of each task, the pilots completed an in-cockpit questionnaire, which not only provided the engineers with an insight into the vehicle response and limits, but also aided the pilot in returning a Handling Qualities Rating (HQR) using the Cooper-Harper Handling Qualities Rating scale and where applicable, a PIO rating from the PIO Tendency rating scale.
The PIO data recorded make these data a valuable asset in providing a further assessment of the scalogram-based PIO metric for additional aircraft types and maneuvers. A selection of the results that provide the full range of PIO tendency ratings are presented and a comparison made between the IPPP prediction and the PIO rating made by the test pilot. Before further discussing the simulation facilities utilized, defining the MTEs and presenting results from the trial and discussion of the IPPP assessment, a brief summary of tilt-rotor control is provided.
Tilt rotor control
    Ref. [9] highlighted that the IPPP be assessed against additional aircraft types and manoeuvres. The tilt rotor is an ideal subject as the flight control system must provide adequate control in all three of the flight modes and a smooth blending between them. This requirement renders its design more complex than that of a helicopter or a fixed wing aircraft due to the combination of control surfaces and actuators required. Tilt rotor take-off and landing phases are performed in helicopter mode where longitudinal stick inputs control aircraft pitch via longitudinal cyclic blade pitch, lateral stick inputs control roll using differential collective blade pitch and heave control is implemented through collective blade pitch. Finally, yaw is controlled via differential longitudinal cyclic blade pitch using pedal inputs. Airplane mode is flown using conventional fixed wing controls, longitudinal stick controls elevator and pitch, lateral stick controls ailerons and roll and finally yaw is controlled through use of pedals and rudder. The aeroplane mode controls remain operational during all flight conditions, from hover through conversion mode and aeroplane mode. The helicopter controls however, are only fully functional in helicopter mode (nacelle angle is 90o). When the pilot begins the conversion to aeroplane mode, helicopter controls are phased out as a function of nacelle angle, such that when fully converted to aeroplane mode (nacelle angle is 0o), the scheduling is zero and the helicopter controls are completely blended out.
Pilot-in-the-Loop Simulation
    Handling qualities simulation trials were conducted by asking the pilot to fly the selected MTEs first with the baseline Flightlab XV-15 Tilt Rotor configuration (with handling qualities documented in [20-22] and actuator rate limiting (with handling qualities documented in [12]). On completion of the task, the flight simulator was paused and the pilot asked to complete an ‘in-cockpit pilot questionnaire’. This not only provided an insight into the vehicle response and limits, but also aided the pilot in returning an HQR using the Cooper-Harper [15] and where applicable, a PIO rating [16]. 
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Fig. 7 XV-15 Tilt Rotor
The University of Liverpool’s Simulation Facilities
    The handling qualities were evaluated in the University of Liverpool’s HELIFLIGHT facility [12] illustrated in Fig. 8. This facility was the primary simulation facility at the University until 2008 when a second facility, Heliflight-R was installed [13]. Heliflight is a PC-based, re-configurable flight simulator developed with five key components that are combined to produce a relatively high-fidelity system, including:
· Selective fidelity, aircraft-specific, inter-changeable flight dynamics modelling software (FLIGHTLAB) with a real time interface,
· 6 degree of freedom motion platform,
· Four axis dynamic control loading,
· A three channel collimated visual display for forward view, plus two flat panel chin windows, providing a relatively wide field of view visual system,
· Computer-generated instrument panel and head up displays (reconfigurable).
    The FLIGHTLAB [23] software provides a modular approach to constructing flight dynamics models, enabling the user to develop a complete vehicle system from a library of predefined components. The flight dynamics models form a vital part of a flight simulator, the detail of which will ultimately define the fidelity level of the simulation. 
Of equal importance is the environment into which a pilot is immersed. Three collimated visual displays are used to provide infinity optics for enhanced depth perception, which is particularly important for hovering and low speed flying tasks. The displays provide 135° horizontal by 40° vertical field of view that is extended to 60° vertical field of view using two flat screen displays in the chin windows.
    The sensation of motion is generated using a six-axis Maxcue platform, which is electrically actuated. To maximize the usable motion envelope, the drive algorithms feature conventional washout filters that return the simulator to its neutral position at acceleration rates below the perception thresholds.
[image: fsim3][image: final_cockpit_piroutte]
[bookmark: _Ref499389136]Fig. 8 The University of Liverpool ‘HELIFLIGHT’ Flight Simulator & Cockpit View
[bookmark: _Toc41458973] Mission Task Description 
The handling qualities of the Flightlab XV-15 tilt rotor were obtained across a range of Mission Task Elements. Results from the heave-hop and roll-step, acceleration-deceleration and hover-turn, Mission Task elements have been selected for this paper to show a spread of PIO/non-PIO cases for assessment with the IPPP metric. 
[bookmark: _Toc41458980]Heave-Hop
    The heave-hop task [14] is implemented within the simulation visual environment as a ‘v’ shaped valley at low level as illustrated in Fig. 9. When entering the valley, two sets of white tramlines are visible, the first is located at 135ft and 165ft above ground level respectively to mark the adequate performance boundaries for starting the task and the second set is located 335ft and 365ft to mark the adequate performance boundaries at the end of the first phase of the task. A series of alternating black and white posts are located at 1000ft intervals along the valley at a height of 250ft. The task begins with the pilot entering the valley at a predefined speed and at the reference height of 150ft. The task is then to climb to the desired altitude by the time the next post of that color is reached (climb 200ft over a distance of 2000ft), then stabilize within the marked tramlines until the next set of posts of the chosen color is reached. The pilot is required to maintain speed, roll and heading throughout the task and altitude on the height capture phases according to the performance criteria listed in Table 1. 
    The visual cues described have been developed to ensure that the pilot has all the information needed to regulate and assess task performance, ensuring that the flight simulation environment does not degrade the handling qualities ratings. In addition to the outside world visual cues, a head up display is also provided displaying a flightpath symbol as well as attitude, height and velocity cues. The maneuver kinematics were defined so that the pilot would need to use close to maximum/minimum operational envelope ‘g’ levels during the pull-up and push-over phases (+2.5g, 0.0g). 
[image: ]
[bookmark: _Ref499388903]Fig. 9 Heave Hop Task and Visual Cueing Environment
[bookmark: _Ref499388922]Table 1 Flightpath Task Performance Requirements.
	
	Desired
	Adequate

	Maintain speed throughout the task
	5kts
	10kts

	Maintain roll angle throughout the task 
	5o
	10o

	Maintain heading throughout the task
	10o
	15o

	Maintain altitude on altitude capture phase
	10ft
	15ft


[bookmark: _Toc41458981]Roll-Step
    The roll-step task [24] depicted in Fig. 10 is flown mainly with reference to outside world cues. Both sides of a runway are flanked by an ordered series of numbered gates 500ft apart where the pilot is required to fly through a defined series of these gates that form the roll-step task. Before the task begins, the pilot is required to be aligned with the runway left edge, flying at a reference height and speed. Once the specified starting point (or gate number) is reached, the pilot initiates the task by rolling to the right across the runway then attempts to bring the aircraft back within the required performance standards on reaching the designated gate on the right runway edge. The aspect ratio for the runway crossing was 0.133 for the helicopter and conversion configurations (across 200ft and along 1500ft) and doubled for aircraft mode (across 200ft and along 3000ft). The second phase of the task involves a reversal of this process, i.e. on reaching the specified gate; initiate a turn to the left to roll back across the runway to the specified gate. When passing through each of these gates, the pilot must meet a set of performance criteria listed in Table 2. Finally, a stabilization period of 1000ft included as an integral part of the task in which the pilot must maintain the required performance criteria. The Roll-Step task was flown in helicopter mode at 60 knots, conversion mode (60 degree nacelle) at 100knots and finally in airplane mode at 160 knots.
[image: rollstep][image: rollstep1.png]
[bookmark: _Ref499388940][bookmark: _Toc41458729]Fig. 10 Roll-Step Task and Visual Cueing Environment
[bookmark: _Ref499389273]Table 2 Roll-Step Performance Requirements
	
	Desired
	Adequate

	Maintain speed throughout the MTE within X knots
	5kts
	10kts

	Maintain altitude throughout the MTE within X feet
	10ft
	15ft

	Maintain heading when passing through the gates within Xo
	10o
	15o

	Maintain bank angle when passing through the gates within Xo
	5o
	10o


[bookmark: _Toc41458974]Acceleration-Deceleration
[bookmark: _Toc41458725]    The Acceleration-deceleration task is based on the ADS-33E-PRF [25] task depicted in Fig. 11 with performance requirements listed in Table 3. The task is to start from hover at a set of gates aligned with the side of the runway then accelerate forward with a designated nose down pitch attitude, maintaining a height of 100ft until the following set of gates is reached (gates are 500ft apart). The pilot is then required to decelerate whilst maintaining constant altitude, reaching a hover at the next set of gates and stabilise for 5 seconds. Task aggressiveness was limited by the flight simulator field of view, which has a range of approximately 20o, thus the pilots were asked to accelerate with 15o pitch nose down.
[bookmark: _Ref499389174]Table 3 Acceleration-Deceleration Performance Requirements
	
	Desired
	Adequate

	Achieve a nose down pitch attitude during the acceleration of at least 
	15 o
	n/a

	Maintain altitude under Xft throughout the task
	50ft
	70ft

	Maintain heading within Xo
	10o
	20o

	Maintain longitudinal/lateral position within Xft
	10ft
	20ft


[bookmark: _Toc41458976][image: ]
[bookmark: _Ref499389762]Fig. 11 Acceleration-Deceleration Task (reproduced form Ref. [25])
Hover-Turn
    The hover-turn MTE depicted in Fig. 12 was flown at a helipad, positioned at the intersection of two perpendicular taxiways. The task begins from a 25ft hover aligned with the centerline of one of the taxiways and the pilot was required to turn 90o to the left, realigning with the centerline of the intersecting taxiway. On completion of the turn, a stabilized hover should be maintained for 5 seconds. The level of aggression is set by requiring the test pilot to complete the turn in a specified time. A shorter time forces the pilot to apply increasingly larger and more rapid control inputs to complete the task and exposes any PIOs or cliff edges in the aircraft response. The performance targets are listed in Table 4.
[image: Hover turn]
[bookmark: _Ref499389208][bookmark: _Ref498693233]Fig. 12 Hover Turn MTE

[bookmark: _Ref499388886]Table 4 Hover-Turn Performance Requirements
	
	Desired
	Adequate

	Maintain altitude within Xft from the ground
	3ft
	6ft

	Stabilise the final rotorcraft heading within Xo
	3o
	6o

	Maintain longitudinal/lateral position within Xft
	3ft
	6ft


 Pilot Ratings
    Ratings from four test pilots were recorded in the simulation trials. All were experienced in assigning handling qualities ratings and the assessment of PIO tendencies. However, no distinction as to which pilot provided specific results is made herein. Ratings for the Heave-Hop, Roll-Step, Hover-Turn and Acceleration-Deceleration are provided in Table 5, Table 6, Table 7 and Table 8 respectively.

[bookmark: _Ref499459018]Table 5 Heave-Hop HQRs
	Manoeuvre
	Speed 
	Nacelle
	Rate Limit
	PIO
	HQR

	Heave-Hop
	160 knots
	0o
	infinite
	1
	4

	Heave-Hop
	160 knots
	0o
	3o/sec
	1
	5

	Heave-Hop
	160 knots
	0o
	2o/sec
	1
	7


[bookmark: _Ref499406094]
[bookmark: _Ref500177214]Table 6 Roll-Step HQRs
	Manoeuvre
	Speed
	Nacelle
	Rate Limit
	PIO
	HQR

	Roll-Step
	60knots
	90o
	infinite
	1
	4

	Roll-Step
	60knots
	90o
	2o/sec
	1
	4

	Roll-Step
	60knots
	90o
	1o/sec
	6
	10

	Roll-Step
	100 knots
	60o
	infinite
	1
	4

	Roll-Step
	100 knots
	60o
	2o/sec
	4
	5

	Roll-Step
	100 knots
	60o
	1o/sec
	6
	8

	Roll-Step
	160 knots
	0o
	infinite
	1
	5

	Roll-Step
	160 knots
	0o
	4o/sec
	1
	5

	Roll-Step
	160 knots
	0o
	3o/sec
	1
	6


[bookmark: _Ref499471910]
[bookmark: _Ref500177455]Table 7 Hover-Turn HQRs
	Manoeuvre
	Speed
	Nacelle
	Rate Limit
	PIO
	HQR

	Hover-Turn
	0 knots
	90o
	infinite
	1
	4

	Hover-Turn
	0 knots
	90o
	5%/sec
	3
	6

	Hover-Turn
	0 knots
	90o
	3%/sec
	6
	10


[bookmark: _Ref499459206]
[bookmark: _Ref500177464]Table 8 Acceleration-Deceleration HQRs
	Manoeuvre
	Nacelle
	Rate Limit
	PIO
	HQR

	Accel-Decel
	90o
	3o/sec
	1
	5

	Accel-Decel
	90o
	2o/sec
	6
	7



 Assessment of Proposed PIO Metric
Heave Hop in Airplane Mode
    Three Ratings for the heave-hop task flown in aeroplane mode at 160 knots are presented, the results of which are listed in Table 5, the inceptor force characteristics and associated pitch rate plotted in Fig. 13 and the IPPP plotted in Fig. 14. Results show that handling qualities degraded as control surface actuation rate limiting was increased as expected, no PIO tendency was noted by the test pilot.
Roll Step – Airplane Mode
The pilot ratings for three roll-step tasks flown in airplane mode at 160 knots are listed in Table 6, the inceptor force characteristics and associated yaw rate plotted in Fig. 15 And the IPPP plotted in Fig. 16. The test pilot returned an HQR 5 and PIO 1 for both the baseline and for the 4o/second rate limit cases. The handling qualities rating for the 3o/second degraded to HQR 6, but the PIO rating remained unchanged  at 1 despite the weighted phase lag being greater than 90 degrees. Previous metrics may have identified this case as being PIO prone. However, the IPPP boundaries provide for cases wherein out-of-phase character may be present, but at pilot input amplitudes that are not a concern for PIO. The correct PIO/non-PIO rating assigned by the evaluation pilot have been identified by the IPPP metric.

Roll Step – Conversion Mode
The pilot ratings for three roll-step tasks flown in conversion mode with 60 degree nacelle tilt at 100 knots are presented in Table 6, the inceptor force characteristics and associated roll rate plotted in Fig. 17 and the IPPP plotted in Fig. 18. No PIO tendency was noted by the test pilot in the baseline configuration and this is confirmed by the IPPP metric. PIOs were noted in the other cases. The most extreme case (1o/second) was a deemed by the test pilot to be a severe PIO, rating it as a 6 and crosses into the IPPP PIO zone. The third case were the pilot rated the PIO as 4 did not cross into the IPPP PIO zone and is classed as a miss. As will be shown in the next section, the pilot PIO tendency rating of 4 was appropriate for the configuration, but the metric detection of PIO was also justified.
Roll Step – Helicopter Mode
The pilot ratings for three roll-step tasks step task flown in helicopter mode at 60 knots are presented, the results of which are listed in Table 6, the inceptor force characteristics and associated roll rate plotted in Fig. 19 and the IPPP plotted in Fig. 20. No PIO issues were noted until rate limiting was increased to 1o/second. For this case, the test pilot marginally met adequate performance during the stabilization phase (stabilize for 500ft after realigning with the runway edge). However, the pilot commented that the workload was high and control was lost shortly after the task was finished due to a roll/yaw PIO causing the pilot to return an HQR 8 and PIO rating of 6. All PIO/non-PIO cases for the roll-step in helicopter mode have been correctly identified by the IPPP metric as identified based on the pilot assigned PIO ratings.
Hover Turn 
The pilot ratings for three hover-turn tasks are presented in Table 7. The inceptor force characteristics and associated yaw rate plotted in Fig. 21 and the IPPP plotted in Fig. 22 for each case. The no rate limiting baseline case is clearly a no-PIO cases and the test pilot completed the task within desired performance requirements.  As actuation rate limiting increased, the pilot returned an HQR 6 and PIO 3 and added that, they had operated with a very low gain to avoid exciting a PIO. This case is in its own right an interesting study as the pilot has adapted their control strategy to achieve the task and avoid a PIO. Finally, with a rate limit of 3o/second, an uncontrollable yaw PIO was excited during the stabilization phase causing an HQR 10 and PIO 6 to be returned. The pilot was however able to stabilize the PIO by taking feet of the pedals, quickly damping out the yaw oscillation. All hover-turn PIO/non-PIO cases are identified correctly by the IPPP metric as identified based on the pilot assigned PIO ratings.
Acceleration Deceleration
Two ratings for the acceleration-deceleration task are presented in Table 8, the associated inceptor force characteristics and yaw rate plotted in Fig. 23 and the IPPP plotted in Fig. 24. Again, the PIO/no-PIO cases were correctly identified as indicated by the assigned pilot ratings. With a rate limit of 3o/second, the test pilot managed to complete the task within adequate performance requirements and no PIO was encountered. However, when the rate limit was reduced to 2o/second, a severe PIO was encountered approaching the hover and stabilization phase and an HQR 7, PIO 6 returned. 
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[bookmark: _Ref499577886]Fig. 13 FXV15 Longitudinal Stick Force and Pitch Rate for the Heave-Hop Task in Aeroplane Mode
[image: ]
[bookmark: _Ref499578031]Fig. 14 IPPP Metric Applied to the Heave Hop Task in Airplane Mode
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[bookmark: _Ref499406118]Fig. 15 FXV15 Lateral Stick Force and Roll Rate for the Roll Step Task in Aeroplane Mode
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[bookmark: _Ref499406129]Fig. 16 IPPP Metric Applied to the Roll Step Task in Aeroplane Mode
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[bookmark: _Ref499660690]Fig. 17 FXV15 Lateral Stick Force and Roll Rate for the Roll Step Task in Conversion Mode
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[bookmark: _Ref499660701]Fig. 18 IPPP Metric Applied to the Roll Step Task in Conversion Mode
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[bookmark: _Ref499577896]Fig. 19 FXV15 Lateral Stick Force and Roll Rate for the Roll Step Task in Helicopter Mode
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[bookmark: _Ref500177547]Fig. 20 IPPP Metric Applied to the Roll Step Task in Helicopter Mode
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[bookmark: _Ref499459259]Fig. 21 FXV15 Pedal Force and Yaw Rate for the Hover-Turn Task in Helicopter Mode
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[bookmark: _Ref499459270]Fig. 22 IPPP Metric Applied to the Hover-Turn Task in Helicopter Mode
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[bookmark: _Ref499459076]Fig. 23 FXV15 Longitudinal Stick Force and Pitch Rate for the Acceleration-Deceleration Task in Helicopter Mode
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[bookmark: _Ref499459083]Fig. 24 IPPP Metric Applied to the Acceleration-Deceleration Task in Helicopter Mode

 Discussion of Inceptor Peak Power-Phase Metric Results 
Fig. 25 shows time histories for the Lateral Stick Force and roll angle for the 2o/second conversion mode roll step task that received a PIO tendency rating of 4, but did not meet the IPPP phase requirement - even though the inceptor peak power requirement was met. The key in these cases is indeed identifying the phase lag and if there are oscillations or not. In reviewing the roll attitude and lateral stick responses and pilot comments - from approximately 26 seconds 3 cycles exist were the bank angle is large and the phase significantly lags the input. In this case, the test pilot identifies more with the out-of-phase feel due to the size of the oscillation. This case highlights that the borderline between PIO 3 and 4 is sometimes problematic. However, this case also suggests that the IPPP is a criterion that can aid the designers in discerning on the appropriateness of the pilot ratings in these cases.
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[bookmark: _Ref499399590]Fig. 25 Missed case where PIO was not predicted by IPPP: Roll Step in Conversion mode: Stick Force and Aircraft Response
 Conclusions
This paper has reported on the independent assessment of the Inceptor Peak Power-Phase metric proposed in Ref. [9] for use in identifying pilot-induced oscillations. The assessment has been made using pilot-in-the-loop simulation data gathered at the University of Liverpool using the XV-15 tilt rotor simulation model when researching the impact of control surface actuation rate limiting on handling qualities. IPPP analysis and comparison with PIO ratings from several mission task elements including the roll-step, heave-hop, hover-turn and acceleration-deceleration were presented. The IPPP metric has correctly identified, for a previously unassessed complex aircraft configuration and evaluation tasks, the PIO/non-PIO rating assigned by the evaluation pilot in all but one case. Further evaluation of the missed case revealed that the metric was working as intended and no modifications to the boundary are needed. Furthermore, results have highlighted that the borderline between PIO 3 and 4 is sometimes problematic where the pilot may weigh a PIO decision on only a phase lag or if oscillations were noted. This metric is capable of aiding the designers to discern these borderline cases.
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