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Abstract

:

Significant challenges exist when defining the usage spectra of helicopter components due to the wide range of missions and manoeuvres flown by helicopters in-service. Automatic Dependent Surveillance-Broadcast (ADS-B) trajectories provide a means of constructing helicopter flight manoeuvre statistics across entire in-service fleets. This paper explores the feasibility of characterising helicopter manoeuvres by applying rule-based algorithms to ADS-B trajectories from a fleet of twin-seat training helicopters. Despite challenges relating to low-altitude ADS-B coverage, a comprehensive set of flight manoeuvre statistics was generated, which highlighted that significant variability exists in helicopter flight manoeuvre occurrences. The generated statistics can also support validation activities concerning design usage spectra assumptions.
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1. Introduction


The various mission profiles and manoeuvres flown by helicopters in-service are the most diverse observed within the aerospace sector, leading to significant challenges when conducting the fatigue design of helicopter components [1]. Variability also exists in the manoeuvres flown by the same helicopter type across different flights and operators. Consequently, the definition of accurate usage spectra is a challenging task and standardised spectra have been used previously to support design efforts, such as the well-established Helix and Felix spectra for helicopter rotor blades [2,3]. Whilst standardised spectra are typically derived from in-service load monitoring campaigns, there is the ever-present need to validate the usage spectra assumed during component design with the actual usage spectra that a helicopter is exposed to in-service [4].



‘Real-time’ tracking of helicopters via Automatic Dependent Surveillance-Broadcast (ADS-B) transponder data and flight trajectories is now a reality [5]. The advantage of characterising usage spectra via ADS-B data is that it can be applied remotely (i.e., no interruption to operations) across entire global fleets, unlike traditional in-service loads monitoring campaigns that are often reliant on a limited number of airframes. It is proposed that ADS-B trajectories could be used to capture in-service helicopter usage spectra, in order to validate previously assumed usage spectra, along with supporting usage spectra development in future design activities. Such activities would lead to more efficient components that retain their integrity in-service and this paper aims to explore the feasibility of constructing helicopter usage spectra using ADS-B trajectories.



Helicopter ADS-B Trajectories


The utility of helicopter ADS-B trajectories has been considered over the past decade. Assessment of ADS-B signal reception for helicopter flight manoeuvres was performed by Thomas [6], while Gankema and Becher have defined conditions for identifying helicopters in ADS-B datasets [7]. Chin et al. have recently used ADS-B data for altitude and trajectory anomaly detection in the helicopter flights of a specific operator [5]. The work presented in the current paper extends this previous work by developing algorithms that identify specific flight manoeuvres within ADS-B trajectories.



A twin-seat primary training helicopter was selected to support this study. This helicopter type was selected due to the fact that larger utility helicopters typically have dedicated flight data recorders and Health and Usage Monitoring Systems (HUMS) [4], whilst such systems are not routinely present on smaller civilian helicopters. Therefore, the selection of a twin-seat training helicopter permits the generation of flight manoeuvre statistics that are not currently available to the aerospace design community.



Within ADS-B trajectories, the relevant data contained within each broadcast (typically one every second) includes the: timestamp, latitude/longitude position, ground speed (metres/second—m/s), track (°), vertical speed (m/s), barometric altitude (m), and GPS altitude (m) [8]. These can be converted to standard aeronautical units: ground speed from m/s to knots (knts), vertical speed from m/s to feet per minute (fpm) and GPS altitude from m to feet (ft). An example 3D ADS-B trajectory is shown in Figure 1.



For the selected helicopter type, the global fleet was reviewed to identify the helicopters that were present within the OpenSky Network database [8]. This investigation identified nine airframes to include within the study, spread across Europe and North America. Using the OpenSky Impala shell, ADS-B trajectories across the period of September 2020 through to August 2021 were extracted for each airframe. Individual flights were then extracted by identifying gaps between trajectory timestamps that were greater than 5 minutes, as also used by the OpenSky Network [8]. Each of the extracted flights were then manually reviewed to identify the quality of the trajectory (i.e., large gaps in the trajectory and clear start and end points) and approximately 30% of the extracted flights were rejected, leading to a dataset consisting of 2355 flights across the 9 airframes.



Compared to fixed-wing aircraft, helicopters present a unique challenge with respect to flight manoeuvre characterisation due to their ability to travel in a direction (i.e., track) that is significantly different to their heading (i.e., where the helicopter nose is pointing). Consequently, this paper will explore how helicopter manoeuvres can be identified based on the reduced data available in ADS-B trajectories compared to HUMS.





2. Helicopter Flight Manoeuvre Characterisation Algorithms


The algorithms used to characterise manoeuvres from each ADS-B trajectory are ‘rule-based’, where conditional ‘if’ statements are used to identify manoeuvres based on set thresholds for speed, track, altitude, etc. Rule-based manoeuvre characterisation is sensitive to the selected thresholds and this will be investigated in future studies (see Section 4.1). Olive et al. [9] provide a detailed discussion on the advantages and disadvantages of rule-based approaches . The characterisation algorithm works through the ADS-B trajectory on a point-by-point basis and identifies changes in position, track, ground speed, vertical speed, and altitude. The point-to-point characterisations are then grouped with identical consecutive characterisations to extract trajectory ‘blocks’ representing individual manoeuvres. For the manoeuvre types detailed below, there are additional statistics that could also be collected, including: entry and maximum speeds, turn/yaw rates, altitudes, climb/descent rates and duration. ADS-B trajectories require pre-processing to remove erroneous data, and whilst the following algorithms were constructed in MATLAB®, the reader is directed to the Python traffic package developed by Olive and Basora [10] for ADS-B trajectory pre-processing strategies.



2.1. Flight Type and Phase Identification: Turns, Climb, Acceleration and Cruise


Firstly, the overall flight type could be characterised as previously considered by Chin et al. [5]. As this paper concerns a training helicopter, three typical flights were identified: training, cross-country and cross-country with training. A ‘cross-country’ flight was defined as any flight that had start and end points greater than 10 km apart. A cross-country flight which featured autorotations (see Section 2.3) was labelled as ‘cross-country with training’ and all other flights were classified as ‘training’ flights.



The next stage of trajectory processing requires the identification of different flight phases. It is important to highlight that Chin et al. [11] provide a detailed discussion on identifying flight phases from helicopter flight recorder data and the conditions presented below differ from Chin et al. due to the specific nature of ADS-B trajectories.



Turning manoeuvres were identified via changes in track as a proxy for helicopter heading. Turning manoeuvres are typically composed of several trajectory points, which each show a consistent change in the helicopter track. A minimum turn angle of 20° was selected to filter out the ≈15° heading deviations observed in straight-flight conditions.



Climbing flight phases were identified as a straight-flight portion in which the minimum observed vertical speed was 250 fpm with a minimum altitude gain of 100 ft, based on identified vertical speed and altitude deviations during known straight-flight.



The remaining straight-flight portions in the trajectory were then assessed to identify if the helicopter was accelerating or decelerating and a 15 knt change in helicopter ground speed was required for the registration of an acceleration or deceleration manoeuvre. These thresholds were again set from reviewing straight-flight portions in the trajectories. A deceleration manoeuvre of interest is the helicopter ‘quick-stop’. Quick-stops bring the helicopter from a cruise speed (i.e., >30 knts) rapidly to a slower speed or hover. From manually reviewing ADS-B trajectories, quick-stop manoeuvres were found to be performed when the observed deceleration rate was greater than 5 knts/s. All remaining straight-flight portions were then labelled as ‘cruise’ portions.



Turns could then be further characterised by applying the climb/descent and acceleration/deceleration conditional rules. Climb and descent manoeuvres were also further characterised by applying the acceleration/deceleration conditional rules.




2.2. Hover Manoeuvre Characterisation


Hover manoeuvres were identified as flight phases with a low ground speed. It was observed within the ADS-B trajectories that the ground speed values became irregular below 5 knts (≈2.5 m/s). Consequently, any trajectory region where the ground speed was <5 knts was extracted as a hover phase. The location of the hover manoeuvre could be characterised by identifying clusters of trajectory positions that were within 20 m (e.g., approximately two rotor diameters) of one another, as shown in Figure 2a.



Helicopters are also able to translate forwards, sideways, and rearwards at slow speed [12] and such manoeuvres occur between consecutive hover locations. Within a hover flight phase, multiple hover locations could be identified by finding the trajectory points that had the greatest number of other trajectory points within the 20 m threshold (see Figure 2b). Figure 2c shows how hover translation manoeuvres are characterised between two hover locations. It should be noted that this algorithm assumes that the helicopter does not change its heading after it enters the first hover location. The consequences of this assumption will be discussed further in Section 4.1.



For isolated hover manoeuvres, the track entering and leaving the hover were used to identify pivot (i.e., ‘on-the-spot’) turns, as shown in Figure 2c. It should be noted that changes in track within the hover cannot be used to identify pivot turns as it does not represent helicopter heading changes. Any hover manoeuvres that did not demonstrate a translation, pivot turn, or climb/descent were labelled as a ‘stationary’ hover.




2.3. Autorotation Manoeuvre Characterisation


An ‘autorotation’ is the manoeuvre performed in response to simulated and real helicopter powertrain failures, with the aim of recovering the helicopter safely to the ground [1]. Autorotations are characterised by high descent rates and are considered a severe fatigue load on helicopter main rotors [1]. From reviewing appropriate helicopter operating manuals, the threshold for identifying an autorotation manoeuvre was any descent flight phase with a maximum descent rate that exceeded 1750 fpm.



Autorotation recoveries can take different forms, including straight ahead, an S-turn during the descent, and turns up to and exceeding 360°. Consequently, changes in helicopter track could be used to identify the type of autorotation recovery (e.g., an S-turn recovery would consist of both a left and right turn during autorotation descent).




2.4. Initial Verification of Algorithms


Initial verification of the algorithms was performed by processing individual ADS-B trajectories and comparing the resulting characterised manoeuvres as visualised in Figure 1. The limitation of this approach is that there is no prior knowledge of the manoeuvres actually flown. Section 4.1 discusses future planned verification activities.





3. Helicopter Flight Manoeuvre Statistics


Each of the 2355 ADS-B trajectories were evaluated using the algorithms to produce manoeuvre statistics, which will be compared to the Helix/Felix training spectra [3] using the values of mode, median, and the mean rounded up to the nearest integer.



Firstly, Figure 3a shows the share of flight types for the training helicopter. As expected, the vast majority of flights were ‘training’ flights, which are typically expected to incur the most severe usage spectra for helicopters [2]. Figure 3b shows the observed duration of flights, which range from minutes (i.e., individual circuits of the airfield) up to three hours.



Regarding turning manoeuvres, Figure 4a shows the variability in the number of turning manoeuvres per flight, with a mode of 16, median of 20, and a rounded average of 22 manoeuvres per flight. Whilst these values are significantly lower than those assumed by the Helix/Felix spectra, the histogram skew highlights that a number of flights exceed the Helix/Felix turn occurrences. Figure 4b demonstrates that an equal proportion of left and right turns are performed. The utility of ADS-B data to further characterise manoeuvre types is demonstrated in Figure 4c, where the occurrence of climbing/descending and accelerating/decelerating turns can be identified. The histogram in Figure 4d shows the variability in maximum speed observed within each turn and the significance of the bi-modal histogram will be discussed in Section 4.



The mode number of climbing manoeuvres per flight was found to be 3 with a median of 6 and a rounded average of 8. Whilst the mode number of climbs is in good agreement with the occurrences assumed in the Helix spectra, the histogram skew in Figure 5a suggests that this may not adequately capture extreme occurrences of climbs for the selected helicopter. Figure 5b shows that the majority of climb manoeuvres are performed at a constant speed, potentially reducing the cyclic loads experienced by the helicopter fleet during climbs, as will be considered in Section 4.



Regarding both acceleration and deceleration manoeuvres, the mode occurrence was found to be 1 per flight, with a median of 2, and a rounded average of 3 manoeuvres per flight. Despite the fact that these occurrences are significantly lower than those present within the Helix/Felix spectra, as shown in Figure 6a, the assumption of an equal proportion of acceleration and deceleration manoeuvres has been validated. Figure 6b,c demonstrate that the majority of speed change manoeuvres are related to cruising flight and that only 5% of flights demonstrate at least one quick-stop.



Figure 7a shows the scatter in the number of cruise portions observed in the ADS-B trajectories, with the mode number of cruise portions being 15 per flight, with a median of 16, and a rounded average of 17. From across Figure 7b–d, it is clear that there is significant variability in the altitude, speed, and duration of each cruise phase. The histogram axis in Figure 7d is truncated for clarity and the maximum observed cruise phase duration was approximately 40 min. The bi-modal nature of Figure 7c will be discussed further in Section 4.



Figure 8a shows the proportion of flights containing at least 1 hover manoeuvre. All helicopter flights would be expected to contain hover manoeuvres during takeoff and landing and consequently, the reason for the limited number of hover manoeuvres being identified in Figure 8a will be discussed in Section 4.1. Figure 8b shows the number of hover manoeuvres performed in ADS-B trajectories that were observed to have at least 1 hover manoeuvre. The mode number of hover manoeuvres per flight was 1, with a median of 3 and a rounded average of 5 hover manoeuvres per flight, significantly below the Helix occurrences. Figure 8c shows that the majority of hover manoeuvres were pivot turns (52%), with forwards and sideways hover transitions occurring in approximately 5% of hover manoeuvres. These proportions also disagree with the Helix spectra, where approximately 45% of hover manoeuvres are stationary, 30% are pivot turns, 15% are sideways flight and 10% involve rearwards flight [3].



Finally, the statistics relating to autorotations are presented in Figure 9. Whilst the proportion of flights performing at least 1 autorotation shown in Figure 9a is lower than the ≈50% of flights suggested in previous work [1], the skew in the histogram shown in Figure 9b highlights that a significant number of flights perform a large number of autorotations. This variability leads to the rounded average of 2 autorotations per flight, which is in good agreement with the Helix and Felix spectra that respectively contain 1 and 3 autorotations per flight. Figure 9c,d suggest that the majority of autorotations are straight ahead recoveries that are entered at cruising speed.




4. Discussion


The contents of the previous section have demonstrated that helicopter flight manoeuvre statistics can be generated from ADS-B trajectories. Whilst this paper does not intend to present a final set of manoeuvre statistics, the results provide an indication of how ADS-B data can be used to evaluate helicopter usage spectra for fatigue design.



The exploitation of ADS-B trajectories could permit greater detail to be included within future usage spectra. In the Helix spectra, single turn types are assumed [3]. However, the results from Figure 4c would enable different turn types to be included in usage spectra in proportions reflective of actual usage. Similarly, the bi-modal turn and cruise speeds shown in Figure 4d,c would enable spectra to reflect that the helicopter operates in slow flight (≈10 knts) and cruise (≈75 knts) speed conditions.



The results presented in the previous section could also support a challenge of existing spectra. For example, the Helix spectra assumes that all climbing manoeuvres are ‘maximum power climbs’ [3]. Figure 5c,d show that there is variability in both the climb rate and climb entry speed, suggesting that not every climbing manoeuvre will require maximum power. Consequently, ADS-B derived statistics could support conservatism reduction in design spectra. In addition, autorotations with control reversals are a large low cycle fatigue case for helicopters [2]. However, previous spectra omitted such manoeuvres as they were not considered representative of normal usage [2]. This assumption is supported by the low occurrence of S-turn autorotations, which would feature a longitudinal (i.e., roll) control reversal, shown previously in Figure 9c.



ADS-B trajectories could also be used for the monitoring of individual airframes. For example, Helicopters A and B of the nine airframe fleet were found to operate predominately cross-country flights with only 42.4% and 6.7% of their observed flights containing training elements. This is significantly lower than the proportion of training flights (81.6%) observed in Figure 3a, suggesting that Helicopters A and B are exposed to a less severe usage spectrum than expected for the fleet. On the other hand, Helicopter C was observed to perform more flights (50.8% of flights) that contained autorotation manoeuvres than the fleet-level occurrence of 36.1%. This observation suggests that Helicopter C may be exposed to a more severe usage spectrum. Such information could therefore be used to support life extension activities and HUMS of individual airframes.



Finally, with the advancement towards urban air mobility it is expected that the in-service loads of helicopters will differ to those previously encountered in helicopter design, due to the adoption of novel helicopter configurations along with hybrid and electric powertrains [13]. As existing standardised spectra are likely to require modification, there is the opportunity to develop new design spectra informed by ADS-B data.



4.1. Current Limitations and Future Verification Activities


Despite the utility of ADS-B trajectories discussed above, there are current limitations of the presented methodology that must be addressed within future work.



Firstly, as helicopters often perform slow flight and hovering close to the ground, this can result in manoeuvres within ADS-B trajectories being performed out of the line-of-sight of ADS-B receivers [7]. It is expected that this is the cause of the difference in hover, acceleration, and deceleration occurrences between the Helix/Felix spectra and the results presented in Section 3. It is believed that with the ever increasing coverage and mandated use of ADS-B, this situation will improve in the future. It is also proposed that ADS-B data from the OpenSky Network, with its superior sample rate, could be combined with other ADS-B providers that do capture low altitude manoeuvres.



The other challenge facing the identification of helicopter flight manoeuvres within ADS-B trajectories concerns the fact that only the ground track is available, rather than the helicopter heading. In the presented algorithms, the direction of the helicopter can only be identified entering and leaving the hover. Therefore, should the helicopter perform multiple turns within a hover phase, only a single pivot turn will be identified. Likewise, the algorithms would currently classify a pivot turn–forward hover–pivot turn sequence as sideways flight. Future work will therefore need to identify elements of the ADS-B trajectory that could be used to robustly classify between different types of hover manoeuvres. It is proposed that flight simulation could be used to prototype manoeuvre characterisation algorithms through flying ‘known’ manoeuvres and identifying specific trajectory characteristics that can be used to identify each manoeuvre type.



Flight simulation could also provide further algorithm verification, by simulating a flight with known manoeuvres leading to a simulated ADS-B trajectory, which could then be evaluated using the algorithms. Ultimately, the use of an ADS-B equipped helicopter to fly a known manoeuvre sequence, or cockpit video recordings with corresponding ADS-B trajectories, would provide the most complete verification of the algorithms.





5. Conclusions


The development of usage spectra during the fatigue design of helicopter components is a challenging task due to variability in the manoeuvres that helicopters perform in-service. This paper has explored the use of Automatic Dependent Surveillance-Broadcast (ADS-B) trajectories to evaluate the in-service usage spectra of a training helicopter. Manoeuvre characterisation algorithms were developed and applied to 2355 flights across a helicopter fleet. The resulting manoeuvre statistics were compared with existing standardised spectra. It was identified that in some instances the statistics contradicted the assumed spectra, whilst other cases validated the standardised spectra occurrences. Despite current limitations regarding low-altitude ADS-B coverage and the characterisation of helicopter manoeuvres during hover, it has been shown that ADS-B data provides a route to developing more representative usage spectra for helicopters.
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Figure 1. A training helicopter flight ADS-B trajectory with identified manoeuvres labelled. 
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Figure 2. (a) Hover phase identification. (b) Hover location characterisation. (c) Hover manoeuvre characterisation. 
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Figure 3. (a) Proportional share of flight types. (b) Variability in flight duration. 
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Figure 4. (a) Variability in turning occurrences per flight. (b) Proportional share of left and right turns. (c) Proportional share of turn type. (d) Variability in speed during turn. 
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Figure 5. (a) Variability in climbing manoeuvre occurrence. (b) Proportional share of climbing manoeuvre type. (c) Variability in climb rate. (d) Variability in climb entry speed. 
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Figure 6. (a) Variability in acceleration/deceleration manoeuvre occurrence. (b) Proportional share of acceleration/deceleration manoeuvre type. (c) Proportion of flights with quick-stop. 
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Figure 7. (a) Variability in the number of cruise portions per flight. (b) Variability in cruising altitude. (c) Variability in cruise speed. (d) Variability in cruise duration. 
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Figure 8. (a) Proportion of flights with observed hover manoeuvres. (b) Variability in hover occurrences for flights with hover manoeuvres. (c) Proportional share of hover manoeuvre type. 
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Figure 9. (a) Proportion of flights with autorotation manoeuvres. (b) Variability in autorotation occurrence for flights with autorotations. (c) Proportional share of autorotation recovery type. (d) Variability in autorotation entry speed. 






Figure 9. (a) Proportion of flights with autorotation manoeuvres. (b) Variability in autorotation occurrence for flights with autorotations. (c) Proportional share of autorotation recovery type. (d) Variability in autorotation entry speed.
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