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Abstract Lyre Predicted runway position for
Vg speed m
The accident record indicates a need to improve LvRm Limiting runway point for achie-
take-off and initial climb safety. Factors ad- ving rotation speed m
versely affecting performance can result in the 1, Predicted runway position for
scheduled accelerate-stop distance being excee- V, speed m
ded even before the decision speed is reached, 1, Runway brake-release position m
or the climb performance thereafter would be in- 1 Ground roll distance to V, m
sufficient and unsafe. Current cockpit instru- 1, Ground roll distance from engine
mentation is unable to positively detect these failure at V; to Vg m
dangers. A Take-Off Performance Monitor (TOPM) 1, Runway distance from Vy to Vi,
could assist the pilot in keeping the progress with one engine-out m
of the take-off constantly in view, so as to 1, Ground distance required to
make it easier to decide if a take-off can safe- accelerate from Vi to V, at
ly be continued, or to support the decision to screen height with one engine-
abandon it. This paper considers the development out m
of a TOPM with a predictive capacity. A pre-take M, Mach number
off module calculates and displays the critical M Airplane pitching moment Nm
take-off lengths using nominally correct data. m Airplane mass kg
These lengths are evaluated on the basis of mea- Ng Number of braked wheels
sured data and ‘forward computations’ during Np Total number of main gear wheels
ground roll. Techniques to deal with anomalies P Static pressure N/m?
such as sensor failures, incorrect data inputs, P Tyre pressure N/m?
improper aircraft configuration and changes in P nxn covariance matrix of %
take-off conditions during ground roll are pro- P’ nxn covariance matrix of x’
posed. The possibility of enhancing situation P Total pressure N/m?
awareness by monitoring of engine health and Pio Total pressure at nozzle exit N/m?
acceleration performance is investigated. Con- Q(k) rxr system noise covariance matrix
sideration is also given to the nature and cock- Q(t) rxr spectral density matrix
pit position of the display. R mxm measurement noise covariance
matrix
Nomenclature Ry, R, Main and nose gear reaction force N
R, Earth equatorial radius m
A Cross-sectional area of exhaust S Wing area m?
nozzle exit m? Se Stopping distance required from
a Speed of sound m/s current speed m
ba Accelerometer bias m/s? Sy1 Predicted stopping distance from
be Ground speed sensor bias m/s V, speed m
b, Gyroscope drift-rate bias rad/s T Static temperature K
Cp,Cr,Cy Airplane drag, lift and pitching Ty Total net thrust (all engines) N
moment coefficient Tee Total temperature at nozzle exit K
Ce Nozzle coefficient t Time s
Cf0,Cs1,C¢2  Polynomial coefficients tes Time at which reverse thrust is
D Aerodynamic drag N selected s
F nxn continuous system dynamics u x-axis or North direction velo-
matrix city m/s
Fg Measured gross thrust (single Uy Inertial velocity in runway along
engine) N track direction m/s
Fo. Fy Tyre friction force for main and Vio Lift-off velocity m/s
nose gear N Vp Hydroplaning speed m/s
Fy Net thrust (single engine) N Vi Rotation speed m/s
G nxr plant noise input matrix Vr True airspeed m/s
g Acceleration due to gravity m/s? v, Decision speed m/s
H mxn measurement matrix A Take-off safety speed m/s
h.g Vertical distance from cg to v y-axis or East direction velo-
force vector created by the city m/s
tyres in contact with the runway m v m-dimensional Gaussian measure-
i, Inclination of thrust vector to ment noise vector
X body-axis rad %) Airplane weight N
K nxm Kalman gain matrix w z-axis velocity m/s
L Aerodynamic lift N 74 r-dimensional Gaussian plant
1. Current airplane position on noise vector
runway m Wy Accelerometer white Gaussian
noise ) m/s?
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Ground speed sensor white Gaus-

sian noise m/s
Gyroscope drift-rate white

Gaussian noise rad/s
Moment arm of main and nose gear
reaction force m
n-dimensional state vector

Effective moment arm for all

engines m
m-dimensional measurement vector
Angle of attack rad
nxr system noise coefficient

matrix

Specific heat ratio

Flight path angle rad
Contingency lengths m

Sampling time
Time between deploying lift dump
and reversers

Time interval between brake appli-

cation and lift dump
Discrete ground speed error mea-

nxn discrete system state
transition matrix

Body axes

Braking on a dry/wet surface
Geographic East

Flight path axes

Fuselage reference line
GSS measurement

IRS measurement in platform axes
Ideal

Measured quantity

Main gear

Maximum value

Geographic North

Nose gear

Runway

Spoiler

True airspeed

Wind

Wing design plane
Vertical (down) direction
Stations for engine flow
Free stream conditions

surement m/s
East, North and vertical acce-
lerometer errors m/s?
IRS platform axes misalignment

error angles rad
Dirac delta function

Engine throttle setting deg
Kronecker delta function

Statistical expectation

Brake system efficiency

Angle of rotation about geo-

graphic East axis rad
Airplane body axis pitch angle rad
Runway heading rad
Runway gradient rad
Coefficient of friction

Coefficient of braking friction
Coefficient of rolling friction

Gas density kg/m®
Angle of rotation about geo-

graphic North axis rad
Angle of rotation about geo-

graphic vertical rad

1 Introduction

Civil aircraft accident statistics reveal that
the percentage of hull losses suffered during
take-off is generally higher than for most other
flight segments (except landing), despite the
relatively low exposure time® . Furthermore, it
is evident that take-off and initial climb safe-
ty has not improved during the last two decades
(1.2 Pilot opinion sought during this study re-
vealed that the common feelings of anxiety exi-
sted among aircrew about take-off decisions and
the associated accelerate-stop problems. In ad-
dition, there has been much debate about take-
off certification issues during recent years and
a universal set of rules has yet to be establis-
hed amongst the world’'s airworthiness authori-
ties.

The take-off certification criteria and decision
speed concept are intended to guarantee that the
aircraft has an acceptable level of safety du-
ring any take-off. The decision speed, V,, 1is
the speed at which the pilot could react to an
engine failure and either continue or reject the
take-off using a minimum runway length in either
event. The field length computations are based
upon the assumption that aircraft acceleration
to V; will be normal and that maximum braking
will be applied during the abort manoceuvre. How-
ever, factors such as runway contamination, un-
expected changes in wind conditions, incorrect
aircraft weight, degraded engine performance and
tyre failures can adversely affect both take-off

and stopping performance. These anomalies are
not uncommon in everyday civil operations and
often occur without crew recognition. Conse-

quently the scheduled accelerate-stop distance
may be exceeded even before V, is reached. Be-
tween 1975 and 1986 RTOs accounted for half of
all take-off accidents and 56% of fatalities in
such occurrences®*), Moreover, the accident
record shows that catastrophic overrun accidents
continue to occur, even when failures (for the
most part, not engine failures) require the
take-off to be rejected at speeds substantially
below V;. Between 1962 and 1978 over 25% of the
overruns were attributed to RTOs initiated at a
speed equal to or below V,(3),

Poor acceleration performance to V; may also
limit the later climb performance. It could be
that a very long runway would allow for eventual
approach to V; and lift-off, but the climb per-
formance thereafter would still be insufficient
and unsafe. One example is the crash of the Air
Florida Boeing 737 after take-off from Washing-
ton Airport in January 1982¢®). Engine pressure
probe blockage by ice and failure to use engine
anti-ice gave rise to a false Engine Pressure
Ratio (EPR) indication in the cockpit, and in
this case resulted in application of a lower
thrust level than required. The aircraft failed
to accelerate and climb as desired and was un-
able to sustain flight. In all, 78 people were
killed. Failure to RTO was cited as a direct
cause of the accident.

During the take-off roll the pilot currently has
no means except his instinct by which he can de-

termine whether the performance is normal for
the existing weight and engine setting. Although
alternative decisions near V; are limited (ie GO
or RTO) the consequences of an incorrect deci-
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sion can be catastrophic. A device displaying
additional information to the pilot which can
assist him in keeping the progress of the take-
off constantly in view, so as to make it easier
to decide if a take-off can safely be continued

or to support the decision to abandon it, even
before he reaches V;, 1is known as a Take-Off
Performance Monitor (TOPM). These systems have
the potential to provide crucial performance
information that 1is orientated towards the

pilot’s task during take-off.

Both the US National Transportation Safety Board
and the UK Air Accidents Investigation Branch
have continually advocated the need for improve-
ments in take-off monitoring. Several accidents
investigated by these bodies prompted increased
attention to this mneed. Following the Air
Florida accident the Society of Automotive Engi-
neer’'s introduced an Aerospace Standard® to
define TOPM system requirements. The FAA has it-
self recently outlined the necessary guidelines
for approval of such systems(®),

Consideration has been given in the past to both
distance-to-go runway markers and to time-to-
speed checks to enable the pilot to make a GO/
NO-GO judgement with regard to the aircraft ac-
celeration up to the V; speed. Both methods have
been discarded as insufficient for safe civil
operations. Serious consideration was first
given to take-off monitors when large jet trans-
ports were introduced into service, thus presen-
ting the greater challenges of longer take-off
runs and longer stopping distances. A large num-
ber of proposals were put forward which varied
considerably in scope, methods of measurement
and presentation of information to the pilot ¢~
). The idea most commonly proposed was the con-
cept of comparing achieved and acceptable per-
formance, for example acceleration monitoring(’?.
Most systems were crude in nature and none re-

ceived wide-spread approval for civil opera-
tions.
The attempts to provide pilots with take-off

assistance has suffered from the inadequacies of
technology in previous decades, if not from a
careful consideration of the true needs of a
pilot at one of the most critical moments in
flight. Systems technology and integration has
advanced at a rapid rate since the early pro-
grammes and the capacity to process large
amounts of data quickly now suggests that TOPM
development is a more feasible challenge.

A large proportion of the more recent efforts
are aimed at implementing very simple instru-
ments, without predictive features, on general
aviation aircraft (for example Ref. 10). Systems

proposed for larger transport aircraft have
either not come to fruition or are still in the
development stages(®11713) These latter efforts
are all generally aimed at providing the pilot
with predictive assistance and consider both the
continued take-off status and the stopping abi-
lity of the aircraft. Additional cues such as
acceleration and engine health monitors are pro-
posed in Ref. 3, 12. A more comprehensive review
of previous TOPM studies is given in Ref. 3.
Note that the author was previously involved in
the Bristol University investigation!® and some
of what appears herein reflects ideas from that
study.
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Although much creditable work has been conducted
recently, further studies are required to tackle
outstanding issues before acceptability from
both pilots and airworthiness authorities deve-
lops. This paper considers the development of an

efficient TOPM with a predictive capacity, and
identifies potential monitoring functions and
the necessary algorithms which form the foun-

dation of the displayed cues. The remainder of
this paper is subdivided as follows. The princi-
ples of operation of a predictive TOPM are re-

viewed in Section 2. Section 3 deals with the
data 1input process and computations executed
prior to take-off. The processes required to

filter flight data are considered in Section 4.
The role and development of an Engine Perfor-
mance Monitor are outlined in Section 5. Section
6 focuses on the processes required to deduce
reliable predictions of the critical take-off
lengths and acceleration monitoring concepts are
considered in Section 7. The TOPM display format
and cockpit position are briefly discussed in
Section 8. Finally, the TOPM algorithms develo-
ped in this study are evaluated for a number of
test cases in Section 9.

2 Principles of Operation of a
Predictive TOPM

The SAE Aerospace Standard(® identifies any TOPM
by TYPE. The definitions are summarised below.
TYPE I Type I monitors compare the achieved
aircraft performance to a reference
performance based on all-engines at
normal take-off power. These monitors
have no predictive capability.

Type II monitors have all the capabi-
lities of Type I monitors, but in ad-
dition have the ability to predict
performance later in the take-off run.
This Type of monitor has all Type I
and Type II capabilities and also can
continuously predict the ability of
the aircraft to abort take-off.

TYPE II

TYPE III

The virtues of the various TOPM Types are dis-
cussed in Ref. 3, 14, It is likely that the pre-
dictive capacity of a TOPM is crucial to flight
safety 1if only because considerable warning
would be given before a critical situation de-
veloped., Predictive monitors help eliminate the
split-second decision making process. Type III
systems provide information that is more orien-
tated towards the task the pilot is expected to
perform during take-off. Thus the remainder of
this paper considers the development of a moni-
tor which is at least as comprehensive as the
requirement for Type III.

The layout of the take-off reference speeds re-
lative to the runway end are shown in Fig. 1.
For a realistic system specification, the proper
requirements will have to take account of the
following, namely the distances associated with
stopping, or clearing the screen height with the
critical engine-out, from the runway position at
which a decision is made. For the TOPM there is
a need to calculate the total length beyond a
critical speed (V; or Vi) to clear the screen
with a failed critical engine and to achieve an
agreed V, based on current aircraft data, eg
all-up-weight, for the climb performance requi-
red. The total distance required would involve a




calculation backwards from the screen height ef-
fectively. This length is a primary factor go-
verning the GO/NO-GO decision.

The important requirements for a decision to
support a safe take-off or abort might be met by
the following variation. Fig. 2 shows a display
which assumes that the aircraft joins the runway
at some point near a taxiway and removed from
the near end of the runway. The following para-
meters are illustrated

(a) the current aircraft position on the runway
(1,), a continually lengthening coloured
bar (green) growing within a simple runway
outline,

(b) stopping distance required for the current
speed (S;) (red bar),

(c) the runway position (l,.) at which a criti-
cal speed, say Vg, will be reached and in-
dicating that the take-off ‘can go' (a nar-
row bar across the runway strip, coloured
(green) and visible as the ‘mext marker’
along the strip),

(d) the position on the runway (l.,,), calecula-
ted backwards from the screen or stopway,
at which the same critical speed must be
reached in order to satisfy the minimum
safe take-off or safe abort requirements
and at which the take-off ‘must go'.
(Ancther narrow bar (red) and initially
visible beyond the ‘next marker'.)

These critical lengths must be displayed on the
basis of real measured data and forward computa-
tions. For Type III monitors there are three
basic segments central to the development of the
TOPM, mnamely pre-takeoff module, establishing
current take-off conditions and the predictive
computations¢? 12},

The relative positions of the two warning bars
'can go’ and ‘must go'’ will provide predictive
assistance to the pilot. These bars would mi-
grate if the take-off parameters changed during
the ground roll. As the two bars associated with
lge and lyz, close upon each other, the pilot's
margin for error, delay or decision narrows and
if the order of the two bars is reversed, ie the
pilot sees the red bar as the 'next marker’
along the runway strip, he can forsee problems
before they arise. Take-off can be aborted be-
fore a threat to safety arises.

2.1 The definition of sufficient warning

It is debatable whether or not there is great
virtue in presenting the length S, which is not
of great interest until it grows toward equality
with the stopping distance required from V;. In-
deed one has to make a case for the sufficiency
of the reverse calculation from V,; to Vi to esta-
blish the last point at which both options are
open to the pilot. If both the stopping distance
and the continued take-off distance required are
displayed on the simulated runway strip, a small
segment of that strip could become cluttered and
confusing.

The balanced field length calculation requires
the distances associated with continuing take-
off to a height of 35 feet after engine failure
at V;, and the distance to stop from the deci-
sion speed, to be equal. The equivalence of the
two lengths assumes that stopping distance has

been calculated with valid friction data. These
could change and it can be argued that instead
of a reverse calculation of the length given in
Fig. 1 from V,, a comparable reverse calculation
should be made from the end of the stopway, to
find the requirement for runway remaining at the
latest decision point. Whichever criterion is
used, there can be displayed a ‘must go' posi-
tion on the runway strip and, for convenience,
only one such position is shown on Fig. 2, na-
mely log..

3 Pre-Takeoff Module

The TOPM must possess pre-takeoff capacity in
order to accept input data defining the current
conditions, establish nominal parameters deman-
ded by the real-time segment, and estimate the
critical take-off lengths prior to brake-relea-
se.

3.1 Data requirements

The one-time system inputs belong to one of four
categories, namely ambient conditions, aircraft
configuration and payload data, runway informa-
tion and take-off reference speeds. The data re-
quirements are summarised in Table 1. Entry of
aircraft configuration and payload data could
almost certainly be automated on modern trans-
port aircraft by exploiting subsystems such as
the Flight Management System (FMS) and the
Weight and Balance System (WBS). Details of the
runway could be entered into the TOPM manually,
but in a mature system they would probably be
available via an Electronic Library System
(ELS). The entry of runway condition would be
governed by the formal definitions in JAR 25 AMJ
25%591(1%) and a selection of one of the follo-
wing would be made

dry

* wet
standing watexr, slush or loose snow
compacted snow

- wet ice.

This particular input allows the TOPM to select
the appropriate braking characteristics for pre-
dicting stopping distances. Details of the bra-
king friction data are given in Section 6.2.

3.2 Atmospheric properties

The reported ambient conditions enable a calcu-
lation of the air density, speed of sound, and
temperature and pressure ratios. These parame-
ters are required to execute airplane performan-
ce calculations and evaluated using standard

,ideal gas equations®,

3.3 True reference airspeeds

The take-off reference speeds (namely V,, Vg,
Vio, Vy) normally obtained from the flight manual
calculations are calibrated airspeeds (CAS) and
must be transformed into true airspeeds (TAS)
for manipulation by system algorithms. This is
accomplished by use of standard compressible
flow equations®,

3.4 Thrust estimation -

Airplane performance calculations inevitably re-
quire a knowledge of the engine thrust characte-
ristics. The thrust data is determined by emplo-
ying an empirical model of the steady state be-
haviour of the engine, together with standard
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table-look-up procedures®®!?), The primary wva-
riables are ambient temperature and pressure,
Mach number and throttle setting, thus

FN =fMa , To , Ps B 69:15) . (1

The net thrust is then established as a function
of Mach number for the current ambient condi-
tions and recommended throttle setting. This en-
ables thrust to be deduced by virtue of a simple
one-dimensional table-look-up during the real-
time segment.

Data similar to that for forward thrust may be
generated for reverse thrust in order to esti-
mate stopping distance. To be consistent with
certification criteria, credit for reverse
thrust should be given only in those instances
where regulations allow it¢),

3.5 Nominal acceleration performance
This element of the pre-takeoff module generates

the airplane’s acceleration performance as a
function of the true airspeed for three values
of the friction coefficient, namely the nominal
pilot input, an unusually low value 0.005 and a
higher than normal wvalue 0.04. This accelera-
tion-airspeed data is wused for the real-time
distance-to-go predictions. The choice of the
friction coefficient values is justified in Sec-
tion 9. The instantaneous forces and moments
acting on the airplane during ground roll are
illustrated in Fig. 3. A detailed aircraft model
(which includes aerodynamic, engine and landing
gear models) performs. these computations. The
aircraft trimming routine and dynamic model out-
lined in Ref. 3,12 are suitable for this pur-
pose. Fig., 4 is an example of the output from
this block of the pre-takeoff module.

3.6 Nominal data for real-time predictions
A number of parameters, both constant and time

varying, are governed by the current aircraft
configuration and required by the real-time com-
putations. The gear force moment arms (X, and
Xp,) about the c¢g and the vertical distance from
the cg to the force vector created by the tyres
(hgg), as established by the airplane trimming
routine, are used as nominal values for real-
time predictions. The nominal airplane lift,

drag and pitching moment coefficients (Cy, Gp, Oy
respectively) for the selected flap and horizon-
tal stabiliser settings are established. The in-
crements in lift, drag and pitching moment coef-
ficients (ACstACD ,Acmp respectively) with full

sp

spoiler deflection are also computed (as a
function of the flap deflection). Factors such
as ground effect and increments for the landing
gear are accounted for when evaluating the aero-
dynamic coefficients.

3.7 Prediction of take-off distances

The performance algorithms incorporate factors
such as actual runway profile and degraded bra-
king characteristics associated with runway con-
taminants. Tyre rolling frictional forces are
based on the nominal coefficient of rolling
friction. Stopping predictions must include the
effects of reverse thrust for those aircraft
whose scheduled take-off data are based on the
deployment of reversers. The algorithms outlined
in Section 6 are employed to estimate the criti-
cal distances above (with the appropriate ini-
tial conditions). Thus those take-offs that are

predicted to be only marginally safe would
become apparent.

Note the critical runway position lyg, is calcu-
lated as the difference between the total runway
length and the distance (13 + 1,) shown in Fig.
1. An outboard engine is assumed to fail at V.
A detailed analysis of the dynamic response to
asymmetric power usually involves both longitu-
dinal and lateral equations, but when the fail-
ure occurs just prior to take-off, and initial
recovery actions have been applied, a simple
analysis employing only the longitudinal equa-
tions of motion which allows for factors such as
thrust loss, windmilling drag and rudder drag
yields reasonable results®. This approach has
been adopted herein. Distances 1 and 1, are es-
timated by assuming a step input of the elevator
at Vg, and the numerical integration of the dy-
namic equations continues to the screen. The
undercarriage is assumed to remain fully exten-
ded and the dynamic airplane model referred to
in Section 3.5 is used to determine the flight
profile. The incremental drag coefficient due to
rudder deflection is evaluated using an
iterative procedure; the rudder angle is altered
until the side force yawing moment generated is
equal in magnitude to that due to asymmetric
thrust®),

3.8 Reference acceleration data

It is sufficient to note at this stage that data
for the reference acceleration monitor (referred
to in Section 7) 1is established during this

-block of the pre-takeoff calculations.

Note that most of the pre-takeoff calculations
could alternatively be performed by ground based
computers with the relevant data down-loaded
prior to take-off.

4 Current Take-Off Conditions

The problem of establishing current take-off
conditions is one of processing aircraft sensor
data. This section considers the processes re-
quired to filter the flight data, the algorithms
to deal with redundant data sources (an excess
of sensors), and the isolation of faulty sen-
S0YS.

4.1 Data sources

Whilst conventional sources of data such as the
Inertial Reference System (IRS) and the Air Data
Computer (ADC) are bound to be used, alternative
sources such as rotation servos in the wheel
units and perhaps a reflective method such as
forward looking doppler or a mechanism akin to a
radio altimeter directed toward highly reflec-
tive targets at each runway threshold could be
employed. Various engine related parameters, for
example throttle position, EPR and exhaust nozz-
le temperature could be used not only for set-
ting take-off power, but also for monitoring en-
gine health® . The use of a Tyre Pressure Indi-
cating System (TPIS) could prove to be a useful
warning device. It is recognised that the selec-
tion of sensors normally avallable onboard would
depend upon the aircraft type in question. The
Boeing 747 aircraft model employed in the inves-
tigation at Bristol University is assumed to
house the following, namely an IRS, alternative
ground speed sensor (GSS), an ADC and a TPIS.
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4.2 Signal selection and reliability

The degree of hardware redundancy required for
TOPM implementation would ultimately be governed
by reliability requirements. The requirements in
Ref. 2 stipulate that with a Built-In-Test-
Equipment (BITE) confidence test, the probabi-
lity of system failure during take-off must be
reduced to less than 107, However, the JAR 25
requirements are more stringent. If the effect
of TOPM failure is considered as Minor by JAR
25.13092%) then the corresponding target proba-
bility is set as 107 per flight hour.

Signal selection algorithms are required to deal
with redundant data sources and with the isola-
tion of faulty sensors, thus reducing redundancy
and inevitably changing reliabilities. Traditio-
nal methods of fault tolerant sensor operation
involve voting among sensors of the same type.
For example, with three perfect like sensors the
signal selector chooses the mid-value for use in
the algorithms. When operating on dual sensors
the fault detection and isolation module compa-
res the moving window average of the difference
of two signals against a predetermined threshold
prior to signal selection time. For two perfect
sensors the average of the signals is transmit-
ted to the algorithms.

4.3 Filtering of flight data

Suitable filters must be employed as state esti-
mators because of the uncertainties involved in
the sensor outputs. The type of filter implemen-
tation utilised would be determined by the num-
ber of independent measurements available for a
particular parameter. Parameters that are requi-
red continuously during the real-time segment
include

along-track acceleration from the IRS
ground speed from the GSS

TAS and CAS from the ADC

engine temperatures and pressures.

Outputs from the ADC and engine sensors are pro-
cessed by a digital low-pass filter. The filter
was implemented as a first-order transfer func-
tion and modelled in the discrete domain by uti-
lising the Bilinear Transformation(®’,

4.3.1 Sensor data blending
Filtering methods can provide the most likely

value from a few differing sources of the same
nominal signal, for example the blending of IRS
and GSS ground speeds. Superior estimates of the
take-off conditions also enhance the accuracy of
the predictive performance routines. A fixed-
gain Complementary Filter is utilised in Ref. 12
to blend GSS and IRS signals in order to deduce
accurate acceleration estimates. The application
of a Kalman Filter to obtain optimal estimates
of the take-off conditions using a similar sen-
sor set has also been investigated(’), That ap-
proach is considered herein. The objectives in
applying Kalman Filtering to the data gathering
for a TOPM are, at least

production of reliable ‘best estimates’
when a particular variable might be avai-
lable from more than one source and thus
available with instantaneously different
values.

Improvements on basic signals which are
subject to errors from hardware with known
dynamical operatioms.
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In applying the Kalman Filtering theory to the
TOPM problem, the ‘indirect’ approach is used in
which the error states of the dynamic process
are estimated. These error states are used to
correct the outputs of the navigation systems in
a feedforward mechanisation to produce best es-
timates of the take-off conditions. See Fig. 5.
The filter is then based on statistical error
models for each of the systems involved.

The IRS considered herein employs the geographic
axes (ie East, North and vertical) as the refe-
rence frame for measurements and we assume that
the platform is not aligned correctly with the
geographic axes; the East, North and vertical
platform stabilising gyroscopes are in error by
angles A8, Ap and AV respectively. It is assumed
that the GSS provides measurements in the runway
reference frame. The data from the motion sen-
sors must be processed by filter algorithms in a
common frame of vreference; the appropriate
transformation matrix between platform variables
and the runway reference frame must be compu-
ted®), The relationship between geographic,
platform and runway axes is shown in Fig. 6. For
this investigation it has been assumed that the
runway along-track direction 1is aligned with
geographic North and the aircraft is constrained
to move along a meridian of a mnon-rotating
Earth. The IRS will then indicate directly the
acceleration along the runway and the East velo-
city is taken to be zero.

4.3.2 Kalman Filter algorithm
The mathematical model of the plant used in the
Kalman Filter is assumed to be a Markov process
defined by the following difference equation

x(k+1) = @(k+1,k)x(k) + T(k)w(k) . (2)
The discrete observations are given by
z(k) = H(k)x(k) + v(k) . 3

The noise processes w and v are assumed to be
uncorrelated zero-mean Gaussian white-noise
sequences. The noise statistics are

e{w(k)} =0 e{w(k)) =0 for all k
e{w(w (1)) = Q(k) by,

(4)
(v (1)) = R(K) by,

R(k) >0 .

Assume, also, that the state vector initial con-
dition, x(0), is uncorrelated with respect to w
and v. The best estimate of the state, X(k+l),
and its variance, P(k+l), at time ty,, can be up-
dated for minimum variance by the following Kal-
man update equations‘®).

Time update

x' (k+l) = ®(k+1,k)%x(k) ()

Pr(k+1l) =®(k+1, k) P(k)®T (k+1,k) +T(k)Q(k)T (k) (&)




Measurement update

K(k+1) =P’ (k+1)H"(k+1) [H(k+1)
P' (k+1)H®(k+1) +R(k+1)] 2

£(k+1) =x' (k+1) +K(k+1) [z(k+1) ~H(k+1)x' (k+1)] (8)

P(k+1) = P' (k+1) - K(k+1)H(k+1)P' (k+1) &)

with initial conditions

x(0) = e{x(0))

e([x(0) - 2(0)) [x(0) - 2(0)]T)

1§

P(0)

It is well known that round-off errors inherent
in the implementation of the filter equations on
a finite word-length digital computer can give
rise to filter divergence*®; the covariance
matrix ceases to be positive definite and symme-
tric. The square root formulation of the filter
circumvents this difficulty by computing the
square root of P (and P’) instead of P and
thereby cuts in half the number of significant
figures required of the computer. The algorithm
due to Schimdt‘*®) to compute the time update of
the covariance matrix and the Andrews(®®) square
root formulation for the measurement update of
the covariance matrix have been employed in the
filter design. Alternatively, Bierman's well
known UD factorisation method could be used.

4.3.3 State equations for the filter

The error in a state is defined as the indicated
value minus the true value. As an example, only
simple models of the sensor uncertainties are
used in this study. Typical IRS errors would be
accelerometer biases, platform tilt errors, gyro
drift and white Gaussian noise. The minor ef-
fects of gyro drift during take-off are inclu-
ded here for completeness. The tilt error intro-
duces components of ‘g’ and vertical accelera-
tion, ‘:JI, in the accelerometer measurement alig-
ned with the North axis. It is assumed here that
\»'71 can be measured with negligible error. As A®
is small, the effect of a measurement V}I corrup-
ted with noise and biases will be negligible.
The gyro drift-rate error model is assumed to
consist of a bias component and a white noise
process. A similar error model is employed for
the GSS measurement. The stochastic linear sy-
stem model for the error states may be written
in matrix form as®?)

Ay K 0 (w;-g) 1 0 0] [Aw] 11 o
A% 1 0 0o 0 0 0] |&x 00
A8 1 LR, 00 0 1 0| |48 L0t
b, 0 0 o0 0 0 0 a 00
b, 0 0o o0 000 o 00
b, 0 0 0 00 0] |b| [O0]
(10)

ie  x(t) = F(t)x(r) + G(t)u(e) .

The error measurement at discrete time intervals
is

AV = yp - yg = Aup - Ay (11)

[Aug]

AB

=[10000 -1] - s (12)

bg

ie z(t) = H(t)x(t) + v(t) .

For the purpose of practical implementation on a
digital computer the continuous state-space form
model defined above requires to be converted to
the equivalent discrete-time model. It is well
known that for small sampling intervals At

@
At
B(ty.1, b)) = ebtFt) = Ig ELA LCP (13)

where At =ty — &

The covariance matrix of the random sequence
T(k)u(k) is

Exe1
T(k)Q(k)TT (k) =I B(tyay, T)G(T)QTIET(7)B (£, 7)dT
=N

(14)
where Q(t) is the spectral density matrix. An
approximate solution of this integral for small
At is easily found by substituting the expansion
for the & matrix.

In order to initiate the Kalman Filter, it is
necessary to specify an initial state estimate,
£(0), and its associated a priori covariance ma-
trix, P(0). This covariance matrix is simply a
diagonal matrix consisting of the variances of
the individual initial state error variances.
The initial estimate of the state variables were
assumed to be

£(0) =[000000]T. (15)

All terms required by the filter are now defined
and the Kalman equations can be used to estimate
the errors in the measurement signals. As only
the scalar measurement case 1is presented here
the appropriate simplifications (eg matrix in-
version avoided) have been made in the implemen-
tation.

4.3.4 Failure and error checks

The Kalman filter can diverge in the presence of
hardware failures. This may be detected by moni-
toring and checking the calculated variance in
the filter and the mean and standard deviation
of the innovation process‘®, A simple failure
modes and effects analysis conducted suggests
that when items of data are suddenly withdrawn
due to hardware failure, the Kalman state esti-
mator cannot always be expected to behave satis-
factorily'®. Thus alternative algorithms should

be employed so that the TOPM continues to func-
tion, but with degraded performance. If either
the IRS or GSS function completely fails then
the system reconfigures to utilise a low-pass
filter to process the remaining signal. A high-




pass filter (pseudo differentiator) is used to
deduce acceleration from GSS measurements of ve-
locity. (These latter signals, as expected, are
somewhat noisy even when a high filter time con-
stant is employed.) Further details are given in
Ref. 3.

5. Engine Performance Monitoring (EPM)

In practice take-off field lengths and decision
speed computations are based upon the accelera-
tion of the aircraft assuming normal take-off
power. Improper power setting and sub-standard
thrust development have both contributed to pre-
vious take-off accidents. One of the primary pi-
lot tasks during take-off is the monitoring of
engine health. Typically, the crew is presented
with filtered sensor data such as EPR or the low
pressure compressor rotational speed rather than
an indication of actual thrust. Current caution
and alerting systems do not necessarily detect
degraded engine conditions. It is also known
that several factors which give rise to sub-
standard thrust are not reflected in the EPR
measurement, eg engine intake icing, foreign
object ingestion and intake temperature varia-
tions. Consequently the crew is not always able
to positively detect sub-standard thrust, as in
the Air Florida case.

Engine sensor data processed and presented in a
form that is more directly related to the pi-
lot’s task could potentially reduce both pilot
workload and the associated errors‘®’. An en-
hanced Engine Monitoring and Control System
(EMACS){?1) | which presents total engine perfor-
mance information (including a display of actual
thrust), was recently evaluated against a tradi-
tional electronic engine display in a. flight
simulator. Results confirm the substantially
superior failure detection abilities of EMACS.
It is interesting to note that the Air Florida
engine anomaly was included in the evaluation
and detected by pilots only when presented with
the EMACS display.

An enhanced EPM could potentially aid the GO/NO-
GO judgement. The EPM could also communicate
with TOPM stopping prediction algorithms so that
the extent of the engine/reverser malfunctions
are accounted for‘®?), A thrust measuring system
suitable for real-time engine health monitoring
is considered below.

5.1 Thrust method options

A universal method for determining in-flight
thrust does not exist at present. Several method
options exist involving varying degrees of ef-
fort, complexity and accuracy. Most techniques
belong to one of four categories®®:?¥’, namely
trunnion thrust, swinging probe, overall perfor-
mance and gas-path methods. The first two me-
thods have had limited application to date be-
cause of the number of drawbacks, eg complexity
of the installation, arranging for accurate mea-
surements. Overall performance methods employ
curves or tables that describe average engine
performance in terms of an engine operating
parameter. However, the disadvantage of these
methods is that they assume all relevant influ-
ences have been accounted for. If, for example,
the engine flight environment differs from that
of the ground tests, or ageing occurs, then the
actual thrust developed would differ from the
calibrated value.

Gas-path methods rely on measurements taken
within the engine to enable flow conditions to
be calculated at various engine stations using
mass, momentum and continuity principles. The
flow characteristics are related to thrust
through calibration of the engine and nozzle in
a ground/altitude facility. The number of method
options available is large and in practice need
to be assessed for a particular case. Two gas-
path methods that have been extensively investi-
gated and proven to be feasible and accurate are
the Mass Momentum Method (MMM) and the Simpli-
fied Gross Thrust Method (SGIM)(3%). The relative
simplicity of these methods allows the gross
thrust to be computed in real-time, with accu-
racy comparable to the much slower and more com-
plex traditional Gas Generator Methods. As an
example, the MMM implementation is considered
herein. :

5.2 Mass Momentum Method

The general concept of the MMM (and SGTM) is to
relate real nozzle performance to that of an
ideal nozzle through use of empirically esta-
blished coefficients. The nozzle thrust coeffi-
cients are usually functions of nozzle pressure
ratio and nozzle geometry. Nozzle coefficients
account for factors such as®® the three-dimen-
sional nature of the flow, real gas effects,
dissociation. of real gases and mass flow leak-
age.

‘5.3 Thrust calculations

The MMM essentially determines the force caused
by the change in momentum of the fluids passing
through the engine. The general equations to
calculate the thrust of an ideal convergent noz-
zle are determined using one-dimensional isen-
tropic flow relationships for two flow condi-
tions, namely subcritical (unchoked) and super-
critical (choked). Only the final equations are
presented here, the reader is directed to Ref.
3,24 for the derivations. The nozzle is consi-
dered unchoked whenever

P bl
te o |7 + 17
P 2

and the appropriate thrust equation is

(y-1)/v
28,P.vCe || Py, 1 (16)

F. =
T ||

Alternatively, for choked nozzle flow

P 7
te 5, |y + 15
i

and the basic thrust equation is

2 7/ {7-1) (17)
Fg = CeA, GFD (v +1)p,, - P,

5.4 Instrumentation

Inspection of Equations 16 and 17 reveals that
the EPM demands measurements of only the total
pressure in the nozzle and the ambient static
pressure. A twin-spool turbofan engine model
(see Fig. 7) with a thrust rating similar to
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that of a Rolls Royce RB-211 has been employed

in this study. Since both streams in a turbofan
engine provide contributions to the total
thrust, it is necessary to provide pressure mea-

surement instrumentation in both the hot core
and the fan exhaust flows. If isentropic flow is
assumed, then the low pressure turbine (LPT)
discharge total pressure (Py;) and the total
pressure in the by-pass duct (Py3) fulfill the
requirements of Equations 16 and 17. In many
engines, probes of this type are already pre-
sent, at least in the core flow as part of the
EPR measurement system. Sufficient instrumenta-
tion (number of probes or rakes) is required to
obtain representative mean pressures over the
intended range of engine operating conditions.
Sensors must be oriented to allow for the errors
that will occur if the engine design or the in-
stallation of the sensors themselves causes sub-
stantial radial or circumferential flow compo-
nents. The uncertainty of a measurement may be
reduced by employing voters to eliminate bad
measurements. All measurements are processed by
a low-pass filter network prior to entering the
EPM algorithms.. Instrumentation characteristics
are considered fully in Ref. 23.

Note that for both the unchoked and choked flow
conditionsg

7= £(T,) (18)

The preferred procedure is to use real gas
perties, whereby ¢ is obtained from tables
function of the exhaust gas temperature.
additional instrumentation 1is required, but
surement of at least the exhaust gas temperature
in the core flow is available onboard most tur-
bofan aircraft. However, a constant vy has been
adopted elsewhere and its effect corrected by
the nozzle coefficient(®®), This approach has
been adopted herein; values of v equal to 1.3
and 1.4 for core and by-pass streams respective-

ly.

pro-
as a
Thus
mea-

Note that as all pressure probes are located
downstream of rotating machinery, thrust mea-
surement accuracy is not affected by combustion
degradation or intake distortion.

5.5 Nozzle coefficients

The gross thrust coefficient is defined as the
ratio of the actual thrust to ideal thrust ob-
tained from an ideal nozzle at a given pressure

ratio, ie
F

Cp = M (19)
Foia

The thrust measurements are usually made on a
ground thrust calibration facility. A series of
engine tests are conducted at various power set-
tings and the data are collected up to the avai-
lable nozzle pressure ratio. For higher nozzle
pressure ratios available in flight, the data
are either extrapolated or more accurate data
are obtained using an altitude test facility.

Flight test data were not available for this in-
vestigation and an equivalent theoretical means
of estimating the empirical coefficients was em-
ployed. The twin-spool turbofan employed for
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this study was operated at numerous conditions
to establish the likely range of nozzle pressure
ratios to be encountered during the take-off., A

second-order polynomial curvefit was then per-
formed on the data so that
Cg = Ggq + CgNPR+ C,, (NPR)?Z (20)

where NPR is the nozzle pressure ratio and Cg,
C¢y, Cgp are the polynomial coefficients. Coeffi-
cients were established for both core and by-
pass flows.

5.6 Reference gross thrust

In order to detect possible malfunctions the EPM
must compare actual thrust developed with that
expected from a healthy engine. The inputs to
the reference gross thrust module must be indi-
cative of the aircraft flight speed and ambient
conditions for the current (measured) power set-
ting. The reference thrust can be deduced from
the empirical engine model outlined in Section
3.4. The exact location of the malfunction can-
not be established by the EPM alone as the
thrust is the integrated output of all power-
plant sub-assemblies. Other measured parameters
would be required to localise the problem sour-
ce.

The process above can only confirm satisfactory
operation of the engine for the current throttle
setting and does not have the ability to detect
sub-standard thrust due to incorrect power set-
ting for the prevailing conditions. (eg In the
case where the pilot incorrectly selects a low
power setting the engine would function satis-
factorily in the absence of anomalies.) As an
additional check, the measured thrust is also
compared with the thrust expected for the flight
manual recommended take-off power setting.

6 Prediction Algorithms

Fundamental to the objectives of this research
is the desire to produce a display with reliable
predictive capacities which will provide war-
nings of take-off dangers earlier than would
otherwise be the case. This section focuses on
the processes required to deduce estimates of
these predictions.

The rolling resistance characteristics of the
runway need to be established, including impin-
gement drag associated with runway contaminants.
Runway contaminants will affect braked wheels
and friction coefficients cannot be assumed to
remain unchanged for stopping performance pre-
dictions. The TOPM algorithms will need to take
into account the extent of engine or tyre failu-
res and the consequential effect on the air-
craft's performance. Other anomalies such as ex-
cess weight and incorrect control settings un-
known to the pilot must also be reflected in all
performance computations in order to avoid mis-
leading the crew. The current windspeed as ob-
tained from an onboard windspeed estimator
should be incorporated in all predictions such
that dangerous situations arising from unexpec-
ted wind changes are prevented. The accuracy of
the prediction phase would be enhanced if the
actual runway profile rather than the official
effective gradient were employed.




6.1 Distance-to-go predictions

A feature which has encouraged opposition to the
introduction of the TOPM in the past is the un-
certainty in the friction coefficient assumed
for contaminated runways. The variable values of
tyre rolling resistance can give rise to inaccu-
rate predictions. Such predictions could intro-
duce unnecessary RTOs or even fail to warn the
pilot of an approaching emergency.

Research into the friction characteristics of
aircraft tyres, summarised in Ref. 25,26 (and
references therein), has established that in
general the rolling friction coefficient (ug) is
a function of at least

forward speed

tyre pressure
surface contaminant
footprint area
vertical load

tyre heating

runway surface.

For example, pg increases with increase of for-
ward speed at constant load and tyre pressure,
In addition, softer runway surfaces give rise to
a higher rolling resistance. For dry surfaces
the larger the footprint area, the larger the
value of ug'®®). Experience indicates that uy de-
creases in magnitude on a damp runway relative
to the dry surface value. For slush and water
covered runways the retardation force increases
parabolically with increasing forward wvelocity
and approximately linearly with depth and den-
sity of the contaminating fluid. Further retar-
dation forces are caused by the slush spray im-
pingement on the aircraft surfaces.

These studies provide a large volume of friction
data to permit determination of empirically de-
rived equations and relationships for use in es-
timating a particular tyre friction performance.
However, it is not always possible to find va-
lues of py for the particular combination of
conditions of interest. A method to determine py
for actual conditions at any point during the
ground roll would enhance the accuracy of the
predictions and thus result in a more reliable
monitor. The analysis in Ref. 26 shows that if
the ground roll distance is needed to within an
inaccuracy of 5%, then pgz should be estimated to
within 50%.

The instantaneous forces acting on the airplane
during the ground roll are illustrated in Fig.3.
Ignoring the pitching motion a simple resolution
of the forces yields

mu,.. = Tycos(i,) - D - Wsinf,, - ug (21)
(Weosd ., - L - Tysin(i,)) .

The approach adopted in this study is to esti-
mate an effective friction coefficient which in-
volves combining measurements from the aircraft
sensors with Equation 21. This equation is rear-
ranged so that

Tycos(i,) - D - Wsinb,, - = 4., (22)

ki
i = g
Qg = - ——

R Wcosh,y - L - Tysin(i,)

where the dressing '"’, denotes estimated values.
The aircraft weight, W, can either be a manual
pilot input or ideally be acquired from a WBS.
Filter outputs contribute values of the sensed
parameters, ie longitudinal acceleration from
the Kalman or Complementary Filter whereas the
ADC provides the TAS. The output of the ADC is
usually ignored at low speed (= 45 knots) due to
ill-conditioning in air data equations. In this
regime the airspeed may be estimated as the sum
of the filtered ground speed and reported wind-
speed component along the runway, ie

Uy = ey + Oy (23)

and the corresponding Mach number is

Vi (24)

where 4,, the estimated speed of sound, is com-
puted by the pre-takeoff module.

The lift and drag forces are computed by employ-
ing the nominal aerodynamic coefficients and the
estimated air demsity (po,) generated during the
pre-takeoff computations

L=3%p0%s ¢
R . 25
D=%p07SC. (22)

The net thrust developed is estimated for . the
recommended take-off static EPR by virtue of a
simple table-look-up, ie

Ty = £(EPR,H,) . (26)

Runway gradient is deduced by a table-look-up
and is stored as a function of the runway posi-
tion, ie
by = £(% (27)

rwy rwy)

In the low speed domain where the ADC output is
considered unsatisfactory the reported windspeed
conditions are employed but thereafter the dif-
ference between the filtered ADC airspeed and
filtered ground speed are used to estimate the
wind velocity vector. Substitution of the quan-
tities above into Equation 22 enables the effec-
tive friction coefficient to be estimated.

A prediction of the distance to achieve any cri-
tical speed from current conditions is accomp-
lished by employing a standard Euler numerical
integration technique®. Having established the
effective friction coefficient wusing Equation
22, the acceleration for the mean velocity of
each integration speed interval is deduced by
linearly interpolating between the acceleration-
airspeed curves generated by the pre-takeoff
module. Ten speed intervals were used for the
integration.

6.2 Prediction of stopping distance
An emergency-stop schedule that complies with
JAR 25 (illustrated in Fig. 8) can be adopted to

predict stopping distance. Assume that the pil-
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ot applies the retarding devices in the follo-
wing order: maximum footbrakes, close thrott-
les, deploy spoilers and apply reverse thrust.
The fundamental elements of this prediction are
considered below.

6.2.1 Equations of motion
The component retarding forces acting on the
airplane during the braked roll consist of the
rolling resistance, aerodynamic drag, engine ram
drag, engine reverse thrust (if employed) and
braking force. Fig. 9 shows a simplified arran-
gement of these forces. The analysis assumes no-
minal values for the length h,, and landing gear
force moment arms X., and X, (computed during
the pre-takeoff segment). Consider prediction of
stopping distance S,. Assuming an equivalent
main landing gear of two struts®’ and resolving
forces perpendicular to the runway surface gives

2R, + R, + L - Wcosf,,, =0 (28)

ignoring the thrust vector contribution. The
friction force developed at the main wheel-
runway Iinterface is 1limited either by braking
friction coefficient or by the brake system tor-
que limit. For the friction-limited case, taking
moments about the cg results in

M+ TyZp + Rnxrn - ZRAnIerI - /JnR-nhcg - 2rumRmhcg =0 (29)

which may be rearranged as

5 - M+ TyZ, —”2}1?m|)%,,;(l = 2p5R 0 (30)

an

and substituting this into (28) yields

(WCOSHX.Wy - L) (ﬂ’nhcg - Xrn) - M- NZT . (31)
Z(inbeg = Xen = [Xem] - Fabg)

R, =

Having established R,, R, can then be estimated
by use of Equation 28, ie

R, = Wcosf,,, - L - 2R, . (32

Resolving along the runway gives

ds
W P o - D - Wsind,y, - mR, - 21k, - (33)
g o
A similar analysis for the torque limited case
yields

~ (Weosl L) (pphgg =Xop) ~M-TyZp+ 2F,  h, (34)
2(#nhcg “Xin~ Ier] )

as
- — Wsi - _ 35
ge = Tv =D - Wsind,, - R, - 2F, (35)

oal =

where F, is the maximum force that each brake
max

unit is able to generate. The effects of the wva-
rious retarding devices are discussed below.

6.2.2 Wheel braking forces
A theoretical method to determine the braking

friction coefficient (ugz) does not exist at the
present time, but it is known that the friction
coefficient developed is affected by factors
such as(®

tyre load

tyre size, tread, temperature and pressure
type of runway surface and contamination
airplane velocity

tyre or wheel slipping velocity

brake torque capacity

manner of brake application.

6.2.2.1 Tyre factors

There is no evidence to suggest that tyre dia-
meter affects the coefficient of friction avai-
lable on wet or dry surfaces®:?”). For dry sur-
faces pp is independent of the tyre tread pat-
tern, whereas for wet pavements factors such as
location of grooves, groove width and rib width
influence the braking force. These factors are
interrelated but a general treatment of their
effects is difficult. In general, tyres with
circumferential ribs will develop significantly
higher friction forces than smooth tyres‘?’), For
both wet and dry runways pp usually decreases
with increase in tyre inflation pressure®’),

6.2.2.2 Runway surface factors

For dry conditions the available data indicate
no significant effect of changes in surface tex-
ture. For wet runways the effects of variations
in surface texture on g are appreciable. In
general, smoother micro-textured pavements re-
sult in a lower level of friction. For wet sur-
faces the available friction force is also go-
verned by the amount of water on the runway. On
slush-covered runway surfaces values of puy are
usually lower than on water-covered surfaces,
whereas the braking performance on ice-covered
runways 1is generally poorer than on surfaces
contaminated with snow. Runway traction on snow-
or ice-covered surfaces 1is extremely wvariable
and depends primarily upon temperature of the
air and runway surface, the condition of the
snow {loose or packed), and the presence of a
water film on the packed snow or ice. Hydropla-
ning can also occur on a flooded or slush-cove-
red runway.

6.2.2.3 Aircraft and operational factors
In general the magnitude of pup decreases with
increase in forward speed. For wet surfaces the
friction coefficient decreases as the tyre
wears. For both wet and dry surfaces the effect
of changes in normal tyre load on pg is minor?”).

6.2.2.4 Braking friction coefficient data
Accurate friction coefficient data are essential
for assessing the braking capability of an air-
craft. The results of investigations aimed at
developing empirical methods for predicting air-
craft tyre friction performance from ground-
vehicle braking tests appear to be satisfactory.
For example, Ref. 28 outlines a technique of de-
ducing braking friction coefficients of an air-
craft main gear tyre from diagonal-braked vehi-
cle friction measurements. However, Ref. 29, 30
imply that such studies have not necessarily
succeeded in presenting an accepted approach to
predicting the stopping of an aircraft with any
certainty. Determination of aircraft tyre fric-
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tion performance, however, is difficult at best
considering the varied influence of both tyre
and runway characteristics, and the effects of
brake system performance.

A large volume of experimental friction data for
aircraft tyres under wvarious conditions of
speed, load, etc is available to estimate bra-
king performance, for example, Ref. 27 (and re-
ferences therein). The arguments above and else-
where®”) suggest that data for py in dry con-
ditions show no appreciable effects of changes
in surface texture, tyre tread pattern and tyre
diameter. For dry runway surfaces pgz is depen-
dent primarily on forward speed and tyre pres-
sure. The following expression is derived from
the empirical data presented in Ref. 27 for a
tyre pressure of 300 lbf/in?

Bpgry = 0.623 ~ 1.708E7% o, . (36)

(Note that {,, above is in m/s). For wet con-
ditions data are presented in Ref. 27 as a func-
tion of speed and tyre pressure for several sur-
face textures. Friction coefficients are inclu-
ded for rib and smooth tread tyres. Thus for any
particular tyre tread and inflation pressure
only a modest number of curves needs to be sto-
red for use by the TOPM, ie the problem is redu-
ced to one of relating the two prime variables
of speed and surface texture.

Current airworthiness criteria, in particular
JAR 25 AMJ 25X15911®)  contain wheel braking
characteristics to enable estimation of stopping
distance on a variety of contaminated runway
surfaces, namely dry, wet, standing water,
slush, loose snow, compacted snow and ice. In
the absence of flight test data specific to a
particular aircraft type,; tyre, braking system
and runway contaminant these approved data could
be employed. This approach has been adopted for
the proposed design. The following data are pre-
sented in AMJ 25X1591.

(a) Wet runway. The braking friction is derived
by use of data presented in Table 2, ie the
product of the factor pUpye¢/pary 80 Hpgry
(Equation 36) at a given speed. In addition
the magnitude of pp,, derived by this tech-
nique is not permitted to exceed 0.4,

(b) Standing water, slush or loose snow. If Vp
is the estimated hydroplaning speed then

kg = 0.25pg4,, for U, <0.9V

kg = 0.05 for G, > 0.9V . (37)

The classical equation (where P, the tyre
pressure, is in 1b/in® and Vp is in knots)
for estimating the hydroplaning speed is

Vp = 9P . (38)

(c) Compacted snow. Assume a value of pg
equal to 0.2,

(d) Wet ice. A braking friction coeffi-
cient of 0.05 should be adopted,

Fig. 10 illustrates the variation of these data
as a function of ground speed.

6.2.2.5 Brake system efficiency

Operation of the wheel brakes at the optimum
slip ratio would produce the highest aircraft
deceleration, but in practice the effective va-
lue obtained is appreciably less because of
brake application technique. The actual value of
the friction coefficient generated is governed
by the brake system efficiency (%) and thus

K =Ny Hp . (39)

The magnitude of 7y depends primarily on the
type of brake system and values of between 0.6
and 0.9 are common for anti-skid systems; a va-
lue of 0.8 is adopted herein. In practice, the
manufacturer’s data should be exploited.

6.2.2.6 Total friction coefficient

developed
As only main gear wheels are assumed to possess
braking capacity the friction coefficients deve-

loped are

f = My (40)

Ho = By * M5 Hp (1)

In fact the latter equation could be rewritten
in the more general form

N,
Mo = bR+ (05 #p) (42)

m

where Np and N, represent the number of braked
wheels and the total number of main gear wheels
respectively., A TPIS (to monitor tyre health)
could give indications of N and consequently
allow better estimates of stopping distance.
Note that a tyre failure is necessarily associa-
ted with an increase in rolling drag. No attempt
is made here to incorporate this factor into the
stopping predictions.

It is assumed that braking commences after the
legal two-second time delay and that the brakes
then become fully effective in a ramp fashion
per given period of time(:12),

6.2.3 Spoiler activation
Assume that spoiler movement is initiated (Af,; +
1) seconds after wheel brake application, Aty
being the time interval between the completion
of brake application and initiation of the spoi-
ler movement demonstrated during certification;
the additional one second is a legal require-
ment. The change in the incremental coefficients
AC, , ACy, and AC% from zero (at zero spoiler

S s
deff;ctiong to thep'values for maximum spoiler
deflection is represented by a first-order lag.
The increments deduced from this process are ad-
ded to the nominal aerodynamic coefficients.

6.2.4. Thrust schedule
Throttle closure is assumed to be initiated im-
mediately after the two-second mandatory delay
period. Engine ‘spin down' is represented by a
first-order lag.
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Current UK requirements allow credit for the use
of reverse thrust, in contrast to US FAR which
do not. Assume that reverse thrust is selected
(At,s + 1) seconds after completion of the ac-
tions required to deploy spoilers, where Aty is
the certification demonstration time to conduct
the same manoeuvre. The reverse thrust schedule
used herein includes(®

a time delay for reverser actuation; a
linear transition with time

engine acceleration back up to speed;
first-order lag

time at maximum reverse thrust

engine deceleration after reaching a
prescribed cutoff groundspeed (20 m/s);
first-order lag.

The reversers are selected at time

tes = 4 + Dty + Aty . (43)
Ground idle thrust is assumed to exist after the
thrust decay following reverser cancellation,
Note that during each of these phases the EPM
could ensure that credit for reverse thrust is
withdrawn if failures are detected(®.

The thrust reverser effects on 1lift, drag, and
pitching moments must be accounted for; appro-
priate incremental coefficients are added to the
equations for Cp, Cp and Cy'¥.

6.2.5 Solution of the equations of motion
The aerodynamic forces and moments, thrust, air-

craft mass, current estimated windspeed, runway
gradient (Equation 27), and friction force are
required in the point-mass performance calcula-
tion (Equations 31-35) to estimate the aircraft
acceleration. An Euler integration scheme is em-
ployed to compute the stopping distance and ter-
minates operation when the ground speed reaches
zero; the appropriate initial conditions must be
specified. Initial values of acceleration, velo-
city, runway position, TAS and current windspeed
are demanded by this algorithm.

7 _Acceleration Monitoring

It has long been argued that the capacity to de-
tect a significant performance deficiency can be
encompassed by employing an acceleration moni-
tor. A common proposal has been the comparison
of measured acceleration with the nominal value
deduced from the equations of motion for the re-
ported conditions. The advantage of this simple
monitor is its immediate reaction to abnormali-
ties such as engine failure'®'?), The disadvan-
tage is that it cannot relate a deficiency in
acceleration to the runway length, the distance
already gone, and the previous history of the
take-off, so as to discriminate properly between
safe and unsafe situations‘®. The danger is that
some take-offs may be considered sub-normal
while the performance would still be within ac-
ceptable limits. Thus these concepts have faced
considerable opposition  from  airworthiness
authorities in the past.

Consider the following. In general one of two
conditions will prevail prior to brake-release,
namely

(a) the minimum distance required to rotate and

climb-out to the screen with engine fail-
ure, (13 + 1,), is greater than the stopping
distance required from V,,

(b) S,; is greater than (13 + 1,).

Both (a) and (b) above are illustrated in Fig.
11. The parameters Al and Al,; represent the
contingency spaces respectively. Thus in case
(a) the aircraft is able to suffer a performance
loss provided the total distance to Vi does not
exceed lyg,. Similarly for case (b) a perfor-
mance loss equivalent to a length Al,; can be to-
lerated before a critical situation arises.
Calculation of the lengths 1., and S,; enables
the limiting factor (a) or (b) above to be esta-
blished. An iterative scheme can be employed in
which the magnitude of the friction coefficient
is sufficiently increased (ie acceleration redu-
ced) so that the critical speed (V; or Vi depen-
ding on which is the limiting criterion) is
achieved at the limiting point®’. This value of
the friction coefficient, hereinafter referred
to as the reference friction coefficient, can be
employed to deduce the reference acceleration by
use of the airplane acceleration-airspeed data
generated during the pre-takeoff segment. The
reference acceleration thus represents the mini-
mum performance level required to conduct both
the GO and STOP manoeuvres on the current run-
way.

During the ground roll the take-off conditions
may change and thus the limiting criteria (a) or
(b) above may be reversed. For example loss of
braking capacity is associated with multiple
tyre failure and thus an increase in the length
Sy1- Parameters such as tyre and engine health
could be continuously monitored (via TPIS and
EPM respectively) and the limiting criteria re-
established in the presence of any failures. If
the limiting criterion is altered then the cor-
responding reference friction coefficient could
be computed again.

Note that when there is an update on the refe-
rence friction coefficient the reference may be
raised to a higher wvalue under certain condi-
tions® . This implies that the aircraft has been
accelerating at greater than the reference value
and therefore the runway distance covered up to
the time of failure (and update) is less than
the reference acceleration would have predicted.
(So too would the distances necessary to achieve
V, or Vg be less than those predicted with the
reference acceleration.) As a consequence, the
iterative procedure described above yields an
updated vreference friction coefficient whose
magnitude is greater than before. Thus the air-
craft can suffer a greater performance loss than
would have seemed allowable before. It could
even be argued that the reference friction
coefficient should be continuously wupdated in
real-time and under normal operating conditions
a steadily increasing value would be deduced.
However, with this scheme it is likely that only
very severe performance degradations would be
detected.

In the present implementation the updated fric-
tion coefficient is employed for monitoring pur-
poses only if its magnitude is smaller than the
pre-takeoff segment value., This would represent
a greater constraint on the maximum allowable
value and would lead to a higher requirement for
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acceleration, ie the policy was conservative. If
the updated value for a reference friction coef-
ficient had been larger than that from pre-take-
off calculations, thus allowing lower accelera-
tions for zero contingency in runway length,
then circumstances such as an engine failure
could produce a highly undesirable situation.
Further details are given Ref. 3.

8 Nature and Position of the Display

Current regulations regarding TOPMs require the
nature of the display to provide only advisory
information to the crew as opposed to commanding
a rejected or continued take-off(2:®). The runway
strip presentation employed herein illustrates
concept only and in practice the optimum nature
and position of the display must be established.
However, this would not materially affect the
development of the analytical and predictive al-
gorithms which form the foundation of displayed
cues. Rapid assimilation of the right informa-
tion is crucial to good piloting during those
very important few seconds prior to a GO/NO-GO
decision.

It may be necessary to supplement the 'runway
strip’ presentation with an additional cue to
alert the pilot of an approaching emergency or
indeed to indicate that the take-off performance
is satisfactory. These cues could employ the
predictive techniques considered above and can
take the form of advisory flags‘®:!?. Discussions
with pilots during this investigation suggest
that a STOP flag may be ignored at high speed
(especially close to V; on a distance limiting
take-off) as the consequences of a maximum
effort abort under these conditions are often
brake heating, multiple tyre failure and fire,
possibly followed by a runway overrun. It ap-
pears that a large proportion of pilots are go-
minded at high speed® ., Pilots involved in the
NASA TOPM evaluation‘!® indicated that the STOP
option should not be displayed at high speed un-
less a generous safety margin is included in the
stopping distance calculation. The stopping al-
gorithms outlined herein respond to engine re-
verser and tyre failures in an effort to deduce
more reliable predictions. However, Ref. 14 in-
dicates that from a human factors point of view,
rapidly changing display information at a time
when the crew is expected to make instant deci-
sions may not be ideal. It is suggested that the
last abort position on the runway, allowing for
a failure (engine or tyres), be displayed in-
stead. Clearly a comprehensive human factors
study is required to determine a widely accep-
table solution to the display problem.

Whatever display is used for a TOPM, a modified
display prior to take-off could lead the pilot
via taxiways to the runway assigned by ATC. The
full map would eventually be reduced to a large
display of only one runway, namely that for the
ground roll3.4),

The cockpit position of the TOPM display is cru-
cial; a position which falls within (or close
to) current take-off instrument scan patterns
would minimise distraction from currently defi-
ned procedures. On modern aircraft the TOPM dis-
play could appear on an existing Cathode Ray
Tube (CRT) such as the Primary Flight Display
(PFD) or the Navigation Display (ND). Available

space on the PFD is limited and thus the format
of the TOPM display must be tailored to fit
within existing constraints.

The location of head-down displays, such as
those above, must be as high as possible on the
instrument panel in order to minimise the scan
angle between windshield and the CRT location;
this allows the pilot to focus more of his at-
tention on conditions ahead. The suggestion of a
runway strip requires some concentration even in
its simplest form and may be of real value only
when the pilot-not-flying (PNF) regularly calls
out useful advice to the pilot-flying (PF). It
could well require too much head-down time and
perhaps some form of Head-Up Display (HUD)
should be employed instead. Pilot opinion sought
during this study indicated a strong desire for
a HUD.

The HUD may be of the peripheral type or of the
collimated projected type. In the case of the
former, information is presented in the pilot's
peripheral wvision so that he remains head-free.
Perhaps little more than coloured lights driven
by the predictive computing techniques may be
sufficient as a cue. A simplified display vi-
sible to the pilot while he is head-up may even
supplement a more complex head-down display. A
simplified display of this type could enhance
the situation awareness of the PF*® . The pro-
jector type HUD enables the TOPM display to be
presented on the windshield to both pilots.

Whatever the display position, it is clear that
an appropriate pilot training programme and wi-
dely acceptable crew procedures must be deve-
loped prior to the introduction of any TOPM into
civil operations. Human factors research to-
gether with real flight trials will be necessary
before confidence can be gained in a truly use-
ful scheme.

8.1 NIR display development

The NLR TOPM investigation is based on the fun-
damental philosophy that the pilot’s most essen-
tial function is to be in command. This study
involves both algorithm and display development
as well as a reliability study*31. currently,
human factors studies are being conducted to
evaluate the concepts and displays associated
with each of the three monitor Types. The goal
is to establish the display Type which most
effectively enhances the pilot’s GO/NO-GO de-
cision making process and to identify the ne-
cessary display information. In addition, pilot
performance without a take-off monitor (ie the
current situation) is also being investigated
and thus the potential benefits of any monitor
Type can be established; a traditional PFD is
used as the basis of comparison. A Silicon
Graphics IRIS work-station facility®®’ employed
to conduct this investigation is configured for
a one-man crew. The work-station is interfaced
with a control stick for pitch control and a
throttle box for demanding changes in thrust.
The advantages of using a work-station include
the possibility of gathering data from a very
large number of simulations and it also allows
the use of non-pilot test subjects: comparison
of performance with pilot subjects enables de-
tection of possible pilot biases due to training
and/or airline procedures. The test subjects are
divided into three categories, namely twin-engi-
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ned aircraft pilots, multi-engined aircraft pi-
lots and non-pilots. Twin-engined aircraft pi-
lots are being subjected to a Fokker 100 simula-
tion, whereas multi-engined aircraft pilots are
employed on a Boeing 747 simulation. The air-
craft employed for all non-pilot tests is the
Fokker 100.

Due to the complexity of the task an EPM has not
been incorporated in the study. The three TOPM
displays investigated are described below.
(Note these displays are an updated version of
those referred to in Ref. 14.)

8.1.1 Type I display
A simple form of a Type I display appearing on
the PFD is shown in Fig. 12. The following are
presented.

(a) Actual and scheduled airspeeds: the sche-
duled airspeed (solid yellow triangle)
represents the airspeed which would nor-
mally be achieved at a given runway posi-
tion for the reported conditions and the
flight manual recommended engine setting.
Any speed (performance) loss would cause
the CAS (hollow) triangle to lag behind
the scheduled airspeed marker.

(b) Speed-trend (magenta line) information in-
dicating a five-second prediction of
airspeed. A reference speed-trend (white
cursor) based on a 15% reduction of the
expected acceleration for the recommended
power setting and vreported conditions.
Note that these cues provide a means of
monitoring inertial acceleration.

(ec) Current runway position of the aircraft
(yellow). The tick marks represent 1000 ft
positions.

In the event of an engine failure both the refe-
rence speed-trend and scheduled CAS symbols dis-
appear from the display.

8.1.2 Type II display
The Type II display appears on the ND (see Fig.
13) and presents the following guidance.

(a) Current runway position of aircraft (yel-
low), plus 1000 ft markers.

(b) Predicted (ie continuously updated) and
nominal (ie fixed point) runway positions
which the aircraft will reach when its
speed becomes Vp. These positions are re-
presented by a yellow cross and blue
circle respectively. The relative position
of these two symbols indicates the extent
of any adverse/favourable factors.

(c) The region on the runway (continuously up-
dated) where a decision to continue take-
off safely with an engine failure is pos-
sible. This is indicated by (blue) ‘can
go' bars.

If take-off conditions change such that the pre-
dicted Vg position marker migrates beyond the
ground roll limit position (not displayed) then
the colour of the marker changes from yellow to
red, indicating a potentially dangerous conti-
nued take-off.

In the event of an abort the predicted Vi posi-
tion symbol and the ‘can go' bars disappear.

8.1.3 Type IIT display

The Type III TOPM is similar to the Type II dis-
play, but also presents the last runway position
(continuously wupdated) from which it would be
possible to conduct a safe stop (assuming no
credit for reverse thrust). See Fig. 1l4. A safe
stop is implied when the aircraft symbol appears
between the (brown) ‘can abort' bars. In the
event of an abort the ‘can abort’' bars are fro-
zen for the entire stopping manoeuvre. For the
Type III display, TOPM information alone can be
utilised to make the take-off decisions and thus
V, speed data has not been furnished to pilots
for these tests.

Both qualitative and quantitative data analysing
techniques are being employed to assess each
display Type. For example, aspects such as dis-
play dynamics, ease of interpretation, mental
workload and situation awareness are being
scrutinised. Other factors such as actions taken
by the pilot (eg GO or RTO), reaction times and
speed of detecting anomalies are also being in-
vestigated. Preliminary results indicate that a
TOPM improves pilot detection of non-standard
airplane performance. For example, Fig. 15 shows
the response of all test subjects (for all test
runs) to the on-line question "were there any
non-standard factors present during take-off?"
The final results of this study will be used to
modify and optimise existing features of the
most promising display Type, prior to implemen-
tation on the NLR Research Flight Simulator for
further evaluation. This latter study will bene-
fit from a more realistic cockpit environment,
with both PF and PNF interaction.

9 Take-Off Monitor Algorithm Evaluation

The algorithms outlined above have been evalua-
ted on the Bristol University IBM 3090 mainframe
using a B-747 dynamic model and the appropriate
sensor models (with their attendant errors and
noise values)®., The real-time segment inputs
are summarised in Table 3. Fig. 16 shows the
TOPM processes in block diagram form. A sampling
frequency of 20 Hz has been employed for the
TOPM computations. As an example the results of
three scenarios are presented below, followed by
a summary of the main results of the investiga-
tion (full details in Ref. 3). The example simu-
lations below were performed for standard sea-
level conditions, assuming a horizontal runway
and zero wind conditions. An aircraft mass of
320725 kg and cg location of 14% mean aerodyna-
mic chord were selected for the time responses.
Note that in all figures below the term true
friction coefficient refers to the runway rol-
ling friction coefficient employed in the full
aircraft simulation and measured acceleration
implies filter output values.

9.1 Dry runway
Fig. 17a shows the variation of four critical

lengths with time, namely current aircraft po-
sition (1,), distance to Vi for current condi-
tions (lyz, - 1, ), distance to stop from current
speed (S,) and stopping distance required at V;
(S¢1). The discontinuity in the S, curve is due
to reverse thrust activation. From Fig. 17b it
is evident that the lengths (1, + S;) and (1, +
Sy1) are always less than the runway length, thus
indicating satisfactory take-off conditions.
Fig. 17b also indicates that 1,5, is always
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within the ground roll limit constraint, 1,
implying a safe climb-out. The estimation of
distances 1y, and 1l,; is based on the nominal
input of the rolling friction coefficient during
the first five seconds (see Fig. 17c) and on the
algorithm estimated value thereafter. The init-
ial discrepancy between the estimate of 1l.,. and
the true position at which rotation is achieved
(Fig. 17b) is due to the difference between the
nominal rolling friction coefficient selected
(ie 0.01) and the actual value of py (0.02).
This discrepancy decreases once real-time esti-
mates of the effective friction coefficient be-
come available and the error in the estimate of
lige grows to about -64 m (3.08%). Fig. 1l7c shows
good agreement between estimated and true rol-

ling friction coefficients. It is evident that.

the reference rolling friction coefficient is
always greater than the estimated value, again
indicating safe conditions. The large difference
between measured and reference accelerations
(and friction coefficients) 1is due to the
non-limiting nature of the take-off. Thus the
performance can fall below that required for
normal operating conditions and the aircraft
would still have the ability to take-off or stop
safely. Note that measured acceleration falls
slightly below the nominal acceleration (Fig.
17d); a direct consequence of employing a no-
minal value of py smaller than the actual value.
In general exact values of pp will not be avai-
lable prior to take-off.

9.2 Thrust setting 15% too high

The effect of accidentally setting the take-off
thrust at a level higher than that recommended
by the flight manual is simulated here. Needless
to say that performance would improve as clearly
depicted in Fig. 18a and Fig. 18b. Referring to
Fig. 18c it is evident that the estimated effec-
tive friction coefficient fluctuates about -0.02
whereas the true value of the rolling friction
coefficient is 0.02. An excess amount of thrust
is thus interpreted as a reduction in the frie-
tion coefficient and consequently this improves
the accuracy of the distance-to-go predictions.
An engine failure flag was not set as the engine
functioned satisfactorily for the actual thrott-
le setting. Thus the stopping predictions em-
ployed full available reverse thrust. The hig-
her-than-normal thrust level was detected by the
EPM. Fig. 18d shows that measured acceleration
is higher than both nominal and reference acce-
lerations,

9.3 Weight underestimated and engine failure

An increase in rolling drag and a decrease in
the braking friction coefficient gives rise to
longer critical take-off lengths 1., ly., S, and
Sy; as Fig. 19a shows. The benefits of applying
reverse thrust also become more obvious. The
distance-to-go predictions respond to exXxcess
weight and the engine failure as illustrated in
Fig. 19b. In this example, the stopping predic-
tions employ a lower level of reverse thrust
after engine failure and the malfunction is de-
tected by the EPM. However, the stopping predic-
tions and the ground roll limit position compu-
tation are both based on the incorrect (lower)
aircraft mass. A WBS could be employed to over-
come this problem.

Fig. 19c¢ indicates that prior to engine malfunc-
tion the estimated effective friction coeffi-

cient fluctuates about 0.65 whereas the magni-
tude of pyp is 0.031. The excess weight has been
attributed to an increase in friction coeffi-
cient. The parameter (l,, + S,;) is predicted to
exceed the runway length (Fig. 19b), indicating
an unsafe RTO from V;. The estimated friction
coefficient exceeds the reference wvalue (Fig.
19¢) and this implies sub-standard performance.
Consequently the measured acceleration falls
below the reference and nominal values as shown
in Fig. 19d. However, at this time the relative
positions of 1y, and 1y, (although very close)
indicate that the continued take-off option is
available. With engine failure the performance
degrades even further, and as Fig. 19> shows the
algorithm predicts that Vi can no longer be
achieved before the limiting point. Fig. 19c
shows a further step increase in the estimated
friction coefficient at engine failure time.
This new effective friction coefficient is a
composite term accounting for both anomalies
present. The algorithm evaluates a new reference
friction coefficient at engine failure time and
the magnitude decreases to -0.0175. This decrea-
se is due primarily to the higher stopping dis-
tance required from V,;. The corresponding in-
crease in the reference acceleration indicates
that a greater threat to safety exists.

10.0 Summary of Results and Discussion

The distance-to-go predictions are able to ac-
count for a variety of anomalies that are en-
countered in everyday operations including

engine failure/incorrect throttle setting
tyre failure
runway friction characteristics (eg dry,
wet, contaminated)
incorrect data input (eg ambient tempera-
ture, aircraft weight, control settings)

+ incorrect loading (eg excess weight)
incorrect control setting selected by the
pilot for the prevailing conditions.

These anomalies are accounted for by the effec-
tive friction coefficient estimation procedure,
whether acting singly or in combination. The si-
mulations demonstrated that the distance 1y,
could be estimated in most cases to an inaccu-
racy of about 4%. For mnormal take-off perfor-
mance the algorithm attempts to estimate the
rolling coefficient of friction. During any
period of performance deficiency the airplane
acceleration is reduced and consequently the al-
gorithm estimate of the friction coefficient is
higher; thus a longer distance-to-go is predic-
ted. Conversely, performance levels greater than
normal are interpreted as a lower than actual
friction coefficient. Thus there exists a family
of curves for the acceleration vs air-speed re-
lationship, each curve being associated with a
particular effective friction coefficient which
does not necessarily represent the true coeffi-
cient of rolling friction. These arguments gene-
rally agree with the results of other studies
(eg Ref. 12,14). It should be recognised that
the estimated effective friction coefficient
does not necessarily remain constant during the
period of a particular performance anomaly. For
example, in both the incorrect flap setting and

aerodynamic degradation (eg due to snow) simu-
lations its magnitude varied gradually during
ground roll® ., 1In these particular cases the
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effect became more pronounced at high speed due
to the velocity squared relationship of the drag
force. One disadvantage of the algorithm is that
the predictions are based on the current effec-
tive friction coefficient estimate and, for
example, runway conditions ahead of the airplane
may not be properly accounted for. On a slush
covered runway the contaminant depth is not
usually uniform along the entire runway length
and the slush drag varies as the square of the
speed. Ref. 14 attempts to account for this
latter effect.

The conversion of (flight manual) V, and Vg (CAS)
to true airspeeds is a function of ambient tem-
perature® and is a necessary step to establish
integration limits for the distance-to-go pre-
dictions. Thus for erroneous temperature inputs
an error component is introduced in these dis-
tance estimates, even if the effective friction
coefficient concept responds to incorrect tem-
perature data. eg For the dry runway case a tem-
perature underestimation of 10 K gives rise to
an aﬁditional error of 3.8% when estimating
Lopa .

The windspeed estimator was extremely beneficial
and ensured that unexpected changes in wind con-
ditions were accounted for. In addition, the use
of actual runway profile data (as opposed to ef-
fective gradient) enhanced the accuracy of all
predictive computations(®’,

For the IRS/GSS hybrid scheme the Kalman‘® or
Complementary‘!?’ Filters can be exploited as
state estimators. Fig. 20 shows how closely the
Kalman Filter can track the true values. If
either the GSS or IRS function fails completely
then the system reconfigures to utilise a simple
filter to process the remaining signal, As an
example consider failure of the GSS function at
brake release. For the dry runway case above, 1,
and the velocity signal are in error by almost
100 m (4.8%) and 5 m/s (6%) respectively at ro-
tation speed. Furthermore, this gives rise to
inferior windspeed estimates which are depen-
dent on accurate signals from the inertial
velocity reference. Inevitably the accuracy of
all predictive computations degrades, eg the
error component introduced in estimating S,;
grows to 90 m (9.5%) for the dry runway
scenario. The effective friction coefficient
(and thus the distance-to-go estimate) is also
less accurate because the acceleration term in
Equation 22 inherently includes errors, eg
accelerometer bias. Results also indicate that
in the single sensor configuration the algorithm
is able to account for performance anomalies
(less accurately). As an example, the effective
friction coefficient estimation for an engine
failure is illustrated in Fig. 21. Prior to
engine malfunction the implications of less
accurate acceleration data are evident.

The stopping predictions have demonstrated their
ability to respond to the following anomalies

engine failure (reduction in available
reverse thrust)
tyre failure/brake failure

* runway friction characteristics (eg dry,
wet, contaminated)

> change in wind conditions.

However, the empirical braking friction coeffi-
cient data adopted herein may not accurately
represent the actual runway conditions. Perhaps
the stopping distance should be displayed as a
minimum length plus a 1likely error band. It
could be argued that measurements of the effec-
tive friction coefficient during the roll after
landing could be used during the next take-off
if runway conditions are comparable. However,
there are a number of drawbacks associated with
this method, for example discrepancies intro-
duced due to the vast difference in the level of
braking force employed during a routine landing
and a maximum energy RTO. As the braking fric-
tion coefficient is a function of groundspeed,
it is likely that data collected during landing
will not necessarily be for the correct speed
range. Other discrepancies associated with fac-
tors such as pilot technique could also be in-
troduced.

Anomalies such as

incorrect data input (eg ambient tempera-
ture, aircraft weight, control settings)
incorrect loading (eg excess weight)
incorrect control setting selected by the
pilot for the prevailing conditions

cannot be accounted for by the stopping algo-
rithms implemented here. For example, with erro-
neous temperature data, estimates of atmospheric
density and the acoustic velocity are inaccurate
and thus the aerodynamic and thrust forces are
incorrectly computed for the predictions. In the
dry runway case, temperature underestimated by
10 K introduces an error of 3.5% in the calcula-
tion of S,;.

Both the MMM and the SGTM techniques have demon- .
strated their ability to detect poor engine pet-
formance for a wide range of component failures
3, As an example, the response of the EPM
scheme is illustrated in Fig. 22 - 23 for two
engine conditions, namely a reduction in intake
efficiency (as might occur in the case of icing
or foreign object ingestion) and reduced fan
performance. It is evident that there is good
agreement between the EPM deduced thrust and
that from a full simulation of the engine equa-
tions, In addition, the capacity of the EPM to
detect engine malfunctions, including those in-
dependent of EPR, by comparison of measured and
reference gross thrust is highlighted.

The use of a monitor on the reference accele-
ration was successful in detecting significant
performance deficiencies in the simulations con-
ducted for this study. Generally, a large diffe-
rence between the estimated and reference fric-
tion coefficient existed for the non-limiting
take-offs. In the presence of minor performance
deficiencies the critical take-off lengths indi-
cated that the aircraft was able to continue the
take-off or stop safely from V;, but the refe-
rence acceleration monitor did not (correctly)
signal a warning. For distance limited take-
offs similar anomalies were immediately detected
by this acceleration monitor.

The reference friction coefficient was not re-
evaluated in the presence of a change in wind
conditions alone. In several simulations invol-
ving adverse wind conditions the critical take-
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off lengths indicated that a threat to safety
existed, whereas both reference and nominal ac-
celeration monitors did mnot. The acceleration
monitors have been tailored to respond to only
inertial performance deficiencies. The potential
advantage is that in the absence of warning from
other cues (eg TPIS, EPM) the pilot could deduce
that the likely source of the performance defi-
ciency was airspeed related.

The nominal acceleration monitor was able to de-
tect anomalies such as

engine failure/incorrect throttle setting
tyre failure

variations in runway friction characte-
ristics

incorrect data input such as ambient tem-
perature, aircraft weight and control
settings

excess weight

incorrect control setting

aerodynamic degradation, eg slush
impingement drag.

However, virtually all the non-limiting take-
offs were considered sub-normal whilst the per-
formance was still within acceptable limits, ie
both the GO and STOP options were available. In
these cases the reference acceleration monitor
did not signal a warning. Fig. 24 shows the re-
sponse of both schemes to an incorrect tempera-
ture input. The strength of the reference moni-
tor is illustrated here.

As the nominal acceleration monitor is effec-
tive in detecting anomalies due to improper con-
figuration (eg excess weight, incorrect control
setting) and incorrect data input, it could be
employed at low speed. It should now be clear
that algorithm estimates of the effective fric-
tion coefficient cannot be used to estimate the
nominal acceleration data used for acceleration
monitoring. It is recommended that data input be
automatic wherever possible in order to reduce
pilot work-load and to minimise errors.

11.0 Conclusions

Important improvements in operational safety
could result from the widespread use of effi-
cient TOPMs. Type III monitors have the poten-
tial to present information that is directly re-
lated to the pilot's task during take-off. De-
tection of any shortfall in the performance ear-
ly in the take-off run would thus not only pre-
vent a high speed overrun, but would also aid
the pilot in judging the point at which an un-
disturbed take-off were possible and safe.

Potential monitoring functions, algorithms and
the necessary data sources have been defined for
a Type III TOPM. The pre-takeoff module calcu-
lates and displays the critical take-off lengths
using nominally correct data. These parameters
are displayed on the basis of measured data and
forward computations during ground roll. State
estimators such as Kalman and Complementary Fil-
ters can be employed to establish the take-off

conditions. The monitoring of engine health and
acceleration performance could potentially en-
hance situation awareness. The scheme also at-
tempts to warn of incorrect throttle setting.
The nominal acceleration monitor can detect per-

formance anomalies immediately, but it cannot
discriminate between safe and unsafe situations.
It's strength lies in being able to warn of im-
proper aircraft configuration, shortly after
brake-release. The reference acceleration moni-
tor attempts to warn of performance levels like-
ly to result in loss of either the GO or STOP
option. The effective friction coefficient algo-
rithm ensured that the distance-to-go predic-
tions were able to respond to a variety of ano-
malies including improper aircraft configura-
tion and a change in conditions during the
ground roll (eg engine health, tyre conditions,
runway contamination). The stopping predictions
are more difficult to solve; they do not benefit
from acceleration measurements in the same way
the continued take-off predictions do. Determi-
nation of the actual braking friction coeffi-
cient is difficult. The approved braking fric-
tion data currently presented in JAR 25 have
been employed in the proposed implementation.

A widely acceptable solution to the presentation
problem is crucial to TOPM success.

12.0 Recommendations

Any reliable braking friction coefficient esti-
mation procedure would greatly enhance the accu-
racy of the stopping predictions.

Both simulator and real flight trials need to be
conducted before satisfaction among pilots and
acceptability by airworthiness authorities deve-
lop.

A disturbing feature of many overruns on aborted
take-offs is the Iow braking force actually em-
ployed by the pilot. A display of the stopping
distance required during an abort manoceuvre,
based on actual conditions, could greatly aid
pilot stopping action. An important aspect of
this study would be to establish a real-time
algorithm to deduce the effective friction
coefficient during braking.

A case can be made to provide the pilot with as-
sistance similar to that described above for
guidance during the landing ground roll.

It is 1likely that a TOPM which introduces a
large number of unnecessary high speed RTOs will
not be positively accepted by pilots and air-
worthiness authorities. The benefits of a TOPM
are dependent on its ability to improve overall
safety of the take-off. Analysis must show that
the probabilities of indicating a performance
deficiency when none exists (nuisance to warn)
and the rate of failing to display deficiencies
when true loss of performance has occurred (fai-
lure to warn) are kept to an absolute minimum.
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Table 1 TOPM data requirements

and loading data | location

Flap setting
Stabiliser setting
Recommended static EPR

Table 2 JAR 25 Wet runway braking

characteristics

Ambient Ambient temperature

conditions Ambient pressure Groundspeed EBuwet
Windspeed and direction (knots) Factor

Runway data Runway contamination (as Frdey
defined in JAR 25) 20 0.64
Nominal rolling friction 40 0.64
coefficient 60 0.62
Runway profile 80 0.57
Runway heading 100 0.52
Runway available for 120 0.48
rotation 140 0.44
Runway available for 160 0.41
stopping

Aircraft Aircraft weight

configuration Centre of gravity

Table 3 TOPM real-time inputs

Longitudinal acceleration (IRS)
Ground speed (GSS)

for take-off TAS/CAS (ADC)
Estimated windspeed

Tyre monitor (TPIS)

Runway slope data

Throttle position

Engine exhaust nozzle pressures Py3, Pyy,

Decision speed (V,)
Rotation speed (Vg)
Lift-off speed (Vig)
Take-off safety speed
(V)

Take-off speeds

taxiway end of runway

v | or stopway
, ,‘(_.—»-/ﬁ? m L
brake

V1 VR VLO

brake release

l ¢ S [
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runway | stopwa o
r p y 1 |ch
4

|2 la I
=221 {vAm
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Fig. 2 TOPM predictive concept

t Y (starboard)
? X Sign

I (forward) convention

)

! 2

Fig. 1 Critical take-off speeds
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N

Fig. 3 Forces acting on airplane during ground roll
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