Aircraft Performance Parameter Estimation using
Global ADS-B and Open Data

Thijs W. Gloudemans*
TU Delft, Delft, Zuid Holland, 2629HS, Netherlands

To enable low cost open source ATM simulations the University of Technology Delft is
developing an open source ATM simulator Bluesky. A method was developed to identify
aircraft performance parameters using ADS-B and other open sources of data. The goal
is to determine the operational flight envelope and get estimates for the lift- and drag
coefficients. The method streams global ADS-B data from Flightradar24. By making as-
sumptions on wind and flight strategies, estimation can be obtained for aircraft parameters.
The nature of these assumptions limit the aircraft types being analyzed to commercial air-
craft only. The method measures the operational flight envelope and estimates weight, lift
and drag coefficients for multiple phases in flight. Next the operational flight envelope was
compared to open data. Here it was found that the estimations showed similar values as
the open data and that the operational flight envelope can be estimated using the method.
The drag polar was compared to BADA, which showed a consistent underestimation of the
drag polar.
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Lift coefficient
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I. Introduction

With the introduction of Bluesky! in 2013, the Air Traffic Management (ATM) department of the Delft
University of Technology (DUT) is developing a free and open source real- and fast-time air traffic simulator.
The goal of Bluesky is to provide everybody who wants to visualize, analyze or simulate air traffic with a
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tool to do so without any restrictions, licenses or limitations. The current version of Bluesky can be used
for ATM and Air Traffic Flow (ATF) simulations. Bluesky provides the user with a graphical user interface
showing selected traffic flows in real- or fast-time on a map. The user can load traffic scenarios, influence
aircraft’s behaviors and perform metric analysis.

At the core of Bluesky are two aircraft performance models (APMs). The first APM is the Base of
Aircraft Data (BADA). BADA is a proprietary APM developed by Eurocontrol. Since the proprietary
characteristic conflicts with the goal to develop an open source and free ATM simulator, also a Bluesky
APM is under development. One of the major difficulties in developing an APM lies with the identification
of these proprietary aircraft type-specific parameters, such as the operational flight envelope or the lift
and drag coefficients. For some aircraft these parameters can be found in literature, but the parameters
for most modern commercial airliners are not published by their manufacturers. The aircraft type-specific
parameters are key parameters for proper aircraft modeling. Many different aircraft types exist, all of them
having different modeling parameters. Identifying these parameters is therefore important when making an
APM.

The basis of this research lies in the new ability to use the wealth of data that automatic dependent
surveillance - broadcast (ADS-B) messages provide. Global networks of ADS-B receivers allow for continuous
surveillance of the global airspace. The assumption is that this new source of Big Data can reveal knowledge
of aircraft flight performance that was previously only available to manufacturers, operators and air traffic
control. The goal of this research is to find or estimate the operational flight envelope. Also efforts are made
to estimate the lift- and drag coefficients. This knowledge can then be used to improve the Bluesky APM.
It must be noted that this is an ambitious goal, with some large hurdles in the way such as aircraft weight
estimation. The priority in this research is to obtain results and to set out the steps necessary to get them.
This might lead to the use of simplified methods and assumptions. The major requirement for the use of
methods and assumptions is that they can be enhanced in future research.

ADS-B is a secondary surveillance system. An aircraft equipped with an ADS-B transponder will con-
tinuously broadcast flight information such as position, speed, altitude and heading. The data used in the
analysis is obtained from Flightradar24.? Flightradar24 is an application that bundles ADS-B data obtained
from many ADS-B receivers around the world and projects the data on a map. This allows users to track
flights in almost real-time. With a premium account it is possible to query the Application Program Interface
(API) for the state of the global airspace. The terms of usage of this account allow for unlimited processing
and redistribution of these data, making Flightradar24 an ideal source for large amounts of historical flight
data.

To unravel the knowledge from the ADS-B data a structured approach is used. The process can be
described by six subsequent steps, namely; understanding the problem, understanding the data, preparation
of the data, data mining, evaluation and implementation. Some of these steps are iterative. This article is
setup according to these steps. Although the first two steps have been performed in preliminary research a
short recap will be provided for completeness. Next the method, which composes the preparation and the
data mining steps, is discussed. Finally the results are discussed and an evaluation is performed.

I.A. Background

The need for APMs has been of significant importance to many stakeholders in industry for a long time. In
1971, Boeing and NASA worked together on an APM for the B747.3 This six degree of freedom APM was
not only needed for use in ATM concepts, but also for use in flight training simulators and control design.
These dynamic models were capable of predicting dynamic and kinematic behavior relatively well. In their
tests NASA and Boeing determined the aerodynamic and control coefficients from in-flight measurements.
This made the model expensive to obtain.

Researchers came up with other, cheaper methods, that suited ATM research better. In the 70s the
EROCOA and the PARZOC* were developed. The EROCOA method is a technique which describes the
climb performance of aircraft by using a set of 8 coefficients. In a similar fashion identical performance for
the en-route and descent could be obtained from the PARZOC approach. Using these methods the vertical
profile of aircraft flying defined speed regimes could be computed through parametric models. Although
initially designed for use in flight profile prediction modules for application in on-line ATC systems, these
approaches proved also suitable for use as aircraft models in ATM simulators.

With the increase in computational power, many different ATM simulators were developed, such as
ASTOR,> ACES,® TMX" and many more. Most of them started off with an in-house developed APM. In
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the early 1990s EUROCONTROL started developing BADA,® an APM database. The initial goal of BADA
was to realistically simulate en-route aircraft behavior under nominal operating conditions, while ensuring
large coverage of aircraft types.

BADA APM is based on a kinetic approach to aircraft performance modeling. It is made of two com-
ponents. The first component are the model specifications. The model specifications provide the theoretical
fundamentals used to calculate aircraft performance parameters. The second component are the datasets.
The datasets contain the aircraft-specific coefficients necessary to perform calculations. Nowadays most
ATM simulators use the BADA APM. For example the ACES simulator can use both the Kinematic Trajec-
tory Generator (KTG)? as the Multi Purpose Aircraft Simulation (MPAS).® Both are used to model aircraft
performance, but at the base of these simulators or generators is the BADA performance database.

The BADA database is built using radar data from EUROCONTROL. Even though BADA is widely
accepted as the standard it is not flawless. BADA uses reference data to validate its models.!® This
reference data is generally obtained from Aircraft Operation Manuals (AOMs), but some manufacturers
provide performance data. The drawback of these AOMs is that the resolution of the data provided can be
very low and only applies to general situations.!! This could lead to errors in the model.

Where BADA uses the radar data, everybody else can use ADS-B. As part of international cooperation
ADS-B has been cast as the next generation aircraft surveillance method and will be mandatory for aviation
in many parts of the world by 2020.12 The broadcast characteristic of ADS-B makes it suitable for large scale
monitoring. Everyone with an ADS-B receiver can track flights. With a global network of ADS-B receivers
it would be possible to track all flights in the air. Aircraft equipped with ADS-B broadcast altitude, ground
speed, latitude, longitude, heading, ICAO identification and call sign.

Using this data, one of the major pillars of BADA has become available to the public, namely the track
data. The other source of data used in BADA such as the AOMs remain closed source, but open alternatives
exist. Most manufacturers place key parameters such as weights, dimensions, engine types and capacity
on their website.!> Other parameters such as fuel flow can be obtained from the ICAO Engine Emissions
Databank.' Combining all these open sources a non proprietary APM could be constructed by performing
a similar system identification as BADA does. This research strives to be the initiator by identifying the
operation flight envelope and estimations for lift- and drag coefficients for the most used aircraft types.

A crucial component in this analysis is wind. Aircraft performance is very dependent on true air speed,
but ADS-B only provides ground speed. To determine the true air speed using the ground speed the wind
speed and direction need to be known. Since this research is an initial attempt to use ADS-B for aircraft
system identification the wind is not taken into account. Within the scope of this research this assumption
is justified for simplicity. Extending this method with weather estimations would be possible, since a lot of
research has been performed in meteorological modeling.

The major issue with meteorological modeling is the high degree of non-linearity and dependency on
initial conditions. This is called the ’butterfly effect’.!® For systems that show the ’butterfly effect’, small
changes in the initial condition can have large influence on the output. The atmosphere shows this effect and
obtaining good, distributed measurements is difficult. These errors in the measurements propagate through
the system, potentially creating very different output. Therefore it is only possible to have good predictions
for only a few hours. Many weather stations perform atmospheric soundings every 12 hours to gather input
data for the models. Much of this sounding data is open and can be downloaded.!®

Two large organizations provide global weather forecasts using frequent observations. The first is the
European Centre for Medium-Range Weather Forecasts (ECMWEF). ECMWF is an international organization
that provides weather forecasts to the national weather centers of the European Union. The model that
they use is the Integrated Forecast System (IFS), which is a proprietary model. The second center is the
National Center for Environmental Prediction (NCEP). The model used by NCEP is the Global Forecast
System (GFS). These two models are extensively used for aviation forecasts and can provide reasonable wind
predictions. Unlike IF'S the GFS output is free and open and can thus be used in subsequent versions of this
analysis.

So far ADS-B has not been extensively used for aircraft parameter identification, but some applications
have been discussed in literature. These are discussed next.

I.B. Previous Research

Networks of ADS-B receivers started to emerge around 2006 and large global networks were not available
until 2009. Researchers could only use partial tracks obtained from their receivers, which have a limited
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range. In 2009 Delahaye!”!® tried to estimate the true air speed from ADS-B. The methods developed
looked at turning aircraft and subsequently at the change in speed during the turn. To extract a wind
measurement from a radar track of a turning aircraft, the vehicle’s velocity in the y-direction was plotted
against its x-direction velocity. If there was no wind, the aircraft would maintain a constant speed with
respect to both the air and the ground. Using the wind vector and the ground speed it is then possible to
determine the true air speed.

Recently Sun'® proposed two methods to determine the aircraft mass based on ADS-B data. Sun states
that given standard atmospheric and wind conditions the acceleration profile for an aircraft type is closely
correlated with its weight. The two methods make use of this by looking at the intermediate measurements
during take-off and the lift-off speed. This method is used as the basis for the weight estimation performed
in this study. But instead of using lift-off speed the take-off distance is chosen.

To identify the phase of an aircraft, Sun?® used fuzzy logic to classify a measurement as either ground,
climb, cruise or descent. Based on the altitude, speed and rate of climb a measurement is assigned to one
of the phases. Again this method will be used as basis for the current study. However there are some
changes. The first change is the number of phases. This will be extended with 7 other phases to isolate
phases with a specific lift configuration, such as take-off, initial climb and final approach. Sun does not
provide a membership function for every phase, instead higher abstraction levels are used. For example an
altitude can be low, medium or large. Although this leaves fewer membership functions it does make the
inference more challenging, because it requires the levels to be assigned to the phases. Another disadvantage
is that it makes tuning of the membership functions more difficult, because changing a membership function
will influences multiple phases.

Due to the small time that ADS-B is available it has not extensively been used for performance parameter
estimation. It mainly has been used to determine wind speed and direction. The KNMI tried to perform
upper airspace measurements using ADS-B data.?! For these measurements they not only decoded the
ADS-B message, but also other Mode S messages that were received. Decoding these messages gives access
to interesting parameters such as pressure altitude and indicated air speed. A large difference here is that
those messages are not available on a global level, because the aircraft transponder needs to be interrogated
by ATC for it to respond with the Mode S message.

In 2012 de Leege?? extended two methods to estimate wind using ADS-B data. The first method is based
on Delahaye,'"'® which was discussed above. The second method is based on the assumption that aircraft
at the same altitude travel, on average, at the same true air speed in all directions. This enables estimating
wind for a larger area at fixed time and altitude intervals.??

Aircraft performance has been researched the last few years, but not by the use of ADS-B. In 2014
Alligier?* used machine learning algorithms to estimate the mass and thrust of an aircraft in climb. The
data used was obtained from the Paris Air Traffic Control center, which included flight trajectories, Mode
C and weather reports. The data from ATC, as with the Mode S, contains more information than ADS-B
making this method not compatible with the goal of this research.

I.C. Understanding the Data

Quickly stated, the goal is to find the operational flight envelope and lift- and drag coefficients using ADS-B
data and other open sources. The first step is to reflect upon which data is available. First there is the ADS-
B data, which consist of altitude h, ground speed Vj,, heading v, latitude, longitude, call sign and ICAO
number. On top of the ADS-B data, Flightradar24 also provides the aircraft model, destination, origin, rate
of climb V,.,. and a time stamp for each flight measurement. This data is updated approximately every 5
seconds for each aircraft that has its ADS-B transponder turned on and is within Flightradar24 coverage.
Such a set of ADS-B data will be called a measurement from now on.

For each aircraft type the following weights are known; maximum take of weight Wy;row, maximum
landing weight Wy, rw, zero fuel weight, Wz pw , operating empty weight Wopw and maximum fuel weight
Warrw .2>26 The aircraft dimensions are known, but only the wing surface area S is used. For every aircraft
type the most used aircraft engine types are known.'* The corresponding fuel mass flows for take-off 7,
cruise M., approach my, and idle 774, are available. Also the rated thrust T, at sea level is known.
Finally the thrust specific fuel consumption ¢; is also found.?”

Using this the operational flight envelope can be determined. The operational flight envelope is defined
here as the operational limits, which are minimum true air speed Vras,,,, , maximum true air speed Vrag
maximum altitude Ay,qz, minimum rate of climb Vi, , maximum rate of climb V..., ., minimum turn

max )
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radius R,,;,. Load limits are not taken into account, because it can be safely assumed no flying aircraft will
come close to its limits.

II. Method

II.A. Operational Flight Envelope

Now that there is an understanding of the available data the first parameters can be determined. The
first parameter to be determined is the true air speed Vyag because it is a required parameter in many
mathematical relations. As discussed earlier no wind estimations are known. Therefore the V44 is assumed
to be the sum of the velocity vectors Vg, and V., as seen in Equation 1.

Vras =\/Va + Vi (1)

The next parameter to be calculated is the flight path angle v. Again this can be determined using Vj,
and V. given in Equation 2.

VTOC
v = arctan( ) (2)
gr

Now using each subsequent measurement in the measurement signal the discrete time derivatives, Viras,
Vmc, 1/1 and 4 can be determined.

The parameters calculated so far combined with the measurement is what will be referred to as the state
of the aircraft. The operational flight envelope can be determined from all the determined states of an
aircraft type. This allows finding the minima and maxima of the whole flight, but this leaves the question
in which phase this minimum or maximum occurs. During a flight an aircraft will go through multiple flight
phases. Each phase has its own flight strategy and operation. Knowing the minima and maxima for all
these flight phases is more interesting than just for the whole flight. Therefore each flight is classified into
different phases.

The method used is an extended version of Suns?® method. The major difference is that the number
of phases is increased to make a distinction between phases where the aircraft is in high-lift configuration.
The flights are separated into 12 phases, namely; ground, take-off, landing, initial climb, climb, cruise climb,
cruise, horizontal flight, initial descent, descent, final approach and miscellaneous. In each of these phases
the type of flight differs from another. For example the difference between initial climb and climb is the
configuration an aircraft is in. In initial climb the aircraft is generally in a high-lift configuration to be able
to lift-off, while in climb the flaps are retracted to clean configuration. Another example is cruise and the
horizontal flight. The main difference is altitude, but the major goal is to separate aircraft that are in climb
or descent but need to maintain altitude due to ATC from actual cruising aircraft.

The classification is done using fuzzy logic. All the phases except ground, landing and take-off are clas-
sified based on Vyag, h and V... The only distinction between ground, landing and take-off is acceleration
Vi as. Therefore these phases are also classified based on Virag. Taking the derivative of a noisy signal will
increase the noise. It is difficult to use Viag for classification directly. A choice is made to smoothen Viras
before classification. This is done using a moving average with a window of 4 measurements.

In Figure 1 the membership functions of the fuzzy logic are shown. Every phase has its own membership
function per variable. Inference is performed by finding the phase with the maximum degree of membership.
Membership degree is determined by multiplying each membership degree for each variable as shown in
Equation 3.

fphase = MV, aseMShpnase MSrocphase (3)

Here fphase is the degree of membership for a phase. msy,, ..., MSh,;,.. and MSroc,,,.. are respectively
the degrees of membership for the variables Vi ag, h and V... For the ground phases ground, take-off and
landing also the membership degree of VT As is added. Next the measurement is assigned to the phase with
the highest degree of membership.

Phase = argmax([fground» ftakeoffa () ffinalapproachv flanding]) (4)
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Figure 1. Membership functions used for classification

When all membership degrees are zero the measurement is classified as noise. In Figure 2 the resulting
classification of a B737-800 flight can be seen.
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Figure 2. Flight B737-800 different phases

The quality of this method depends on the quality of the tuning. The membership functions are manually
generated and differ for each aircraft type. Proper configuration requires some background knowledge of the
aircraft. Errors in configuration could cause a measurement to be assigned noise when it could have been
assigned to a phase. The percentage of noise for classifying phases for a B737-800 are around 1.5%. This
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includes falsely identified noise. This percentage for the Airbus A320 currently is 2.6%.

Now that each aircraft state is classified it becomes possible to start performing statistical analysis. With
each measurement and corresponding full state the parameters in the state are binned, the mean is calculated
and standard deviation is updated. When a value is larger than the current maximum this value is set as
the maximum with the limitation that it cannot be larger than three times the standard deviation. This
limit is introduced to make sure that the minimum or maximum will not be set by noise. Next the lift- and
drag coefficients are discussed.

II.B. Lift and Drag Coefficients

So far the method describes only how to obtain statistics from measurements and direct derivatives. But
one of the goals of this research is to obtain an estimation for the lift- and drag coefficients C, and Cp. Two
major components for determining Cy, and Cp are the aircraft weight W and the thrust 7. These are not
known and therefore need to be estimated first.

II.B.1. Aircraft Weight Estimation

Aircraft weight estimation in itself is already a very difficult topic for which many methods exist. They
require a lot of assumptions and only work in a specific flight phase. Here a simple method is used for weight
estimation. It is possible to try and estimate W during any moment of the flight, but this requires C',, which
is not available. The approach used here, similar to Sun,!? is to determine the take-off weight. The weight is
estimated based on the assumption that aircraft on average use similar thrust and flap settings for take-off.
This leads to a longer take-off distance when the aircraft is heavier. It is also recognized that distance of
flight influences the fuel weight needed for the flight. The method used divides the weight into three parts;
empty, fuel and payload weight. The empty weight is known. The other two are calculated as follows.

. Stotal
quel = Mcrgo v o (5)
average

Where 1i2.,-' is the fuel mass flow in kg/s, stotar the flight distance and Viean is the mean speed during

cruise determined from all measured flights. The payload weight is determined by comparing the measured
take-off distance s;, to the maximum of previous measured take-off distances.
STO

Wpayload = 7melw (6)
STO’VYLG/I
Here s10,,,, is the maximum take-off distance measured and Wjsprw is the maximum payload weight.

Finally the total take-off weight is determined by summing up the three parts.

WTO = Weow + quel + Wpayload (7)

By choosing to make only Wyayioaqa dependent on measurements reduces the influence of noise.

II.B.2. Lift coefficient

Now that W has been estimated it is possible to estimate Cr,. Assuming that the aircraft is in steady flight
and L = Wcos(7) holds then C}, can be calculated using Equation 8.

_ 2Weos(v)
= PViasS )

Earlier the point was made that splitting up the flight in multiple phases was advantageous to determine
the flight envelope. Another reason to split up the flight in phases is the difference in Cy;. The Cp, is
dependent on the aircraft configuration and angle of attack . These are settings that are not known
exactly, but high, medium and clean configurations can be expected. During take-off and initial climb the
aircraft is in a medium high configuration after which it changes to clean configuration with a higher a.
Until the descent phase the aircraft is in clean configuration. During final approach and landing the aircraft
is in high configuration. By dividing the flight in phases an estimate for Cf, can be gained for the different
configurations. This is similar for C'p which is discussed next.
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II.B.3. Drag coefficient

The last parameter to be found is the drag coefficient C'p. Determining C'p directly would require knowledge
of T'. Thrust settings are not known during analysis therefore other methods were explored which are limited
to only climbing, cruise and descending phases.

During climb Cp can be estimated by assuming that d‘g]"TAS = 0. Although this is not true for the total
climb it can be assumed true for just one time step. By using the excess power relation from Anderson®®
the change in D becomes equal to the change in excess thrust (T'— D). The excess thrust can be calculated
from the Total Energy Equation obtained from Anderson.?® Assuming that Cp is quasi constant it can be
calculated as follows.

1 d(T-D)
C f— 9
P PoVrasS dVras ©)

During cruise phase the excess force (T'— D) becomes zero, which makes the previous method unfit. On
the other hand this condition does allow for another advantage, namely T' = D. Using the thrust specific
fuel consumption ¢; and the change in weight AW the T can calculated. Except AW is not known. This is
solved in the following manner.

For the cruise phase the C7, is determined for the first ten minutes of cruise. For the remainder of the
cruise Cp, is assumed to be constant and equal to the just determined Cp. Assuming that L, = W,, the
discrete time derivative of the weight can be calculated using Equation 10.

AW _ L, — W, 1 _ 0.5CL7LpOO7LV]%ASnS — Wi
At At B At

Here n is the n-th measurement. This change in W is only caused by fuel burn. The T' can be derived
by dividing the change in weight with the thrust specific fuel consumption. This is shown in Equation 11.

(10)

- 2W1L (11)

During cruise it is assumed that T" = D. Subsequently T can substitute D in the drag equation from
Anderson.?® This leads to Equation 12.

2T
pocViasS
The drag polar consists of two main parameters: the zero-lift drag coefficient Cp, and the induced drag

Cp,, which is equal to kC%. Together, they can be used to determine Cp according to Equation 13 obtained
from Anderson.?®

Cp = (12)

Cp = Cp, + Cp, = Cp, + kC? (13)

For some special flight strategies, such as maximum range or maximum performance it can be shown
that there is fixed relation between Cp, and Cp,.?® In this method it is assumed that aircraft in cruise will
fly at at maximum range strategy. This strategy allows to fly as far as possible with the minimum amount
of fuel. This strategy leads to the following relation.

Cp, = 3Cp;, (14)

Using this relation and Cp both parameters can be determined and a full drag polar can be generated.

The last method to determine Cp is using descending phases. Most commercial airliners reduce the
thrust to idle during descent to save fuel. By assuming that the aircraft maintains a glide path angle for
maximum range, to optimize fuel use, leads to the aircraft flying at its optimal lift over drag ratio. From
Anderson?® a simple relation between glide path and lift over drag ratio during descent is obtained, which
is given in Equation 15.

_ 1 _ 1
~L/D Cp/Cp

Combining Equation 15, the lift equation from Anderson?® and the assumption that this is a steady
descent, meaning L = Wcos(y), Equation 16 is obtained.

tan(y) (15)
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~ Weos(y)
-~ 0.5pSV2

Similar to the cruise phase it is possible to determine the drag polar for the descending phases. It can
be shown that during the maximum range strategy in descent Cp, and Cp, are equal. Using this knowledge
and the determined Cp the drag polar can be determined.

So far the method has described the calculations and assumptions needed to determine the parameters.
But it was not yet shown how this is implemented. Next the implementation is discussed.

Cp tan(v) (16)

II.B.4. Statistics

For every measured parameter a statistic is maintained. Every measurement is binned, the mean is calculated
and standard deviation is updated. To cut on memory usage the previous values are not stored. This means
that the mean and standard deviation need to be updated. This is done using Equation 17 and 18 obtained
from Dekking?®

Nipi + Xia1
] = el 17
Hit1 Nit (17)
Nio? + (Xiy1 — pir1)?
ml# o = phen) (18)

Here N; is the counter that tracks the number of measurements added, p; is the mean, X; is the value
of the random variable and o; is the standard deviation.

The maximum and minimum are updated by checking if the new value is larger or smaller than the
current maximum or minimum. When a value is larger than the current maximum this value is set as the
maximum. A value larger than three times the standard deviation is ignored. This limit is introduced to
make sure that the minimum or maximum will not be set by noise.

II.C. Implementation

The amount of data that needs to be processed in this method is larger than most computers can handle in
their memory. Therefore the following method was chosen to make processing of this data possible on normal
machines, without large amounts of available system memory. In Figure 3 an overview of the implementation
can be seen.

Send HTTP request Yes Preparing Data > Data Mining —>» Update Statistics

Add flight to flight list

Store Statistics

send new request

Figure 3. Flow chart of APE tool

The main idea behind the implementation is on-line processing. Meaning that when a measurement
is obtained it is directly processed. This circumvents the need for large storage. For every measurement
obtained from Flightradar24 the steps in Figure 4 are performed.

First the measurement variables are updated. Then they are filtered. In this study only the acceleration is
smoothened. Next the state of the flight is updated and the phase is determined using fuzzy logic. Depending
on the phase the methods discussed earlier are applied to calculate W, Cr, , Cp,, Cp, and Cp,. Finally the
statistics are updated.

When a flight is finished it needs to be removed from memory, but occasionally a measurement is missing.
Therefore a distinction needs to be made between missing flights and finished flights. Depending on the phase
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Update
measurement

Determine Perform phase

phase specific calculations —»| Update statistics [

Flight > > Apply filter [—3| Update state (5t

Figure 4. Flow chart of inner functions of the APE tool

and state of the last measurement the program waits either 20 minutes or 3 hours before deleting the flight
object. The 3 hours is necessary for trans-Atlantic flights, where it is common that aircraft go unobserved
for a few hours. A more detailed description of the implementation is given in the Appendix.

II.D. Evaluation

At this point the method produced statistical information on the parameters of interest. Next these values
need to be verified and the method validated. Because there is only limited actual comparable data publicly
available. The flight envelope parameters are compared to public data on manufacturers websites and trusted
instances. For this mainly the Eurocontrol Aircraft Performance Database (EPD)3° is used. The drag polar
is compared to BADA. Since the BADA data is proprietary only the maximum differences are shown. Finally
the parameters are used to perform a simulation. For this simulation a simple point mass model is made.
Next the ground speed, rate of climb and flight path angle measurements from a flight are taken and used
as input for the model. The resulting output parameters are inspected and discussed.

ITI. Results

Now that the method has been explained, the results can be discussed. The results are illustrated in
detail using the analysis of a B737-800. The B737-800 is used because it is one of the most used commercial
aircraft types. This made it possible to analyze thousands of flights in a matter of hours. The results shown
in this section are obtained by measuring all B737-800 flights world wide for almost 16 hours. The data
includes over 11.000 flights and over 11 million ADS-B measurements. First the results for the operational
flight envelope are presented and secondly the lift and drag coefficients are discussed. Other aircraft types,
such as A320, B787-800 and the A380, are also discussed, but the results are shown in a more compact
manner.

ITI.A. Operational Flight Envelope

The results are observations obtained from the ADS-B measurements. In Table 1 the most important
parameters and phases are shown for the B737-800. This table shows the mean and standard deviation from
the measurements for important variables and phases. The full results for the operational flight envelope
calculations can be seen in Table 3 in the Appendix. Also the full results for the A320, B787-800 and A380
are given in the Appendix.

Table 1. Most important results for B737-800

Parameter Ground Climb Cruise Descent

KTO [sife) Kic gic Ker ocL KHCR OCR KID oD KUD 295 HFA OFA
Vras 58.66 | 16.71 95.51 13.92 183.74 33.64 229.1 | 23.51 | 222.76 24.15 158.44 33.0 83.68 | 14.55
Viras 2.04 0.76 0.39 1.0 0.17 0.49 0.0 0.32 -0.05 0.42 -0.1 0.41 -0.1 0.33

h 0 0 652 288 5034 2110 10781 1007 9162 1324 3872 1712 607 315

% 0.0 0.0 10.38 4.35 11.42 4.26 0.01 0.26 -8.66 4.84 -7.12 3.28 -4.11 1.29

M 0.17 0.05 0.28 0.04 0.58 0.12 0.77 0.08 0.74 0.08 0.49 0.11 0.25 0.04

107 0.0 0.0 0.11 0.05 0.07 0.03 0.0 0.0 -0.04 0.02 -0.04 0.02 -0.05 0.01

1} 0.0 0.0- 0.15 0.68 0.09 0.83 0.03 0.81 0.04 0.76 0.07 0.63 0.07 0.5
E 0.0 0.0 135.53 | 122.48 | 139.42 | 168.24 0.31 80.31 | -97.08 | 164.56 | -86.65 | 176.22 | -49.1 | 45.95

To give some reference the results are compared to the performance figures obtained from the EPD.30 In

10 of 34

Delft University of Technology




Table 10 the performance of a B737-800, obtained from the EPD, can be seen. Similar tables for the A320,
B787-800 and A380 are given in the Appendix.

Table 2. Flight performance of B737-800 obtained from Eurocontrol Aircraft Database3°

Parameter Take-off | Initial Climb | Climb | Cruise | Initial Descent | Descent | Approach | Landing
Vras(m/s) 75 85 150 237 - 145 128 75
h(m) 0 1525 4570 12500 8000 3000 - 0
ah (m/s) 0 15 10 0 -4 -17 -8 0
M - - - 0.79 0.78 - - -

The Lets start by looking at the true air speed, since this will have much influence on the other phases.
The average speed during take-off is 58 m/s. This should not be confused with the lift-off speed. The
estimated lift-off speed is 73.14 m/s. According to the EPD3 the lift-off speed for the B737-800 is around
75 m/s, which is virtually equal to the estimation. In Figure 5 a comparison is made between EPD and the
results for four aircraft types. The first column shows the take-off phase. Here the average true air speed for
take-off, lift-off and EPD are shown. As expected the average take-off speed is lower than the lift-off speed.
The speed given by the EPD is the lift-off speed and is very close to the lift-off speed measured. For all
aircraft the lift-off speed given by EPD is within one standard deviation from the mean.
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Figure 5. Comparison of measured true air speed against Eurocontrol Aircraft Database

Figure 5 shows that the results are similar to the reference data for most phases. For example the
cruise speed differs only slightly for all aircraft and the reference data is within one standard deviation from
the mean. The phases that differ most are the climb, approach and landing. There are multiple causes
that influence the measurement, which might result in a difference. First there are the phase definitions.
The phase definitions are comparable, but not exactly the same as the EPD definitions. In this research the
measurements are classified based on lift configuration. This causes the climb phase to start at lower altitude
than in the EPD. Also the final approach phase starts at lower altitude than in the EPD, therefore the aircraft
has decelerated more before landing. The landing phase also shows large difference. This is mainly caused by
bad classification. Measurements taken during landing are filtered by determining the moving average. This
causes many of the first measurements during landing to be identified as final approach, because previous
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measurements taken into account. Only measurements late into the landing are classified as landing, which
leads to a low landing speed. The landing is not used for any further analysis, therefore nothing has been
done to change this behavior. Another interesting point to notice is the true air speed for cruise climb. This
speed appears to be larger than the cruise speed. A possible cause could be a climb strategy that some
airlines use. When the aircraft is close to cruise altitude the thrust is reduced and the obtained momentum
is used to reach final cruise altitude and thus exchanging speed for altitude.

It is also possible to compare the Mach number, which are given in Tables 1 and 10. The measured
average Mach number is 0.77. According to Boeing®' the Mach number at zero wind flight and at cost index
zero is 0.773 for a B737-800. Most airlines would fly at cost indexes around 12,32 making the Mach number
of 0.78 given by the EPD plausible.

For both the true air speed as the Mach number, the measured values are close to the reference data.
This builds confidence in the method, but also of the assumption that wind will cancel out due to the large
number of measurements.
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Figure 6. Comparison of take-off distance and cruise altitude

The take-off distance is the major parameter on which the take-off weight is based and therefore important
for many of the calculations performed in this study. In Figure 6 a comparison is made of the measured
take-off distance and the EPD. For all aircraft types the mean take-off distance is significantly lower than
the EPD data. Also the standard deviation for these parameters is large. This leads us to believe that the
measurement is noisy. The number of measurements belonging to take-off are small. The temporal resolution
is around 5 seconds, therefore a maximum of only 5 or 6 measurements per flight are taken. This also means
that when one measurement is missing a large portion of the distance is not taken into account. There are
multiple reasons why a measurement could be missing. First there is the ADS-B coverage. Take-off is on the
ground and therefore it is more likely that buildings and trees are blocking ADS-B antennas reducing the
coverage of the system. Secondly the classification is difficult, by using a moving average it might happen
that the measurements at the start of take-off are wrongfully classified. At the other end of this spectrum,
measurements that actually should be part of the initial climb are assigned to take-off. This could explain
the standard deviation to be so large. A possible solution to this would be to change the filtering method.
Also different classification methods could be used to find the best option. For the weight estimation it
becomes clear that not one parameter should be used. Other parameters such as lift-off speed could also be
used.

On the right of Figure 6 the cruise altitude is compared with EPD. It should be noted that the altitude
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given by the EPD is actually the maximum rated altitude for the corresponding aircraft type. Therefore it
is to be expected that the measurements show a lower cruise altitude. Even when one standard deviation
is added to the mean the altitude is lower than the EPD. This builds confidence since in reality almost
no aircraft would fly close to the rated maximum altitude. The altitude for the individual phases are less
important since they are largely defined by the fuzzy logic parameters set in the method.
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Figure 7. Comparison of measured rate of climb against Eurocontrol Aircraft Performance Database

The climb and descent performance is next to the speed and altitude and important part of the flight
envelope. In Figure 7 the climb and descent performance for different aircraft types is shown and compared
to the EPD. In general the rate of climb during the initial climb is lower. This could be caused by the slight
differences in phase definition. The values for climb and cruise climb are close and within standard deviation.
For the initial descent a difference can be seen by the short range and long range aircraft. It should be noted
that the EPD is for educational purposes and no indication whether the data is a maximum or average is
given. For the previous parameters it was clear from the values, but for the climb performance this is less
apparent. An interesting difference to note is the envelope of climb and descent. Where the EPD expects a
decreasing rate of climb, the measurements show that an aircraft will increase its rate of climb during the
climb phase. A similar difference can be seen during descent. The lack of context on the EPD data makes
it difficult to pin point a probable cause. This is also visualized in Figure 8. Here the flight envelope from
the measured data is plotted against the EPD data.

The other parameters such as Vr As, 7 and ¢ are not given by the EPD. A short inspection of these
parameters is given. The acceleration Viras is rather low during the flight. This is expected, since high
accelerations degrade the user comfort. A clear positive acceleration can be seen during take-off. No
information on  could be found from another trusted source, but there is one phase where v is widely
known. This is the final approach. Here the aircraft follows the Instrument Landing System (ILS) glide-
slope which is around -0.0524 rad (-3 degrees). This is very close to the v found in the measurements. This
provides confidence that the method used and the other measurements are correct as well. For the bank
angle ¢ no specific optimal performance parameters were found, only limits were found. From the Boeing
Technical Guide?®? it was found that the limit on bank angle is set to & 0.5 rad. The average of the measured
¢ is definitely within the limits, but the standard deviation on the parameter is large. This could be caused
by the noise, since ¢ is based on the time derivative of the heading.
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Figure 8. Flight envelope B737-800

III.B. Lift and Drag Coeflicients

In this study multiple methods are proposed to determine the lift- and drag coefficients and the corresponding
drag polar for climbing, cruising and descending phases. The method for the climbing phases turns out to
be very unreliable. This is due to the fact that Viag is very noisy and sometimes becomes zero. Since the
method divides by Virag this will mean that Cp will become infinite, when Vi 4g is zero. Efforts to suppress
or filter this behavior turned out unsuccessful. Even when a proper mean was found the standard deviation
would be an order too large due to the noise. For on-line analysis this method is too sensitive for noise.
But for offline analysis, where filtering options can be more elaborate, this method might work. Even then
there is no method to determine Cp, and K. The results for the cruise and descending phases are shown in
Figure 9.

Looking at Cp, the pattern makes sense from a flight mechanics perspective. During initial climb Cp,
is around 1.09 after which it starts to decrease to around 0.4 when the aircraft accelerates and changes its
configuration and angle of attack. Due to a positive flight path angle the thrust is aiding in overcoming the
gravity. This is what causes the increase in Cp, during the cruise phase. The mean Cp, remains similar until
final approach is started. Here the configuration is changed to allow flight at lower speeds.

The remaining plots show the distribution of C'p, Cp, and K for the cruise, initial descent, descent and
final approach phase. The first thing that stands out is the C'p during cruise. The graph shows a negative
minimum. The reason that this is possible is because Cp is determined based on AW. Because of the
noise in the data it sometimes happens that AW becomes positive, where a decrease in weight is expected.
This could cause the Cp to be negative. It would be possible to just remove the negative values, but this
is not done for the following reason. The idea behind the method is to use the trend in the AW signal to
determine Cp. The actual AW fluctuates around this trend line. This is not a problem as long the trend
in the signal is negative. By removing the negative values from the signal the trend of the signal is altered,
which in turn causes a change in the resulted Cp. In order to see the implications of that change a test run
was preformed where the negative values where filtered out. The resulting Cp turned out to be a factor 7
too large. Therefore a choice was made not to remove the negative Cp values.

For the descending phases the distributions are reasonably normal distributed. The median (red stripe)
is fairly close to the mean (black dot). But for the cruise the distribution is skewed. The median is very
close to the first quantile. This is probably caused by the previously discussed negative Cp.
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Figure 9. Boxplot for C;, and Cp

The drag polar of the aircraft is not known. Therefore it is not possible to validate the numbers for
Cp. In order to give some indication on the quality of the results, they are compared to BADA. Since also
the BADA drag polar data are proprietary only the difference with BADA is presented. BADA provides 5
different drag polars for different flap settings. From the ADS-B data it is not possible to determine what the
configuration of the aircraft is. However for some phases of flight it is known what configuration the aircraft
is in. For example an aircraft in cruise will generally always fly in clean configuration. Also an aircraft in
final approach will have a high lift configuration to make sure the landing speed is low enough. Using this
knowledge it is possible to assign a configuration to a phase. Here the clean configuration is assigned to the
cruise, initial descent and descent phases. A high lift configuration is assigned to the final approach.

In Figure 10 the comparison with BADA is shown. For every phase a plot is made where the maximum
difference between the measured drag polar and BADA is plotted. The maximum difference is determined for
a predefined operating lift coefficient range of 0.4 — 0.8 for the clean configuration phases. The lift coefficient
range used for the high lift configuration is 0.8 — 1.8.

Two measured drag polars are compared. The first is the mean drag polar, which is made by using
the mean pcp, and pg. Let us refer to this drag polar as @J1. The second drag polar is made by using
Kep, +0cp, and px + ok, this one is called Q2. The comparison is made for four aircraft types. The
results in Figure 10 show that the maximum difference between BADA and the measured drag polars is
larger for Q1 and becomes smaller by adding the standard deviation. Only for long range aircraft during
initial descent and descent this does not hold. There @ shows a smaller error from BADA. For the cruise
phase two possible explanations could exist. First it is possible that the thrust specific fuel consumption
used was not exactly correct. Secondly it is possible that the assumption, that aircraft flies at a maximum
range strategy, does not hold. This would cause the relation between the zero-lift drag coefficient and the
induced drag coefficient to be different. More likely the error is caused by a combination of assumptions and
noisy data. For the descending phases the maximum difference between Q1 and ()2 is smaller. For the final
approach, where the aircraft is known to have a high lift configuration the maximum difference becomes
larger again. Again this is probably because the actual flight strategy is different from the one assumed in
the method.

So far we have looked at the maximum difference in C'p between @1 and Q)5 for a range of possible Cp,
but it is more interesting to know the difference at the mean operating Cp, since this is where the aircraft is
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Figure 10. Maximum difference of data with BADA within the operational lift coefficient range

more likely to operate. This is shown in Figure 11. These results amplify the previous results, because the
difference with Q1 and BADA is significantly larger at the mean operating lift coefficient than (2. Overall
the differences at the mean operating point for Q2 are very low. This is consistently the case for multiple
aircraft types. This gives the impression that the method currently underestimates the drag polar.
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Figure 11. Difference of data with BADA at the operational lift coefficient
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The previous figures all show the absolute difference with BADA for specific aircraft types. Next we
combine differences for all the aircraft types an look at the resulting statistics. In Figure 12 statistics on the
difference with BADA for different phases are shown. Again it can be seen that the overall difference for @,
is larger in the cruise phase. ()5 is even very close to zero, but a slight increase in spread can be seen. This
increase in spread is much larger for the initial descent and descent phases. Also the overall difference is
larger for ()5 is those phases and interesting to see is the switch from a negative error to a positive error. For
the final approach phase, the spread is smaller again. As was seen before the difference with BADA for @,
is larger than Q5. Figure 12 clearly shows that the method used in this study estimates a lower drag than
BADA would in all phases. By adding one standard deviation a result more similar to BADA is obtained.
But it should be noted that BADA is not equal to the actual drag polar as well.
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Figure 12. Error statistics of the comparison with BADA.

III.C. Simulation

So far the operational flight envelope is estimated and an estimation for the drag polar is obtained. To
see how these newly found figures hold up during simulation a simple point mass model was made and a
simulation was run.

The simulation is set up to recreate a measured flight. To achieve this ADS-B measurements are used
as input to the model. The ground speed, rate of climb, flight path angle and corresponding aircraft type
parameters are fed into the simulation. The resulting output includes thrust, drag, lift and weight forces.
The non-symmetric parameters are obtained as well, but are not discussed here.

Two simulations are performed. The first simulation S; uses the drag polar @); and the mean pc, . The
second simulation Sy is done using drag polar ()2 and pc, +oc¢, . This extra comparison is done to rule out
the possibility that the BADA drag polar data is not of high quality either.

The input data is obtained by measuring flight VA605 from Mackay Airport to Brisbane Airport on
Saturday January 9. The first measurement was taken at 00:22:21 universal time and the flight took around
1.5 hours. The data is shown in Figure 13.

From Figure 13 it can be seen that the simulation correctly follows the input data. The altitude is not
part of the input parameters, but the simulation is able to closely follow the measured altitude. There
is some difference in the cruise altitude, which could be caused by the simple Euler method used for the
numerical integration. The altitude is determined by numerical integration of the rate of climb. A different

17 of 34

Delft University of Technology



Altitude

12000

10000

8000

6000

4000

2000

.
1000

.
2000

3000 4000 5000
Time (s)
Rate of climb
T

6000

m/s

=20

1000

2000

3000 4000 5000
Time (s)

.
1000

.
2000

3000
Time (s)
Flight path angle

.
4000

h
5000 6000

Simulation
Simulation + o 4
Measurement

1000

2000

3000
Time (s)

4000

5000 6000

Figure 13. Simulation using measurement as input

method might make the error smaller. It is also possible that the difference exists because of noise in the
input data.
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One of the outputs of the simulation are the vertical forces. In Figure 14 four graphs are shown with the
weight, lift, lift coefficient and the lift over weight ratio. The weight shows a large difference between the
two different simulations. The increased drag causes the aircraft to use more fuel. The difference in fuel use
is significant. This shows the importance of using the correct drag polar, because the difference in fuel use
is large in only a short period of time.

More interesting to see in Figure 14 is the lift over weight ratio or load factor. It is understandable
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that the simulation is less accurate during the climbing and descending phases. Because it assumes steady
flight, which is not necessarily the case. But what is interesting to see is the load factor during cruise. The
assumption that the flight is steady during cruise is easily shown by the altitude and speed profile of the
flight. Both are more or less constant during cruise. Therefore it is surprising to see that for S; the load
factor is below one. This would mean the weight and lift are not in balance and some sort of acceleration
would exist. The load factor for Sy is much closer to one, but still slightly under.
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Figure 15. Sensitivity analysis of the lift-over-weight error

In Figure 15 an analysis is performed to expose the largest influences of this error. The three parameters
on which the load factor depends are W, Vpag and C. To determine the sensitivity of the load factor to
changes in these parameters, all parameters are changed by 15% and plotted. From Figure 15 it can be
seen that the load factor is most sensitive to changes in Vyag. This is understandable because this relation
is quadratic, where the relation of load factor with W and Cp, is linear. Let us first cosider the true air
speed used in the simulation. This is shown in the bottom left graph of Figure 15. In the figure the used
cruise speeds are shown also the mean and standard deviation for cruise speeds of a B737-800 are shown.
It can be seen that the speed in S; is approximately one ¢ smaller than the mean. This could actually be
the case, but another possibility is the presence of wind. It could very well be that the aircraft encountered
a head wind of around 30 m/s leading to a ground speed of approximately 200 m/s. This lower speed
subsequently influences the lift calculation and thus the load factor. By adding 15% to the true air speed,
which is approximately 30 m/s, the load factor becomes much closer to one. The remaining error is likely
to be caused by both errors in W and C7.

In Figure 16 the horizontal forces are shown. By increasing the drag polar also the drag and therefore
the thrust need to be increased. This can be clearly seen. The question is which is a better estimation of
the drag. Since the difference between drag and thrust during cruise is almost zero it is easier to look at the
thrust values. Assuming a CFM56-7B24 engine is mounted the maximum cruise thrust per engine is 5,480
Ibf (24376N) according to Jet-Engine.com.?” This value seems plausible when compared to the values of
older models, such as CFM56-3 engines which were used for the older B737 series. The values for the older
models are published on the engine manufacturers website.?*

Now comparing the simulated thrust to these values it is clear the S; shows very low thrust values and
that Ss is much closer to the cruise thrust given by the manufacturer.

This simulation shows similar findings as the comparison with BADA. Simulation Ss shows more realistic
values, which is caused by better aerodynamic coefficients.

19 of 34

Delft University of Technology



Thrust

Drag

250000 120000

200000 100000
80000+

Z 60000F

40000

{1 20000

el = syt W

N

. . . . . 0 . . . . 2
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000

Time (s) Time (s)
0.30 Drag Co‘efﬂuent 250000 Net Thrust ‘ ‘
- - — Simulation
0.25} | — 200000 -~ Simulation + ¢ ||
I

0.20} !

0.00

. . . . . —~100000 . . . . .
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000

Time (s) Time (s)

Figure 16. Simulation using measurement as input

IV. Discussion

So far a method and results are shown for this research. The goal was to find the operational flight
envelope and to estimate lift and drag coefficients using ADS-B data. The use of global ADS-B data offers
a lot of information and so far little research has been performed using this information.

A straightforward method is proposed to estimate the operational envelope, by simply taking measure-
ments. But there are a few drawbacks to this method. The first drawback is that ADS-B data only provides
ground speed. To determine the true air speed it is assumed that on average the effects of wind speed and
direction cancel out. For the V45 was shown that this assumption gives good results when compared to the
Eurocontrol Aircraft Performance Database. Although the standard deviation could be reduced by taking
wind estimations into account. In some occasions supersonic ground speeds were measured, because the
aircraft had a large tail wind. This is beyond the maximum speed of a B737-800. Implementation of wind
speed and direction is possible by using the GFS predictions.

In order to determine the weight the take-off distance was determined and used to estimate the payload
weight. The estimated take-off distance was lower than the EPD for all aircraft types. Also the standard
deviation was large. This is probably caused by miss-classified measurements, noisy data and low resolution
of the measurements. It was shown that it is possible to isolate ADS-B measurements that belong to the take-
off phase based on acceleration. Because of the noise in the data is was necessary to filter the acceleration,
which was done by using a moving average. This filtering method did not have a perfect score on phase
classification. Also the low temporal resolution made the influence of missing measurement large.

This result for the take-off distance shows that using only the take-off distance for weight estimation is
not enough. This method is used for its simplicity. It was never the goal of this research was to develop a
full working method for take-off weight estimation. By only determining the payload weight using take-off
distance the influence on the weight was limited. Many other variables are in play during take-off, such as
thrust settings, wind and flap settings. A combination of these parameters will be necessary to develop a
better weight estimation method.

The rate of climb was compared to EPD, which in values were pretty close. The major difference was
the envelope. The EPD expected the rate of climb to decrease with increasing altitude. This was not the
case for most aircraft. Only for the A380 this pattern was similar. The missing context on these EPD values
makes it difficult to state a cause for the differences.

Next a method was given to determine the lift- and drag coefficients. This method implements a combi-
nation of ADS-B measurements, ADS-B derivatives and assumptions. In order to determine the Cp during
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climb the change in excess thrust was used. Even though the method seemed plausible in preliminary work,
the method did not work well in practice. The noise in the acceleration signal is too large. The method is
better suited for offline analysis, where it is possible to use different filtering techniques.

The Cp and the corresponding drag polar that was found for the other phases looks much more promising.
By comparing the results for multiple aircraft with BADA it can be seen that the method underestimates
the drag. The comparison with BADA is important to get a sense of the quality of the estimation, but
should not be seen as absolute reference. Since the drag polars from BADA are not the actual drag polars

To extend this sense of quality, the drag polars were tested using a simple simulation. The results of
the simulation were similar as the comparison with BADA. The thrust in cruise using the found drag polar
is much lower than values expected by manufacturers. Since the drag and thrust can be assumed to be in
equilibrium during cruise, this leads to the conclusion that the drag is too low.

Another interesting results of the simulation was the low load factor during cruise. To find the origin of
this low load factor, the sensitivity of the load factor to the three most important parameters was checked. It
was found that errors in true air speed have the largest effect on the vertical force balance when recreating a
flight from ADS-B data. The flight used had a cruise speed roughly 15% lower than the average determined
earlier. Therefore the low true air speed was given as the main cause for the low load factor.

The most important finding is the underestimation of the drag polar. It is difficult to pin point the
cause of this underestimation, since many assumptions are made in this method. Obtaining aerodynamic
coefficients from ADS-B data has always been a long shot. In the end it was shown possible, with reasonable
results. Determining the cause of the underestimation would greatly improve the method. To find the cause,
potential causes should be eliminated systematically.

V. Conclusion

In order to build an open source APM, an effort was made to develop a method that could extract the
operational flight envelope and possibly the lift- and drag coefficients from the large amount of samples avail-
able through ADS-B. For this purpose a tool was developed that can process aircraft ADS-B measurements
in an on-line fashion. The method combines ADS-B data and makes assumptions on wind and flight strategy
to determine the operation flight envelope. Also lift- and drag coefficients are determined.

Overall the tool can be used to find the operational flight envelope. In comparison with other open data
the operational flight envelope results seem good. The assumption that the wind speed and direction cancel
did not give any big problems. The true air speed compared well with the Eurocontrol aircraft database.
Also other parameters such as rate of climb and altitude were as expected.

Next the lift- and drag coefficients were determined and compared with the BADA APM. The method
underestimated the drag coefficients, where maximum differences of up to 200% were seen. The values at
one standard deviation performed much better, with maximum differences for clean configuration as low as
10%. The drag polar was put to the test in a simple simulation. The results from the simulation and the
comparison to BADA showed that the tool underestimates the drag polar.

VI. Recommendations

This research is a good start for exploiting the large amounts of ADS-B data available. The data still
houses many more secrets that can be unveiled. This research maintained a more global approach with simple
ideas and assumptions. This gives an inviting overview and insight into the problems and possibilities. The
next step in this research would be to step away from the whole picture and to focus on small parts of
the flight envelope. The most important parameter would be the weight estimation. The weight is crucial
for many calculations and therefore should be properly estimated. Using only the take-off distance is not
enough. Other parameters such as lift-off speed, rotation rate, lift-off acceleration, lift-off turn radius and
lift-off flight path angle could be used to get a better estimation. The best approach here would be to get
some reference data and use semi-supervised learning techniques. But when this is not available it might
be possible to find patterns in the data by simply clustering the data. For example an aircraft with a short
take-off distance a steep flight path angle and a high acceleration might be seen as a light aircraft. Another
part of the weight estimation that could be improved is the fuel weight estimation. Airlines use standard
tables and formulas to determine the fuel based on a few parameters such as weight and distance.

Another flaw in the current tool is the absence of wind. True air speed is one of the most important
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parameters in this analysis ans was shown in the simulation. Therefore it is important to have the best
possible estimation. It is possible to implement wind estimations by using the GFS. The GFS provides
atmospheric predictions every 6 hours at a resolution of 0.25 degrees. Using these predictions a better
estimation of the true air speed can be made.

It is recommended to improve the phase classification methods. The fuzzy logic used in this study
works very good for the larger phases. But for the short duration phases, where only a few measurement
are available it is less good. Being able to classify individual measurements with great confidence is very
valuable. Because many of the hidden knowledge is only revealed by rare occasions and few measurements.
To be able to extract that knowledge you should be able to trust your methods. This also applies to filtering.
In this research a simple moving average was used, but this is not good enough. Other on-line and off-line
methods should be analyzed.

In the end the problem at hand is multi-parameter optimisation problem, with known constraints on
many parameters. In this research no explicit use is made of these constraints. So maybe it is possible to use
global optimisation strategies combined with simple models to minimize some specific cost function. Doing
this for the whole flight envelope is difficult, but doing it in small steps could be a good approach. For
example modeling the take-off and subsequently fitting the model to the data, might lead to better weight
estimations. During take-off clear constraints exist on weight, lift coefficient, thrust and drag. Also weather
data is widely available.

This research presented an overview and a guide. But subsequent research should be in-depth and
focussed.
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Appendix

Full results of multiple aircraft types
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Eurocontrol Aircraft Database

Delft University of Technology

Table 10. Flight performance of A320 obtained from Eurocontrol Aircraft Database3°
Parameter Take-off | Initial Climb | Climb | Cruise Climb | Cruise | Initial Descent | Descent | Approach | Landing
Vras(m/s) 75 90 150 220 231 220 145 128 75
h(m) 0 1525 4570 8000 12496 8000 3000 1000 0
4h (m/s) 0 12 10 5 0 -4 -18 -8 0
M - - - 0.78 0.79 0.78 - - -
Table 11. Flight performance of B787-800 obtained from Eurocontrol Aircraft Database3°
Parameter Take-off | Initial Climb | Climb | Cruise Climb | Cruise | Initial Descent | Descent | Approach | Landing
Vras(m/s) 85 98 150 224 241 238 154 123 72
h(m) 0 1525 4570 8000 13100 8000 3000 1000 0
4h (m/s) 0 13.7 10 8 0 -13 -14 -8 0
M - - - 0.79 0.85 0.84 - - -
Table 12. Flight performance of A380 obtained from Eurocontrol Aircraft Database3°
Parameter Take-off | Initial Climb | Climb | Cruise Climb | Cruise | Initial Descent | Descent | Approach | Landing
Vras(m/s) 7 98 123 260 268 260 154 128 72
h(m) 0 1525 4570 8000 13100 8000 3000 1000 0
%(m/s) 0 7.6 12.7 6.6 0 -5 -10 -5 0
M - - - 0.83 0.85 0.83 - - -
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APE Documentation

The APE tool is the main analysis tool used in this thesis. It tool specially developed functions and classes.
In order to extend the usability of the tool outside of this thesis and without the expertise of the author a
detailed documentation was made. The full documentation is not appended in the Appendix due to its size.
It can be found as an attached document. Now a short overview of the tool can be seen. The APE tool
consist of three sub tools. They can be seen as three individual applications, but are bound by the use of the
aircraft type object. Each will be discussed in this documentation. The file structure of APE is as follows.

e APE
— APE tool

x APE.py: APE is the main analysis script. The user can set analysis parameters such as
aircraft type and runtime. By running the script the analysis is initiated.

— APE viewer
x viewer.py: The viewer script is used to visualize the results from the APE.py analysis.
— APE simulator

* main.py: This script performs the simulation.

x simlib: Library that houses supporting simulation functions
- _init__.py
- editing.py: This module do the waypoint extraction.

- io.py: This module contains input and output functions. Mainly to communicate with
the AircraftType object.

- plot.py: This module contains functions for plotting.
- sim.py: This module contains the dynamics and calculation functions.

— APE lib

* __init__.py

x aircrafttype.py: This file contains the AircraftType class, which is used to store aircraft type
statistics.

x flightclass.py: This file contains the Flight class.The Flight objects is where the actual calcu-
lation of parameter takes place.

x aircraftdb.py: This file contains a variable with many aircraft types and corresponding pa-
rameters.

x airportsdb.py: This file contains a variable with many airports and corresponding attributes.
x aero.py: File containing special functions. See Bluesky documentation for this function.

x fuzzylog2.py: Module that contains the fuzzy logic used to determine the phase of the mea-
surement.
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