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Abstract

Accurate flight manoeuvre recognition enables an operator to quantify the usage of an aircraft, 
or fleet of aircraft, and hence make predictions as to the fatigue implications of that usage. 
This paper details the development of a flight manoeuvre recognition program for the 
Australian Regular Army’s S-70A-9 Black Hawk helicopter that uses data from the Flight 
Data Recorder (FDR). The paper provides an overview of the program structure and also 
highlights the key functions and challenges in developing the program, namely the extraction 
of key flight parameters from the FDR data and the development of critical manoeuvre 
definitions. The program has been tested using data collected from a flight loads survey in 
2000, with 96.2% of manoeuvres being accurately recognised. The results indicate that the
information recorded on the S-70A-9 Black Hawk’s FDR is acceptable for flight manoeuvre 
recognition.
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Introduction

One of the goals for a Health and Usage Monitoring System (HUMS) is to gather data that can 
be used to monitor the flight critical components on an aircraft. Local sensors (e.g. strain 
gauges) are the most direct means for measuring loads on components; however, the direct
measurement of in-service loads on rotating dynamic components on rotary-wing aircraft is
challenging because of the difficulties in maintaining the load measurement devices and the
detrimental affect their presence can have on aircraft performance. As a result, the application 
of HUMS for load measurement of rotating dynamic components for rotary-wing aircraft has
been limited, Ref. [1].

Common Original Equipment Manufacturer (OEM) methodology for the fatigue 
substantiation of dynamic components for rotary-wing aircraft is to create a design usage 
spectrum to estimate usage, from which predictions are made of the in-service loading
condition. The design usage spectrum consists of set manoeuvres, for which the load 
condition has been measured in an instrumented test environment. With a methodology to 
sum the load conditions for each of the manoeuvres in the usage spectrum, the fatigue 
condition can be quantified (for further details of the OEM methodology as applied to the 
S-70A-9 Black Hawk, refer to Appendix A). The in-service fatigue condition is then reviewed
by some means of rudimentary usage checking, usually limited to providing an assurance that 
the design usage spectrum remains representative.
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One method to improve the accuracy of the estimation of the in-service fatigue condition is to 
actually quantify the in-service usage spectrum, as invariably the in-service usage will differ 
from the assumed usage. In addition, using the flight loads from testing conducted at the 
design stage, the potential exists for the in-service usage spectrum to be applied to fatigue 
substantiation calculations to review or monitor Component Retirement Times (CRT) of 
fatigue critical components.

Quantification of the in-service usage spectrum can be achieved by flight manoeuvre 
recognition. Flight manoeuvre recognition is the recording of the occurrence and duration of 
the manoeuvres from the design usage spectrum as they are performed, thus creating an in-
service usage spectrum. Flight manoeuvre recognition has attracted much interest as a means 
of achieving usage monitoring (e.g. Ref. [1], [2] and Ref. [3] with FDRs).

While most new rotary-wing aircraft are being fitted with the instrumentation required for 
flight manoeuvre recognition (e.g. Ref [4]), legacy aircraft were not initially setup for any 
form of usage monitoring. Following on from previous work for the S-70A-9 Black Hawk
(Ref [5] and [6]), a flight manoeuvre recognition program has been developed which utilises
the Flight Data Recorder (FDR) as the input data source. The FDR has the benefit of being an 
existent source of flight information, avoiding the need for fitment of additional 
instrumentation to the aircraft.

This paper describes a flight manoeuvre recognition program (the ‘program’) developed for 
the S-70A-9 Black Hawk fitted with a Litton Systems F1000 combined FDR / cockpit voice 
recorder. The paper provides an overview of the program structure and also highlights the key 
functions and challenges in developing the program, namely the extraction of key flight 
parameters from the FDR data and the development of critical manoeuvre definitions.

Background

Current Usage Monitoring for the S-70A-9 Black Hawk

Current usage monitoring information for S-70A-9 Black Hawk is recorded through the 
‘EE360 Black Hawk Helicopter Usage Data Record’ form. The EE360 form is a survey of the 
fatigue limiting usage of the aircraft and is manually completed by the pilot following each
flight. The EE360 form is used to count the occurrences of extreme manoeuvres (e.g. landings 
or break turns), which are then checked against that specified in the design usage spectrum.

The EE360 form does not allow for the calculation of an in-service usage spectrum, as it is 
limited to only recording a few extreme manoeuvres. As summarised from Ref. [7], when 
compared with the actual usage, the major limitations of usage monitoring by the EE360 form 
are:

 The amount of information that can be recorded from a pilot survey compared to all of 
the useful data for flight manoeuvre recognition, and

 Inaccuracies between events that are recorded in the EE360 form and actual usage.

The Flight Data Recorder

The reason that the S-70A-9 Black Hawk, and in fact all aircraft, have FDRs installed is for 
crash investigation purposes. As FDRs are not installed or maintained specifically for usage 
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monitoring, the type and quality of information recorded by FDRs may not always be optimal 
for flight manoeuvre recognition. The development of the program therefore has effectively 
been an investigation of whether the information from the FDR that defines the state of the 
aircraft is suitable for flight manoeuvre recognition.

The program has been developed using FDR data from a 2000 joint Australian Defence 
Force / United States Airforce Flight Load Survey (FLS) for the Australian Regular Army 
(ARA) S-70A-9 Black Hawk. The FLS covered set manoeuvres from the design usage 
spectrum over a range of Gross Weight (GW) and centre-of-gravity positions across the flight 
envelope. During the FLS, the FDR recorded the flight parameters shown in Table 1 at 
varying sampling rates.

Table 1: Flight parameters recorded on the S-70A-9 Black Hawk Flight Data Recorder 

Flight Parameter
Magnetic Heading Longitudinal Cyclic Position
Indicated Airspeed Pedal Position (%)
Radar Altitude No.1 Engine Power Lever
Pressure Altitude No.2 Engine Power Lever
Stabilator Angle No. 1 Engine Torque
Pitch Attitude No. 2 Engine Torque 
Roll Attitude Main Rotor Speed 
Collective Position Tail Rotor Speed
Lateral Cyclic Position Vertical Acceleration

The Flight Manoeuvre Recognition Program

The ultimate aim has been to develop a generic flight manoeuvre recognition program which 
can be applied to the S-70A-9 Black Hawk that utilises information from the FDR to generate
an in-service usage spectrum. The critical factors in developing the program have been:

 Extracting critical flight parameters suitable for flight manoeuvre recognition from 
information recorded on the FDR;

 Identifying the best method to generalise the definitions of manoeuvres from the 
design usage spectrum to a form applicable for flight manoeuvre recognition;

 Identifying a method to discriminate between manoeuvres; 
 Establishing a method to collate the manoeuvres recognised.

The approach taken in developing the program was to relate manoeuvre definitions from the 
design usage spectrum which reflect a ‘single point’ design flight condition (e.g. climb at 
maximum continuous power at vertical best rate-of-climb), to one or more ‘bounded’ flight 
state parameters. Bounded flight state parameters reflect an aspect of a flight state demarcated 
by a range of one or more flight parameters recorded on the FDR. As an example, for the 
vertical airspeed flight state parameter one bounded flight state (moderate ascent) is a rate of 
climb between 500 and 750 feet per minute, where rate of climb is calculated from either the 
Radar or pressure altitude measured from the FDR. Data extracted from the FDR has been 
specifically selected to evaluate these flight state parameters.

The following sections of the paper provide an outline of a few of the key features of the 
program including:

 Extraction of flight state parameters from the FDR;
 Manoeuvre definition methodology;
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 Manoeuvre recognition structure; and
 Key manoeuvre definitions.

Although defined separately, each of the aspects of extraction of flight data, manoeuvre 
definition and manoeuvre recognition structure are interdependent. As an example, the 
measurement of airspeed at low forward airspeeds has an affect on the definition criteria for 
low-speed flight manoeuvres.

Extraction of Flight State Parameters from the FDR

In total there were eighteen bounded flight state parameters evaluated from the FDR flight 
data. Most of the bounded flight state parameters are derived from associated flight 
parameters from the FDR (e.g. the pitch angle flight state parameter is calculated from the 
pitch angle flight parameter from the FDR).

Some of the critical bounded flight state parameters which required calculation from the FDR
flight parameters were:

 Gross Weight (GW);
 Average Airspeed;
 Vertical Airspeed; and
 Pilot Control Positions.

The GW is an important flight state parameter for flight manoeuvre recognition as it is used
for evaluation of GW prorates (separate manoeuvres are defined for low-GW and high-GW)
and the power flight state parameter. The GW, however, is not a measured flight parameter in 
the FDR.

An algorithm has been developed to extract the GW as a flight state parameter. The GW 
algorithm combines multiple estimates of GW at steady flight conditions to give an accurate 
measure of the GW at any point in a recorded flight. Estimates of the GW are made at the
steady flight conditions of takeoff and landing, low altitude hover, climb and level flight. The 
GW algorithm has been coded to account for changes in GW over a flight from fuel burn, as 
well as changes in GW due to the presence of passengers and / or cargo.

An example of the application of the GW algorithm is shown in Fig. 1, where the points 
indicate individual GW estimates at steady flight conditions and the solid line indicates the 
estimated GW at the point in time. From known GW conditions in the FLS the GW algorithm 
has been demonstrated to be accurate within 500 lbs, which is within the required fidelity for 
flight manoeuvre recognition for the S-70A-9 Black Hawk usage spectrum manoeuvres.
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Fig. 1: An example output of the GW algorithm calculations (15 700 lbs takeoff GW with 
8000 lbs cargo load pickup and drop)

The airspeed measure from the FDR was shown to have limitations in fidelity across all 
airspeeds, and poor accuracy at low airspeeds. For the airspeed bounded flight state parameter,
the FDR airspeed signal was smoothed using a moving linear-least-squares approximation. 
Signal smoothing was observed to produce an accurate measure of airspeed for airspeeds 
greater than half the maximum forward level flight airspeed.

Poor accuracy at low airspeeds is a known limitation of the pitot static tube system, Ref. [8]. 
To account for the poor accuracy at low airspeeds the Stabilator angle flight parameter was 
used as a secondary measure to indicate whether the aircraft is in low speed flight. For the 
S-70A-9 Black Hawk the Stabilator angle changes as the airspeed increases out of hover
(Ref. [9]). When combined with the indicated airspeed, the Stabilator angle gives a measure of 
the airspeed at low-airspeeds suitable for flight manoeuvre recognition.

Vertical airspeed was calculated from the relative change in subsequent altitude 
measurements. The altitude measurement had a relatively poor fidelity when taken as relative 
change; therefore it was necessary to apply a least-squares linear best-fit. The result was a
relatively smooth and accurate, although low-fidelity, measure of the vertical airspeed suitable 
for calculation of the bounded flight state parameter value.

Extensive use of pilot control position parameters within the program was limited due to: the 
recording frequency of the FDR being less than the movement capabilities of the pilot;
difficulty in matching the delayed response between pilot action and aircraft response; and
inability to discriminate corrections from manoeuvre actions. Therefore, bounded flight state 
parameters for pilot control positions were modified to indicate only steady-state values and 
were taken in reference to the other control stick positions.

Manoeuvre Definition Methodology

The S-70A-9 Black Hawk design usage spectrum contains 85 unique manoeuvres, to which 2
prorates, altitude and GW, are applied to certain manoeuvres to give a total of 258 
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manoeuvres. For the usage spectrum, both the duration and number of separate occurrences of 
the manoeuvres are required.

Definitions for manoeuvres have been expressed in terms of the bounded flight state 
parameters. Bounded flight state parameter criteria were selected by combining aspects of:

 Conditions which define the single-point, design definition of the manoeuvre;
 Values of flight parameters from the manoeuvres being performed in the FLS; 
 Accounting for the interaction between related manoeuvres.

In defining manoeuvres, the criteria have been selected to reflect the critical steady-state flight 
parameters indicating the aircraft responses to the manoeuvre. This makes the manoeuvre 
definitions applicable to a wide range of flight conditions and ways of controlling the aircraft 
to perform the manoeuvres. 

Manoeuvre Recognition Structure

An overview of the program structure is shown in Fig. 2. The program has been designed to
allocate a manoeuvre to each second of flight time. A one second interval was selected as it 
represents the lowest fidelity flight parameter data recorded by the FDR from the FLS. The 
structure includes an initial step to normalise and check FDR data. At the third step the 
bounded flight state parameters are calculated from raw FDR data. 

Fig. 2: Flight manoeuvre recognition program processes

Manoeuvres are separated to three different categories to suit the different types in the usage 
spectrum. The three categories are:

 Primary fixed manoeuvres;
 Primary loop manoeuvres;
 Secondary loop manoeuvres.

Load in band limits and assign flight state parameter bands

Recognise primary fixed manoeuvres on per-second basis 
through a hierarchical series of criteria over the flight

Recognise primary loop manoeuvres from multiple passes 
over flight data, overwriting primary fixed manoeuvres

Recognise secondary loop manoeuvres from multiple passes 
over flight data, selectively overwriting primary manoeuvres

Read-in, normalise and check the FDR data

Calculate derived flight parameters from raw FDR data



AIAC-13 Thirteenth Australian International Aerospace Congress

Sixth DSTO International Conference on Health & Usage Monitoring

Primary fixed manoeuvres are steady-state manoeuvres (i.e. hover, climb and level flight) that
form the foundation of manoeuvres recognised in flight. All the primary fixed manoeuvres are 
recognised by a single pass through the flight data from the beginning to the end of the flight 
using a series of hierarchical criteria. 

The hierarchical criteria are split into recognition criteria, which define when a particular 
manoeuvre group is being performed (i.e. the manoeuvre group), and classification criteria 
which distinguish the exact manoeuvre from within the group. The hierarchical criteria allow 
for the capture of steady flight conditions, from which transient variations can be allowed 
without recognising that the aircraft has moved from the steady-state flight condition. This 
method avoids the recognition of many short duration manoeuvres in a single region of 
steady-state flight conditions. The flight state parameter criteria used for recognising primary 
fixed manoeuvres are shown in Table 2.

Table 2: Primary fixed manoeuvre criteria

Manoeuvre Group Recognition Criteria Classification Criteria
On-Ground Pre-Flight Engine power lever N/A

Ground Run
Engine power lever
Rotor speed

Collective stick position
Heading rate-of-change

Hover
Altitude
Airspeed

Roll angle, Vertical airspeed
Heading rate-of-change

Climb Vertical airspeed Roll angle

Level flight
Vertical airspeed
Roll angle Airspeed

Primary loop manoeuvres cover transient type (i.e. pullouts and pushovers) and event type 
(i.e. rotor start and Ground-Air-Ground (GAG) cycles) manoeuvres. Each of the manoeuvre 
groups are recognised separately with multiple pass loops over the flight data. Criteria are split
into recognition criteria, which recognise the group of manoeuvre being performed, and 
classification criteria which distinguish the exact manoeuvre.

Recognition criteria are separated into entry and looping criteria. The separate entry and 
looping criteria provide a means to distinguish between borderline occurrences by having 
relatively strict entry criteria, whilst having less-strict looping criteria. The separate criteria 
allow the capture of a flight state, such that transient variations within a flight state are not 
recorded as changes in the manoeuvres recognised. Recognition of transient variations would 
significantly affect the counted rate of occurrence of the manoeuvre.

Primary loop manoeuvres overwrite any primary fixed manoeuvres currently allocated to the 
particular time stamp, as the primary loop manoeuvre better defines the flight state. The 
criteria used for primary loop manoeuvres are shown in Table 3.

Secondary loop manoeuvres cover transient and event type manoeuvres, with separate entry 
and looping recognition criteria, as outlined above for the primary loop manoeuvres.
Secondary loop manoeuvres however are defined differently from primary loop manoeuvres, 
as secondary loop manoeuvres are often observed at the same time as other manoeuvres. 
When a secondary loop manoeuvre is recognised, both the secondary loop and previously 
defined manoeuvre are able to be recognised and recorded in the in-service usage spectrum 
(defined as ‘coincidently recognised’).
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By allowing manoeuvres to be coincidently recognised, all possible fatigue limiting 
manoeuvres are recorded in the in-service usage spectrum. In other words it allows the output 
of the program to match the intended definition of the design usage spectrum, which is the 
most fatigue conservative estimate of usage (i.e. the recording of all of the most extreme 
manoeuvres). Whether secondary loop manoeuvres are coincidently recognised is based on 
whether the two manoeuvres can logically occur at the same time, or if one manoeuvre can 
exclusively describe the flight state. The criteria for recognition, as well as the recognition 
relative to other manoeuvres, is summarised in Table 4.

Table 3: Primary loop manoeuvre criteria

Manoeuvre Group Recognition Criteria Classification Criteria

Dive
Airspeed, Collective stick position
Pitch angle, Vertical airspeed Airspeed, Pitch angle, Vertical airspeed

Pullout and pushovers
Vertical acceleration
Pitch angle, Roll angle Roll angle

Takeoff and landing
Altitude
Collective stick position

Longitudinal stick position, Pitch angle, 
Stabilator angle, Collective stick position, 
Vertical acceleration

Sideslip
Pedal position, Airspeed
Engine torque

Roll angle
Heading rate-of-change

Nap-of-the-Earth
Altitude, Roll angle, Vertical airspeed, 
Pitch angle, Vertical acceleration N/A

Low-Speed Flight

Longitudinal / lateral stick position
Collective stick position
Stabilator angle, Airspeed
Heading rate of change, Pedal position Roll angle

GAG Cycles Altitude, Rotor speed Rotor Speed

Table 4: Secondary loop manoeuvre criteria

Manoeuvre
Group

Recognition
Criteria

Classification
Criteria

Coincidently Recognise / 
Overwrite

Low-Powered
Descents

Vertical airspeed
Collective stick position
Engine torque

Roll angle
Pitch angle
Altitude

Overwrite: Pullout and Pushover
Coincident: Level flight
Level flight turns

Level Flight 
Turns Roll angle Roll angle

Coincident: Climb
Pullout and pushover, Dive, Descents

Approach 
to Hover

Vertical airspeed
Airspeed rate-of-change
Altitude
Pitch angle

Engine torque
Collective stick position
Airspeed rate-of-change
Pitch angle
Vertical airspeed

Overwrite: Hover, Level flight
Coincident: Descents
Pullout and pushover, Dive
Level flight turn, Sideslip
Low-speed flight, Nap-of-the-Earth

Reversals

Longitudinal and lateral stick
position
Collective stick position
Pedal position N/A

Overwrite: Level flight, Hover
Autorotation

Key Manoeuvre Definitions

Rather than provide a complete definition of all the manoeuvres from the usage spectrum, 
some of the key transient manoeuvre definitions are summarised in Table 5. The definitions 
reflect the difficulty in identifying the demarcation between manoeuvres and the limitations of 
the FDR.
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Another key definition that has been made for the program has been accounting for 
steady-state flight conditions. A broad definition for steady-state flight has been made for 
level flight, climb, hover and descent. Level flight and hover are recognised as the base 
underlay, with the criteria that define level flight and hover covering a wide range of flight 
conditions (e.g. rate-of-climb, engine power, direction of flight) that are essentially less 
extreme versions of other manoeuvres (e.g. climb, partial-powered descent, sidewards flight).
As a consequence, the program recognises a larger proportion of steady-state flight conditions 
rather than many low-severity transient manoeuvres.

Table 5: Key transient manoeuvre definitions

Manoeuvre Issue Recognition Method

Level Flight 
Turns

Accounting for level flight 
turns that transition between 
turn bands

Use the highest roll angle for the discrete turn as the level 
flight turn manoeuvre.

Approach to 
Hover

Defining characteristics for 
the start and finish of the 
manoeuvre

Approach to Hover defined as a region of descent and / or 
deceleration finishing in low-altitude hover.

Partial-Powered 
Descent (PPD) / 
Autorotation

Minimum criteria for power 
and descent criteria

PPD / Autorotation are defined by a critical rate-of-descent 
and power boundary. Autorotation recognised as a more 
extreme descent, characterised by a period of zero engine 
torque.

Takeoff and 
Landing

Accounting for landings with 
poor fidelity of the Radar 
altitude close to the ground

A landing is defined as a period of sustained zero Radar 
altitude. Where takeoff occurs without reduction in power, it 
is defined as a light-on-wheels landing and takeoff.

Entry and 
Recovery

Start and finish defining 
characteristics

Entry and recovery is defined as the observance of the 
transient variation of defining flight parameter.

Results

The accuracy of the program was measured against the manoeuvre specific test flight data 
from the FLS. The FLS covered almost the entire design usage spectrum, excluding only a 
few Nap-of-the-Earth (NOE) manoeuvres1. These NOE manoeuvres have been incorporated 
within the program; however, without data from the FLS they were unable to be validated.

When tested against the available FLS data, the program correctly identified 1067 out of a 
total 1109 (96.2 %) manoeuvres over 36 flights. The major instance where the program did 
not correctly identify the manoeuvre was for reversal manoeuvres. The recognition of 
reversals was shown to be limited by the recording frequency of the control stick positions.
Taking into account this known limitation, the program correctly identified the occurrence
1052 out of 1067 (98.6%) manoeuvres. 

In development of the flight manoeuvre recognition program it was identified that a number of 
additional flight parameters would, if recorded by the FDR, increase the accuracy in 
identifying certain manoeuvres. These are:

 Weight-on-wheels contact switch to discriminate landings from low altitude hover;
 Global Positioning Signal (GPS) for greater accuracy of identifying low-speed flight;
 Measurement of atmospheric conditions to evaluate critical flight parameters such as 

VH (maximum forward airspeed at 30 minutes rated engine power);

                                                          
1 NOE manoeuvres are conducted at low altitude and are generally performed to evade threats.
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 Reversal limit switch to identify rapid reversals that occur at a greater frequency than 
measured in the FDR.

Conclusion

As a step towards a cost effective solution to the usage monitoring problem for legacy aircraft, 
a flight manoeuvre recognition program has been developed that utilises the FDR fitted to the 
S-70A-9 Black Hawk helicopter. The program has been developed to extract the actual 
in-service usage spectrum which may enable more accurate assessments of critical CRTs. 

The program structure has been outlined, identifying the requirements for integration of 
manoeuvre definitions, extraction of FDR data for description of flight states, definition of 
flight states and development of a program structure.

The results indicate the information recorded on the S-70A-9 Black Hawk’s FDR is sufficient
for flight manoeuvre recognition. When tested against FLS data, the program was able to 
correctly identify 96.2% of manoeuvres. 
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Appendix A: Background to the Fatigue Substantiation for the 
S-70A-9 Black Hawk

Fatigue substantiation for the S-70A-9 Black Hawk is conducted at the aircraft component 
level. The fatigue methodology is in accordance with general guidelines for rotorcraft dynamic 
component life determination methodologies common to United States military and Federal 
Aviation Requirements (FAR) documents, Ref. [1].

During aircraft manufacture, fatigue critical components are allocated CRTs determined from 
the assumed usage of the aircraft and the fatigue damage that particular usage would generate 
within the component. The CRT is the critical factor which governs component replacement
and therefore heavily impacts maintenance efforts.

To analyse the fatigue damage generated from aircraft usage, the flight-time is divided into a 
collection of manoeuvres. A usage spectrum is the collection of manoeuvres which defines the 
design flight. The usage spectrum is a list, detailed by percentage duration and/or frequency of 
occurrence of the manoeuvres the aircraft performs. The usage spectrum created is a worst
case assumption, providing the most conservative estimate of fatigue. The usage spectrum is 
specified by the OEM for an aircraft fleet at initiation of service. Generally, this usage 
spectrum is only altered when it is considered to no longer represent the usage of the aircraft.

The OEM methodology for component fatigue life analysis is to first select a range of fatigue 
substantiation parameters which are easily measurable and reproducible as quantifiable drivers 
of fatigue failure. The next step is to test individual components or assemblies (or conduct
engineering analysis) to establish the corresponding fatigue failure cases and characteristic 
S-N curve for each fatigue failure case as a function of the fatigue substantiation parameters.

The final step in the OEM fatigue substantiation methodology is to determine the magnitude 
and frequency of the fatigue substantiation parameter for each manoeuvre in the usage 
spectrum. Typically this is measured from instrumented flight trials in which the specific 
manoeuvres in the usage spectrum are performed. When combined with S-N curves for the 
fatigue failure cases, and using a methodology for accounting for fatigue accumulation (e.g. 
Miners cumulative damage rule), a CRT can be calculated for each fatigue failure case. 
Ultimately the CRT of the component is the minimum CRT of all the fatigue failure cases for 
the component.
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Abstract


Accurate flight manoeuvre recognition enables an operator to quantify the usage of an aircraft, or fleet of aircraft, and hence make predictions as to the fatigue implications of that usage. This paper details the development of a flight manoeuvre recognition program for the Australian Regular Army’s S-70A-9 Black Hawk helicopter that uses data from the Flight Data Recorder (FDR). The paper provides an overview of the program structure and also highlights the key functions and challenges in developing the program, namely the extraction of key flight parameters from the FDR data and the development of critical manoeuvre definitions. The program has been tested using data collected from a flight loads survey in 2000, with 96.2% of manoeuvres being accurately recognised. The results indicate that the information recorded on the S-70A-9 Black Hawk’s FDR is acceptable for flight manoeuvre recognition.

Keywords: Flight manoeuvre recognition, flight data recorder, fatigue substantiation, usage

Introduction


One of the goals for a Health and Usage Monitoring System (HUMS) is to gather data that can be used to monitor the flight critical components on an aircraft. Local sensors (e.g. strain gauges) are the most direct means for measuring loads on components; however, the direct measurement of in-service loads on rotating dynamic components on rotary-wing aircraft is challenging because of the difficulties in maintaining the load measurement devices and the detrimental affect their presence can have on aircraft performance. As a result, the application of HUMS for load measurement of rotating dynamic components for rotary-wing aircraft has been limited, Ref. [1].

Common Original Equipment Manufacturer (OEM) methodology for the fatigue substantiation of dynamic components for rotary-wing aircraft is to create a design usage spectrum to estimate usage, from which predictions are made of the in-service loading condition. The design usage spectrum consists of set manoeuvres, for which the load condition has been measured in an instrumented test environment. With a methodology to sum the load conditions for each of the manoeuvres in the usage spectrum, the fatigue condition can be quantified (for further details of the OEM methodology as applied to the S‑70A-9 Black Hawk, refer to Appendix A). The in-service fatigue condition is then reviewed by some means of rudimentary usage checking, usually limited to providing an assurance that the design usage spectrum remains representative.

One method to improve the accuracy of the estimation of the in-service fatigue condition is to actually quantify the in-service usage spectrum, as invariably the in-service usage will differ from the assumed usage. In addition, using the flight loads from testing conducted at the design stage, the potential exists for the in-service usage spectrum to be applied to fatigue substantiation calculations to review or monitor Component Retirement Times (CRT) of fatigue critical components.

Quantification of the in-service usage spectrum can be achieved by flight manoeuvre recognition. Flight manoeuvre recognition is the recording of the occurrence and duration of the manoeuvres from the design usage spectrum as they are performed, thus creating an in-service usage spectrum. Flight manoeuvre recognition has attracted much interest as a means of achieving usage monitoring (e.g. Ref. [1], [2] and Ref. [3] with FDRs).

While most new rotary-wing aircraft are being fitted with the instrumentation required for flight manoeuvre recognition (e.g. Ref [4]), legacy aircraft were not initially setup for any form of usage monitoring. Following on from previous work for the S-70A-9 Black Hawk (Ref [5] and [6]), a flight manoeuvre recognition program has been developed which utilises the Flight Data Recorder (FDR) as the input data source. The FDR has the benefit of being an existent source of flight information, avoiding the need for fitment of additional instrumentation to the aircraft.

This paper describes a flight manoeuvre recognition program (the ‘program’) developed for the S-70A-9 Black Hawk fitted with a Litton Systems F1000 combined FDR / cockpit voice recorder. The paper provides an overview of the program structure and also highlights the key functions and challenges in developing the program, namely the extraction of key flight parameters from the FDR data and the development of critical manoeuvre definitions.

Background

Current Usage Monitoring for the S-70A-9 Black Hawk

Current usage monitoring information for S-70A-9 Black Hawk is recorded through the ‘EE360 Black Hawk Helicopter Usage Data Record’ form. The EE360 form is a survey of the fatigue limiting usage of the aircraft and is manually completed by the pilot following each flight. The EE360 form is used to count the occurrences of extreme manoeuvres (e.g. landings or break turns), which are then checked against that specified in the design usage spectrum. 

The EE360 form does not allow for the calculation of an in-service usage spectrum, as it is limited to only recording a few extreme manoeuvres. As summarised from Ref. [7], when compared with the actual usage, the major limitations of usage monitoring by the EE360 form are:


· The amount of information that can be recorded from a pilot survey compared to all of the useful data for flight manoeuvre recognition, and


· Inaccuracies between events that are recorded in the EE360 form and actual usage.


The Flight Data Recorder


The reason that the S-70A-9 Black Hawk, and in fact all aircraft, have FDRs installed is for crash investigation purposes. As FDRs are not installed or maintained specifically for usage monitoring, the type and quality of information recorded by FDRs may not always be optimal for flight manoeuvre recognition. The development of the program therefore has effectively been an investigation of whether the information from the FDR that defines the state of the aircraft is suitable for flight manoeuvre recognition.


The program has been developed using FDR data from a 2000 joint Australian Defence Force / United States Airforce Flight Load Survey (FLS) for the Australian Regular Army (ARA) S‑70A-9 Black Hawk. The FLS covered set manoeuvres from the design usage spectrum over a range of Gross Weight (GW) and centre-of-gravity positions across the flight envelope. During the FLS, the FDR recorded the flight parameters shown in Table 1 at varying sampling rates.

Table 1: Flight parameters recorded on the S-70A-9 Black Hawk Flight Data Recorder 


		Flight Parameter



		Magnetic Heading 

		Longitudinal Cyclic Position



		Indicated Airspeed

		Pedal Position (%)



		Radar Altitude

		No.1 Engine Power Lever



		Pressure Altitude

		No.2 Engine Power Lever



		Stabilator Angle

		No. 1 Engine Torque



		Pitch Attitude

		No. 2 Engine Torque 



		Roll Attitude

		Main Rotor Speed 



		Collective Position

		Tail Rotor Speed



		Lateral Cyclic Position

		Vertical Acceleration





The Flight Manoeuvre Recognition Program


The ultimate aim has been to develop a generic flight manoeuvre recognition program which can be applied to the S-70A-9 Black Hawk that utilises information from the FDR to generate an in-service usage spectrum. The critical factors in developing the program have been:

· Extracting critical flight parameters suitable for flight manoeuvre recognition from information recorded on the FDR;

· Identifying the best method to generalise the definitions of manoeuvres from the design usage spectrum to a form applicable for flight manoeuvre recognition;

· Identifying a method to discriminate between manoeuvres; 

· Establishing a method to collate the manoeuvres recognised.


The approach taken in developing the program was to relate manoeuvre definitions from the design usage spectrum which reflect a ‘single point’ design flight condition (e.g. climb at maximum continuous power at vertical best rate-of-climb), to one or more ‘bounded’ flight state parameters. Bounded flight state parameters reflect an aspect of a flight state demarcated by a range of one or more flight parameters recorded on the FDR. As an example, for the vertical airspeed flight state parameter one bounded flight state (moderate ascent) is a rate of climb between 500 and 750 feet per minute, where rate of climb is calculated from either the Radar or pressure altitude measured from the FDR. Data extracted from the FDR has been specifically selected to evaluate these flight state parameters.


The following sections of the paper provide an outline of a few of the key features of the program including:

· Extraction of flight state parameters from the FDR;


· Manoeuvre definition methodology;

· Manoeuvre recognition structure; and

· Key manoeuvre definitions.


Although defined separately, each of the aspects of extraction of flight data, manoeuvre definition and manoeuvre recognition structure are interdependent. As an example, the measurement of airspeed at low forward airspeeds has an affect on the definition criteria for low‑speed flight manoeuvres.

Extraction of Flight State Parameters from the FDR

In total there were eighteen bounded flight state parameters evaluated from the FDR flight data. Most of the bounded flight state parameters are derived from associated flight parameters from the FDR (e.g. the pitch angle flight state parameter is calculated from the pitch angle flight parameter from the FDR).


Some of the critical bounded flight state parameters which required calculation from the FDR flight parameters were:

· Gross Weight (GW);

· Average Airspeed;

· Vertical Airspeed; and


· Pilot Control Positions.

The GW is an important flight state parameter for flight manoeuvre recognition as it is used for evaluation of GW prorates (separate manoeuvres are defined for low-GW and high-GW) and the power flight state parameter. The GW, however, is not a measured flight parameter in the FDR.


An algorithm has been developed to extract the GW as a flight state parameter. The GW algorithm combines multiple estimates of GW at steady flight conditions to give an accurate measure of the GW at any point in a recorded flight. Estimates of the GW are made at the steady flight conditions of takeoff and landing, low altitude hover, climb and level flight. The GW algorithm has been coded to account for changes in GW over a flight from fuel burn, as well as changes in GW due to the presence of passengers and / or cargo. 

An example of the application of the GW algorithm is shown in Fig. 1, where the points indicate individual GW estimates at steady flight conditions and the solid line indicates the estimated GW at the point in time. From known GW conditions in the FLS the GW algorithm has been demonstrated to be accurate within 500 lbs, which is within the required fidelity for flight manoeuvre recognition for the S-70A-9 Black Hawk usage spectrum manoeuvres.
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Fig. 1: An example output of the GW algorithm calculations (15 700 lbs takeoff GW with 8000 lbs cargo load pickup and drop)


The airspeed measure from the FDR was shown to have limitations in fidelity across all airspeeds, and poor accuracy at low airspeeds. For the airspeed bounded flight state parameter, the FDR airspeed signal was smoothed using a moving linear-least-squares approximation. Signal smoothing was observed to produce an accurate measure of airspeed for airspeeds greater than half the maximum forward level flight airspeed.


Poor accuracy at low airspeeds is a known limitation of the pitot static tube system, Ref. [8]. To account for the poor accuracy at low airspeeds the Stabilator angle flight parameter was used as a secondary measure to indicate whether the aircraft is in low speed flight. For the S‑70A-9 Black Hawk the Stabilator angle changes as the airspeed increases out of hover (Ref. [9]). When combined with the indicated airspeed, the Stabilator angle gives a measure of the airspeed at low-airspeeds suitable for flight manoeuvre recognition.


Vertical airspeed was calculated from the relative change in subsequent altitude measurements. The altitude measurement had a relatively poor fidelity when taken as relative change; therefore it was necessary to apply a least-squares linear best-fit. The result was a relatively smooth and accurate, although low-fidelity, measure of the vertical airspeed suitable for calculation of the bounded flight state parameter value.


Extensive use of pilot control position parameters within the program was limited due to: the recording frequency of the FDR being less than the movement capabilities of the pilot; difficulty in matching the delayed response between pilot action and aircraft response; and inability to discriminate corrections from manoeuvre actions. Therefore, bounded flight state parameters for pilot control positions were modified to indicate only steady‑state values and were taken in reference to the other control stick positions. 


Manoeuvre Definition Methodology

The S-70A-9 Black Hawk design usage spectrum contains 85 unique manoeuvres, to which 2 prorates, altitude and GW, are applied to certain manoeuvres to give a total of 258 manoeuvres. For the usage spectrum, both the duration and number of separate occurrences of the manoeuvres are required.


Definitions for manoeuvres have been expressed in terms of the bounded flight state parameters. Bounded flight state parameter criteria were selected by combining aspects of:

· Conditions which define the single-point, design definition of the manoeuvre;

· Values of flight parameters from the manoeuvres being performed in the FLS; 


· Accounting for the interaction between related manoeuvres.

In defining manoeuvres, the criteria have been selected to reflect the critical steady-state flight parameters indicating the aircraft responses to the manoeuvre. This makes the manoeuvre definitions applicable to a wide range of flight conditions and ways of controlling the aircraft to perform the manoeuvres. 


Manoeuvre Recognition Structure


An overview of the program structure is shown in Fig. 2. The program has been designed to allocate a manoeuvre to each second of flight time. A one second interval was selected as it represents the lowest fidelity flight parameter data recorded by the FDR from the FLS. The structure includes an initial step to normalise and check FDR data. At the third step the bounded flight state parameters are calculated from raw FDR data. 
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Fig. 2: Flight manoeuvre recognition program processes

Manoeuvres are separated to three different categories to suit the different types in the usage spectrum. The three categories are:


· Primary fixed manoeuvres;


· Primary loop manoeuvres;


· Secondary loop manoeuvres.


Primary fixed manoeuvres are steady-state manoeuvres (i.e. hover, climb and level flight) that form the foundation of manoeuvres recognised in flight. All the primary fixed manoeuvres are recognised by a single pass through the flight data from the beginning to the end of the flight using a series of hierarchical criteria. 


The hierarchical criteria are split into recognition criteria, which define when a particular manoeuvre group is being performed (i.e. the manoeuvre group), and classification criteria which distinguish the exact manoeuvre from within the group. The hierarchical criteria allow for the capture of steady flight conditions, from which transient variations can be allowed without recognising that the aircraft has moved from the steady-state flight condition. This method avoids the recognition of many short duration manoeuvres in a single region of steady-state flight conditions. The flight state parameter criteria used for recognising primary fixed manoeuvres are shown in Table 2.


Table 2: Primary fixed manoeuvre criteria


		Manoeuvre Group

		Recognition Criteria

		Classification Criteria



		On-Ground Pre-Flight

		Engine power lever

		N/A



		Ground Run

		Engine power lever


Rotor speed

		Collective stick position


Heading rate-of-change



		Hover

		Altitude


Airspeed

		Roll angle, Vertical airspeed


Heading rate-of-change



		Climb

		Vertical airspeed

		Roll angle



		Level flight

		Vertical airspeed


Roll angle

		Airspeed





Primary loop manoeuvres cover transient type (i.e. pullouts and pushovers) and event type (i.e. rotor start and Ground-Air-Ground (GAG) cycles) manoeuvres. Each of the manoeuvre groups are recognised separately with multiple pass loops over the flight data. Criteria are split into recognition criteria, which recognise the group of manoeuvre being performed, and classification criteria which distinguish the exact manoeuvre. 


Recognition criteria are separated into entry and looping criteria. The separate entry and looping criteria provide a means to distinguish between borderline occurrences by having relatively strict entry criteria, whilst having less-strict looping criteria. The separate criteria allow the capture of a flight state, such that transient variations within a flight state are not recorded as changes in the manoeuvres recognised. Recognition of transient variations would significantly affect the counted rate of occurrence of the manoeuvre.


Primary loop manoeuvres overwrite any primary fixed manoeuvres currently allocated to the particular time stamp, as the primary loop manoeuvre better defines the flight state. The criteria used for primary loop manoeuvres are shown in Table 3.

Secondary loop manoeuvres cover transient and event type manoeuvres, with separate entry and looping recognition criteria, as outlined above for the primary loop manoeuvres. Secondary loop manoeuvres however are defined differently from primary loop manoeuvres, as secondary loop manoeuvres are often observed at the same time as other manoeuvres. When a secondary loop manoeuvre is recognised, both the secondary loop and previously defined manoeuvre are able to be recognised and recorded in the in-service usage spectrum (defined as ‘coincidently recognised’).


By allowing manoeuvres to be coincidently recognised, all possible fatigue limiting manoeuvres are recorded in the in-service usage spectrum. In other words it allows the output of the program to match the intended definition of the design usage spectrum, which is the most fatigue conservative estimate of usage (i.e. the recording of all of the most extreme manoeuvres). Whether secondary loop manoeuvres are coincidently recognised is based on whether the two manoeuvres can logically occur at the same time, or if one manoeuvre can exclusively describe the flight state. The criteria for recognition, as well as the recognition relative to other manoeuvres, is summarised in Table 4.

Table 3: Primary loop manoeuvre criteria


		Manoeuvre Group

		Recognition Criteria

		Classification Criteria



		Dive

		Airspeed, Collective stick position


Pitch angle, Vertical airspeed

		Airspeed, Pitch angle, Vertical airspeed



		Pullout and pushovers

		Vertical acceleration


Pitch angle, Roll angle

		Roll angle



		Takeoff and landing

		Altitude


Collective stick position

		Longitudinal stick position, Pitch angle, 


Stabilator angle, Collective stick position, 


Vertical acceleration



		Sideslip

		Pedal position, Airspeed


Engine torque

		Roll angle


Heading rate-of-change



		Nap-of-the-Earth

		Altitude, Roll angle, Vertical airspeed, 


Pitch angle, Vertical acceleration

		N/A



		Low-Speed Flight

		Longitudinal / lateral stick position


Collective stick position


Stabilator angle, Airspeed


Heading rate of change, Pedal position

		Roll angle



		GAG Cycles

		Altitude, Rotor speed

		Rotor Speed





Table 4: Secondary loop manoeuvre criteria


		Manoeuvre


Group

		Recognition


Criteria

		Classification


Criteria

		Coincidently Recognise / Overwrite



		Low-Powered


Descents

		Vertical airspeed


Collective stick position


Engine torque

		Roll angle


Pitch angle


Altitude

		Overwrite: Pullout and Pushover


Coincident: Level flight


Level flight turns



		Level Flight 


Turns

		Roll angle

		Roll angle

		Coincident: Climb


Pullout and pushover, Dive, Descents



		Approach 


to Hover

		Vertical airspeed


Airspeed rate-of-change


Altitude


Pitch angle

		Engine torque


Collective stick position


Airspeed rate-of-change


Pitch angle


Vertical airspeed

		Overwrite: Hover, Level flight


Coincident: Descents 

Pullout and pushover, Dive


Level flight turn, Sideslip


Low-speed flight, Nap-of-the-Earth



		Reversals

		Longitudinal and lateral stick


position


Collective stick position


Pedal position

		N/A

		Overwrite: Level flight, Hover


Autorotation





Key Manoeuvre Definitions


Rather than provide a complete definition of all the manoeuvres from the usage spectrum, some of the key transient manoeuvre definitions are summarised in Table 5. The definitions reflect the difficulty in identifying the demarcation between manoeuvres and the limitations of the FDR.


Another key definition that has been made for the program has been accounting for steady‑state flight conditions. A broad definition for steady‑state flight has been made for level flight, climb, hover and descent. Level flight and hover are recognised as the base underlay, with the criteria that define level flight and hover covering a wide range of flight conditions (e.g. rate-of-climb, engine power, direction of flight) that are essentially less extreme versions of other manoeuvres (e.g. climb, partial-powered descent, sidewards flight). As a consequence, the program recognises a larger proportion of steady‑state flight conditions rather than many low-severity transient manoeuvres.

Table 5: Key transient manoeuvre definitions


		Manoeuvre

		Issue

		Recognition Method



		Level Flight Turns

		Accounting for level flight turns that transition between turn bands

		Use the highest roll angle for the discrete turn as the level flight turn manoeuvre.



		Approach to Hover

		Defining characteristics for the start and finish of the manoeuvre

		Approach to Hover defined as a region of descent and / or deceleration finishing in low-altitude hover.



		Partial-Powered Descent (PPD) / Autorotation

		Minimum criteria for power and descent criteria

		PPD / Autorotation are defined by a critical rate-of-descent and power boundary. Autorotation recognised as a more extreme descent, characterised by a period of zero engine torque.



		Takeoff and Landing

		Accounting for landings with poor fidelity of the Radar altitude close to the ground

		A landing is defined as a period of sustained zero Radar altitude. Where takeoff occurs without reduction in power, it is defined as a light-on-wheels landing and takeoff.



		Entry and Recovery

		Start and finish defining characteristics

		Entry and recovery is defined as the observance of the transient variation of defining flight parameter.





Results


The accuracy of the program was measured against the manoeuvre specific test flight data from the FLS. The FLS covered almost the entire design usage spectrum, excluding only a few Nap-of-the-Earth (NOE) manoeuvres
. These NOE manoeuvres have been incorporated within the program; however, without data from the FLS they were unable to be validated.


When tested against the available FLS data, the program correctly identified 1067 out of a total 1109 (96.2 %) manoeuvres over 36 flights. The major instance where the program did not correctly identify the manoeuvre was for reversal manoeuvres. The recognition of reversals was shown to be limited by the recording frequency of the control stick positions. Taking into account this known limitation, the program correctly identified the occurrence 1052 out of 1067 (98.6%) manoeuvres. 


In development of the flight manoeuvre recognition program it was identified that a number of additional flight parameters would, if recorded by the FDR, increase the accuracy in identifying certain manoeuvres. These are:

· Weight-on-wheels contact switch to discriminate landings from low altitude hover;

· Global Positioning Signal (GPS) for greater accuracy of identifying low-speed flight;

· Measurement of atmospheric conditions to evaluate critical flight parameters such as VH (maximum forward airspeed at 30 minutes rated engine power);

· Reversal limit switch to identify rapid reversals that occur at a greater frequency than measured in the FDR.

Conclusion


As a step towards a cost effective solution to the usage monitoring problem for legacy aircraft, a flight manoeuvre recognition program has been developed that utilises the FDR fitted to the S-70A-9 Black Hawk helicopter. The program has been developed to extract the actual in‑service usage spectrum which may enable more accurate assessments of critical CRTs. 

The program structure has been outlined, identifying the requirements for integration of manoeuvre definitions, extraction of FDR data for description of flight states, definition of flight states and development of a program structure. 

The results indicate the information recorded on the S-70A-9 Black Hawk’s FDR is sufficient for flight manoeuvre recognition. When tested against FLS data, the program was able to correctly identify 96.2% of manoeuvres. 
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Appendix A: Background to the Fatigue Substantiation for the 

S-70A-9 Black Hawk

Fatigue substantiation for the S-70A-9 Black Hawk is conducted at the aircraft component level. The fatigue methodology is in accordance with general guidelines for rotorcraft dynamic component life determination methodologies common to United States military and Federal Aviation Requirements (FAR) documents, Ref. [1]. 

During aircraft manufacture, fatigue critical components are allocated CRTs determined from the assumed usage of the aircraft and the fatigue damage that particular usage would generate within the component. The CRT is the critical factor which governs component replacement and therefore heavily impacts maintenance efforts.


To analyse the fatigue damage generated from aircraft usage, the flight-time is divided into a collection of manoeuvres. A usage spectrum is the collection of manoeuvres which defines the design flight. The usage spectrum is a list, detailed by percentage duration and/or frequency of occurrence of the manoeuvres the aircraft performs. The usage spectrum created is a worst case assumption, providing the most conservative estimate of fatigue. The usage spectrum is specified by the OEM for an aircraft fleet at initiation of service. Generally, this usage spectrum is only altered when it is considered to no longer represent the usage of the aircraft.


The OEM methodology for component fatigue life analysis is to first select a range of fatigue substantiation parameters which are easily measurable and reproducible as quantifiable drivers of fatigue failure. The next step is to test individual components or assemblies (or conduct engineering analysis) to establish the corresponding fatigue failure cases and characteristic S‑N curve for each fatigue failure case as a function of the fatigue substantiation parameters.


The final step in the OEM fatigue substantiation methodology is to determine the magnitude and frequency of the fatigue substantiation parameter for each manoeuvre in the usage spectrum. Typically this is measured from instrumented flight trials in which the specific manoeuvres in the usage spectrum are performed. When combined with S‑N curves for the fatigue failure cases, and using a methodology for accounting for fatigue accumulation (e.g. Miners cumulative damage rule), a CRT can be calculated for each fatigue failure case. Ultimately the CRT of the component is the minimum CRT of all the fatigue failure cases for the component.
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� NOE manoeuvres are conducted at low altitude and are generally performed to evade threats.
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