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The Invention relates to a method and to a device for detecting a degradation of flight performance of an aircraft that is in flight,
wherein current flight status data of the aircraft that is in flight are first determined. A flight performance index Is then calculated on
the basis thereof. Furthermore, on the basis thereof, a nominal flight performance reference index is determined by means of a
fight performance model, wherein a degradation of flight performance can be inferred by comparing the two indices.
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ABSTRACT

The invention relates to a method and to a device for detecting

P

a degradation of flight performance of an aircraft that 1s 1in

P

flight, wherein current flight status data of the aircraft that

is in flight are first determined. A flight performance 1ndex 1s

then calculated on the basis thereof. Furthermore, on the basis

_

thereof, a nominal flight performance reference 1ndex 1S

F
p—

determined by means of a flight performance model, wherein a

degradation of flight performance can be inferred by comparing

the two indices.
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Method and assistance system for detecting a degradation

of flight performance

The invention relates to a method and a device for

detecting a degradation of flight performance, 1n

particular aircraft icing, of an aircraft that 1s 1in

flight.

Alrcraft have aerodynamic surfaces, which are subjected

to the flow of air flowing around them at speed and

thereby produce a 1lift, allowing the aircraft to fly
within atmospheric air masses. However, depending on the

flight situation, such aerodynamic surfaces may be

susceptible to 1cing, whereby a layer of 1ce (partially

or fully) forms on the outer flow surface around which

the surrounding alir masses flow, and these layers of 1ice

can change the aerodynamic properties of the aerodynamic

surface and consequently have an adverse effect on the

overall flying state. Instances of i1cing on the fuselage

or other surfaces that are not primarily necessary for

producing a 1lift may however also have adverse effects
on the flying characteristics of the aircraft, which can

quickly lead to critical situations, especially 1n the

takeoff and landing phases.

Detecting <changes of the flight performance, in
particular degradations of the flight performance

generally and instances of 1cing specifically during the

flight, 1s not at all a trivial matter here. Manual
inspection of the aerodynamic surfaces, for example tO

check for 1icing, 1s not possible i1n flight, 1f only

because access to the aerodynamic surfaces of the flight
by on-board personnel 1s ruled out. Other systems, based
on sensory detection of the 1cing, 1n some cases have a

high degree of complexity and technical susceptibility,

which not least results in a high instance of false alarms

and consequently low acceptance on the part of pilots.
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US 6,253,126 Bl discloses a method and a device for flight

monitoring, wherein a row of additional air pressure
probes are arranged on the aircraft, in particular on the

wings of the aircraft, 1n order to infer important flight

parameters from a monitoring of the pressure distribution

over the wing profile that 1s as complete as possible.

It is additionally intended also to be possible with the

ald of these sensors that an icing state can be detected.

However, it is disadvantageous here that no comprehensive

concept 1is provided, so that for example detection of
icing between the sensors 1is not recognilized or Jjust

partial icing at one of the sensors 1s detected as 1cing.

In the first case, 1cing 1s not recognized, which can

F
ad

overall have an adverse effect on the flying

characteristics and as a result 1ncrease the potential

F

risk of accident. In the second case, icing 1s 1indeed

detected, whereupon under some clrcumstances

countermeasures are taken by the pilot, even though the

icing does not represent an impairment of the flying

characteristics of any relevance to safety. In such a

case, the countermeasures taken, such as for example

changing the flight path, would then lead to higher costs

and longer flying times, even though there was no

necessity for this. In addition, the method proposed in

US 6,253,126 Bl is very laborious to develop, install and
maintain. Furthermore, such a device would be very heavy
(equipment, power supply, data communication with the
computing unit Iintended to carry out the not-trivial

evaluation), which with very great probability would lead

to increased fuel consumptilon.

Us 8,692,361 B2 discloses a method for monitoring the

quality of the flow on aerodynamic surfaces of aircraft,

r—

the main characteristic of the monitored flow being the

laminarity. For this purpose, the aerodynamic surface 1s

heated, so that an early transition from the lamilinar

surrounding flow to a turbulent surrounding flow 1s
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enforced. On the basis of resistance data recorded with

laminar surrounding flow and turbulent surrounding flow,

Jr—

a contamination of the aerodynamic surface can then be

established.

It is disadvantageous here that a sophisticated heating

system and a complex sensor system are necessary to be

able to establish the correspondingly negative

—

influencing effects on the aerodynamic surface. An 1icing

or contamination of the aerodynamic surfaces that impalrs
the flying characteristics cannot be dependably
established in this way, because this method only allows

an evaluable measurement of the aerodynamic quality of

the surface between a “perfectly clean” state and a
“slightly contaminated” or “slightly iced” state. With
further degradation of the aerodynamic quality of the
surface, 1t 1s no longer possible 1n the case of the
method described 1in US 8,692,361 B2 to establish a

difference. The degradation, which under some

clrcumstances could become critical 1n terms of safety

(for example 1in the case of heavy 1cing), 1s beyond the

range for which the method described can be used.

Therefore, the object of the present 1invention 1s tO

provide an 1mproved method and an 1mproved device for

detecting a degradation of flight performance, 1n

particular ailrcraft i1icing of aerodynamic surfaces of an
alrcraft 1n flight, while 1i1ntending to do without
additional sensors that are not provided 1in standard

flight operation and while 1ntending not to need any

further technical devices for influencing flow

characteristics.

According to the 1invention, the object 1is achieved
according to the 1invention by the method for detecting
in-flight 1cing as claimed 1n <claim 1 and also an
assistance system for carrving out the method as claimed

in claim 17.
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According to «claim 1, a method for detecting a

degradation of flight performance of an aircraft 1in
flight 1s proposed, first providing for the aircraft type

concerned a digital flight performance model, of the

ailrcraft i1n flaight, which replicates the nominal flight
performance of the aircraft in the non-degraded flying

state.

Flight performance 1s a term used for a subdiscipline of

flight mechanics that considers all aspects of the

capability of an aircraft for carrying out a required

flight maneuver. The flight performance of an aircraft

1n thils case comprises 1ndications concerning for example
the maximum achilevable speed, the minimum speed at which
the aircraft remains controllable, the optimum cruilsing
flight speed (lowest fuel consumption per unit of time
and distance covered, the maximum climbing capacity and
also the greatest rate of descent, the range, the longest
flying time, etc.) and also all 1nterrelationships

between parameters and variables 1nvolved during a

steady-state or quasl steady-state flying state, which

15 not necessarlly restricted to a steady state of flying

P

horizontally straight ahead. The flight performance of

an alrcraft  1is substantially determined by 1ts
aerodynamlic propertlies on the one hand and the
(available) thrust of the engines on the other hand, and

generally represents a combination of the two components.

The nominal flight performance refers in this case to the

corresponding capabilities and characteristics of the

aircraft to carry out the flight maneuver in the non-
degraded state. Thus, for example, what speed an aircraft

will assume when the other boundary conditions of the

tlying state, such as for example the barometric height,
the engine thrust, the mass and also aerodynamic

properties of the alrcraft are known, can be derived from

flight performance models. In this case, the term flight
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performance per se should not even be equated with the

physical definition of performance (energy per unit of
time), but rather i1t comprises in the broadest sense the
capability of an aircraft to <carry out the flight

maneuver under predetermined boundary conditions of the

flying state.

Flight performance models in  various forms and

representations are used in flight operation and also in

the aircraft design phase. For example, pilots use flight

performance models for determining the amount of fuel

necessary for a flight, for example directly by using a

numerical flight performance model or by means of a

-

sultable representation of items of information that can

-

be extracted therefrom (for example 1n the form of

tables, nomograms or charts).

In the broadest sense, 1t 1is therefore possible with

knowledge of a number of boundary conditions of a flying

state to derive from the flight performance model whether
or not, with the predetermined boundary conditions, the

flight maneuver can be carried out. Depending on the

flight performance model, it 1s also possible to derive

or extract further data of the flying state that are not

known from the current flying state or cannot yet be

known.

Such a flight performance model may in this case be based
on a numerical calculation, with which the unknown
parameter to be extracted from the flight performance
model can be calculated on the basis of the known boundary
conditions of the flying state. Also conceivable,

however, 1s a tabular form, such as for example look-up

tables.

According to the 1nvention, such a flight performance

model 1s thus provided in a digital form for the aircraft

type concerned, of the aircraft in flight, allowing the
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nominal flight performance of the aircraft 1n the non-

degraded or uniced flying state to be derived from 1t.

During the flight, the current flying state of the
alrcraft 1in flight 1s then determined, the current flying

state beilng determined from a plurality of wvalues,

comprising flying state parameters that influence or

characterize the flight performance of the alrcraft. In

the context of the present i1invention, the current flying

state 1s an n-tuple of a plurality of different flying

state parameters which 1in their entirety ultimately

define the current flying state. Such flying state

parameters may for example be the altitude, the speed

with respect to the surrounding ailr, the mass and also

parameters that can be derived therefrom. The <flying

state parameters may for example be parameters that can

be recorded by sensors, which may for example be the

barometric height or the flying speed with respect to the

surrounding ailr. They may, however, also be parameters

gr—

that can be 1input manually by the pilot, such as for

example the estimated overall mass of the aircraft. In

addition, the flying state parameters may also be
parameters that can be derived from other flying state

parameters, such as for example characteristics for the

11ft or characteristics for the resistance coefficient.

The flying state parameters that can be recorded by

{

sensors are 1n this case exclusively those parameters
that can be recorded and detected with the aid of on-
board sensors. As also shown later, there 1s no need for
any further, additional sensors that are not generally

provided 1n the standard equipment of the aircraft type

concerned.

With the aid of an electronic evaluation unit, the values
of one or more flying state parameters of the current
flylng state are then used to calculate during the flight

a current flight performance indicator, which represents
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an assessment of the flight performance at the current

point 1n time with reference to the current flyving state

of the aircraft in flight. As also shown later, such a

current flight performance i1ndicator may for example be

Lljo

the overall energy E or the overall change 1n energy
over a certain time period. Also conceilvable, however,
are other indicators that allow inference of the flight

performance with reference to the current flying state

and 1ndicate a variation 1n the flight performance, in

particular with reference to degradation or icing.

Furthermore, a nominal flight performance reference

indicator 1s calculated by means of the electronic

evaluation unit from the flight performance model

provided, 1n dependence on the wvalues of one or more

"lying state parameters of the currently determined

Ll

flying state, the nominal flight performance reference

1ndicator replicating with reference to the degradation

F

or specifically the 1cing of the aircraft the ideal, non-

degraded flying state. The flight performance reference

indicator may 1n this case 1likewise be the nominal

overall energy Erer Oor overall change in energy Erer and
1s preferably such that it 1s correlated with the current
flight performance 1ndicator or quantitatively

comparable.

Subsequently, the current flight performance indicator

1s compared with the nominal flight performance reference

indicator, a flight performance degradation of the
ailrcraft in flight being detected 1f the comparison

indicates a deviation Dbetween the current flight

performance indicator and the nominal flight performance

reference 1ndicator that is greater than a predetermined

limit value or threshold value.

It 1s consequently possible during the flight of the
aircraft to detect a degradation of the flight

performance, 1n particular that 1s critical 1in terms of
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safety, exclusively on the basis of the avallable sensor

values of sensors fitted as standard, without the need

for special, fault-susceptible additional systems and

without special flight maneuvers having to be carried out

for this. A degradation 1s assumed to be critical in

terms of safety 1f 1t has significant noticeable effects

on the aircraft. For example, as from a certalin degree

of degradation, the nominal maximum climbing rate of the

aircraft can no longer be achieved, whereby under some
circumstances rapid evasive action or aborted landing 1is

no longer possible. Furthermore, a degradation may also

be regarded as extremely critical in terms of safety 1if

flow separation already occurs 1n the flying ranges 1n

which the aircratt would nominally be flvable without

restriction.

A special form of the flight performance degradation 1n
this case 1s the flight performance degradation caused

by icing. The 1nventors have recognized here that, by

considering the flight performance, reduced to an

indicator, during the flight and by establishing a

r—

deviation of the current flight performance from a

nominal flight performance, likewise reduced to an
indicator, 1icing, in particular icing that is critical

1in terms of safety, can be dependably recognized. The

reason for this 1s that the 1cing of aerodynamic surfaces

of the aircraft or other surfaces that are flowed around

has the effect that the resistance of the ailrcraft

increases, which 1s ultimately reflected 1in a changed

flight performance, and consequently a changed flight
performance 1indicator. It has also been recognized 1n
this respect that, even with a small 1ncrease 1n the
resistance, such an 1ndicator 1s very informative, 1n

warnlng of i1cing that 1s critical in terms of safety.

It 18 significant here that 1t has been recognized that

the variation of the flight performance of an ailrcraft

type within the overall alrcraft fleet always liles below
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the deviation of the flight performance arising due to

1cing of an aircraft, so that, by considering the current

flight performance with reference to a nominal flight

g

performance of the respective aircraft type, dependable

detection of icing can nevertheless be realized 1n spite

pr—

of 1nherent variations of the flight performance among

the 1individual aircraft of the aircraft fleet. It has
also been recognized 1in this case that every flight

performance degradation that 1s c¢ritical 1in terms of

safety 1s always greater than the variation of the flight

performance that i1s inherent in the overall flight fleet.

F

Thus, a degradation of flight performance that 1s

pl—

critical 1n terms of safety can be distinguished from the

natural wvariation of the flight performance within the

overall aircraft fleet.

In particular, engine characteristics, which, as flying

state parameters, have a not inconsiderable effect on the

current flight performance, can lead to a variation of

the flight performance with respect to a referencing of

the flight performance 1in the non-degraded state which
may for example be attributable to the aging of the

engilnes, cleanliness of the engines and maintenance

intervals. It has 1In this respect been recognized that

such variations of the flight performance that relate to
variations of the engine performance, 1n particular the
thrust performance of the engines, likewise lie below the

ﬁ

variation of the flight performance caused by a

degradation, so that a degradation can also be dependably
detected 1independently of the fluctuation 1n englne

performance to be expected during operation.

The method according to the invention 1s additionally
capable of being appropriately adapted to every aircraft
type of an aircraft fleet altogether or i1ndividually to
each 1ndividual aircraft, in that the flight performance
model provided replicates the nominal flight performance

of the aircraft 1n the non-degraded flying state for at
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least each aircraft type of the aircraft <fleet orx

individually for the respectilive ailrcraftt.

Causes of a flight performance degradation may be, 1nter

pl—

alia, icing of the aircraft, contamination at least of

part of the aircraft, contamination of the engines (for

example by sand, volcanic ash, deposits on the engilne

rotor blades), abrasion within the engines or ailrcraft
hull, damage to the aircraft hull or the engines, for

example caused by collisions with objects (hail, bird

strike, other alrcraft, vehicles, buildings,

projectiles) and also additional 1interfering objects,

such as for example opened parachutes when a load 1is
shed, presence of external equipment (that 1s not

nominally taken into account).

Advantageously determined as flying state parameters are
the current flying speed, the current altitude, the
current overall aircraft mass and also a change over time
of these flying state parameters, 1.e. a change over time
of the current flyving speed, a change over time of the

F
p—

current flying altitude and also a change over time of

the overall aircraft mass. Also determinable as flying
state parameters are an englne characteristic for
determining the engine performance, a load factor 1n at
least the Z axis (vertical axis), a load factor 1in the
direction of the two other axes (longitudinal axis,
transverse axils), a current 1lift characteristic of the
aircraft, the current dynamic pressure and also an

alrcraft configuration as flying state parameters.

In order to avoild atmospherically 1nduced 1instances of
false detection, 1t 1s advantageous 1f a quasli steady
state of the atmosphere 1s assumed. This means that first

a suitable approach, such as for example the Kalman

filters widely adopted 1n science and technology, 1s used
for determining the current wind in an earth-based system

of coordinates, whereby  the resultant 1tems of
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information are available for further use within the

flight performance determination. It has 1n this respect
been recognized that the change over time of the current
flight performance can be divided into two fundamental

parts, to be specific on the one hand a component that

results from the change in the path speed during a flight

due to a non-variable wind field and on the other hand a

component that results from the aircraft experiencing a

change of wind. The latter 1s caused for example by the

wind field changlng locally or over time, whereby the

velocity of the incoming flow 1s influenced. It has been

recognized by the inventors that only the first component

of the change 1n speed correlates with the flight
performance and 1s consequently relevant to an improved

detection.

With the aid of these flying state parameters that can

be determined with the aid of sensors located as standard

on board an aircraft, 1cing of an aircraft in flight can
be dependably recognized. In this case, the current
flying speed and also the current altitude (barometric
height) and the dynamic pressure can be determined with
the aid of sensors that are always present as standard,
in particular 1n the case of airliners or commercilal
ailrcraft. Further, additional sensors, which would have

to be especially fitted for detection of 1cing, are not

necessary. A change over time of the current flying speed
and also a change over time of the current flying altitude

can 1n this case be correspondingly derived from the

values origlnating from the sensors over a predetermined

time period. The current overall alrcraft mass for

example can be determined sufficiently accurately from
the 1nput by the pilot before takeoff and also the fuel

consumption during the flight. Furthermore, depending on

the aircraft type, the current overall mass 1s also

estimated during the flight by on-board avionic systems.

A change 1n the overall aircraft mass, which takes place

due to the continuous consumption of fuel during the
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flight, can be derived directly from the fuel consumption

(sensors in the fuel supply lines) . Engine

characteristics for determining the engine performance

are provided during the flight by each engine to the on-

board electronics of an aircraft, and consequently can

likewise be continuously accessed. The same applies to

the load factors, the values of which are obtained from

the 1inertial navigation system of the aircraft. The

determination of the 1lift parameter can 1in this case be

derived computationally from the correspondling measured

values and measured parameters.

In the context of the present invention, an aircraft

conflguration 1S a term used for  the current

P
e

configuration of the aircraft with regard to the

configurations influencing the aerodynamics, such as for

example the state of the extended landing gear, the

position of the landing flaps or slats or other lift-

increasing devices. This is so because the change of the

aircraft configuration during the flight, for example
during landing, where the high-1li1ft devices are
continuously  extended, has the effect that the

aerodynamically dependent resistance of the aircraft

changes, which has a direct 1influence on the flight

performance. To avoild false detections, knowledge of the

current aircraft configuration 1s therefore advantageous

for determining the nominal flight performance, since the

nominal flight performance depends on the respective

alrcraft configuration. In the context of the present
invention, an aircraft configuration 1s also understood
in particular as meaning the presence of optional devices
that significantly i1nfluence the flight performance, and

also possibly their own state. These devices may be for

example measuring 1nstruments, in-flight refueling
devices (refueling pods under the wings) and also their
current state (for example the position (opened or

closed) of a loading ramp or whether an 1in-flight

refuelling hose 1s retracted or extended).
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In an advantageous embodiment, the current 1lift
characteristic of the aircraft is calculated as a flying

state parameter according to the formula

A=(n) g-m

In this case, A 1s the lift characteristic, (n;)2 1is a

load factor 1n the 1lift axis of the aircraft, g 1s the
acceleration due to gravity and m 1s the overall aircraft

mass.

The load factor (nz)2 in the 1lift axis of the ailrcraft

can 1n this case be calculated according to the formula

(n.f =—{n.) -sin(er)+(n.) -cosla)

where (nx)f 1s the load factor in the longitudinal axis

of the aircraft, (nz)f is the load factor in the vertical
axls of the ailrcraft and o 1s the angle of attack (angle
of attack 1n the plane of symmetry of the ailrcraft between
the direction of incoming flow and the longitudinal axis

of the aircraft).

Advantageously, the engine characteristic 1s set 1in

relation to all of the engines of the aircraft, for

example i1n the form of an overall engine characteristic
or an engine characteristic equivalent thereto. In the
case of multi-engine aircraft, for example an averaged
englne characteristic, taken over all the engine

characteristics of all the engines, can be calculated.

In a further advantageous embodiment, the low-pressure
shatft speed of at least one engine of the aircraft,
advantageously all of the engines (for example as an
averaged characteristic), 1s determined for the engine

characteristic for determining the engine performance as
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a ftlying state parameter. The low-pressure shaft speed

of an engine 1s therefore particularly well suited in

this <case as an engine characteristic Dbecause 1t
correlates very well with the englne performance, 1n

particular with the engine thrust. This is so because the

determination of the engine performance or the engine

thrust during the flight 1s only possible Dby

approximation, using complicated methods. The inventors

have recognized i1n this respect that, with the aid of the
low-pressure shaft speed as an engine characteristic, it

1s also possible to 1infer approximately the engine

performance, which influences flight performance and 1is

sufficient for the detection of a significant change in

flight performance or an icing state. Calculation methods
for determining the engine performance that are complex
and susceptible to errors and, 1n addition, also
computationally 1ntensive are not necessary 1n principle

tfor the present method.

This has the decisive advantage that the present method

for recognlzing 1cing can be performed by means of the
on-board electronic data processing systems, because no

excessilive computing capaclity 1s requilired and the

calculations can also be carried out by the on-board

avionlic systems.

Some parameters that come 1nto consideration for the

method are mentioned below by way of example. For the

altitude as a flying state parameter, the barometric
height (with or partially with ISA assumptions), the
geometric height, the geopotential height, the

ellipsoidal height or the orthometric height come 1into
conslderation. Furthermore, the air density, the
Lemperature and also the air pressure come 1nto
consideration as flying state parameters to be taken into
account. For the thrust as a flying state parameter, the

following come 1nto consideration for example: thrust,

PLA (power lever angle), EPR (engine pressure ratio), Ni
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(fan speed, low pressure core speed, Ny (low pressure
core speed, high pressure core speed), N3 (high pressure
core speed), torque (possibly normalized), Np (propeller

speed), Ny (high pressure turbine rotational speed), Ng

(low pressure turbine rotational speed), FF (fuel flow),

TT (turbiline temperature), EGT (exhaust gas temperature),

01l temperature, o1l pressure, propeller pitch, propeller

loads, fan loads, gear loads. For the speed as a flying

state parameter, the followlng come 1nto consideration

for example: VIAS (indicated airspeed), VCAS (calibrated

alrspeed), VTAS (true airspeed), VEAS (equivalent
airspeed), Ma (Mach number), Fr (Froude number), Re

(Reynolds number) . For the overall 1i1ft as a flying state

parameter, the following come 1into consilderation for

example: 1li1ft (1.e. 1n the aerodynamic system), 7Z force

(in the physically fixed system), load factor, profile

pressure distribution over the span.

As already mentioned, it 13 most particularly
advantageous 1f the current flight performance 1s an
overall change 1n energy over a predetermined time
period. The overall change 1n energy can in this case be
determined from the current flying speed with respect to
the air (Vras true—-alr-speed), the current barometric
flying altitude and also the overall aircraft mass and
the changes thereof over time 1in each case. This allows

the flight performance 1indicator and the assocliated

representation of the current flight performance to be

calculated by very simple means, without losing sight of

the accuracy of the method of detection.

Thus, the current flight performance 1indilcator can be

calculated as an overall change 1n energy according to

E,, =(@-H-m)+(g-H- M)+

: | .
(VTas - Vies m) + (‘2_‘V1:;5' m)
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where E.y 1s the overall change 1in energy over the
predetermined time period, H 1s the current flying
altitude, H 1s the change over time of the flying

altltudes over the predetermined time period, Vras 1s the

current flying speed with respect to the air flowing
around, V'tas 1S the change over time of the flying speed
with respect to the air flowing around over the

predetermined time period, m 1s the current overall

alrcraft mass and m 1is the change over time of the overall

ailrcraft mass over the predetermined time period and g
1s the acceleration due to gravity. Since the change over
time of the acceleration due to gravity g 1s generally

P

very small and 1ts relevance to the change over time of

the overall energy 1s very minor, the approximated form

represented above can be used. Thus, for example, the

usually positively defined fuel mass flow from the

alrcraft tanks to the engines can be entered as a negative

change 1n mass -m.

It should be mentioned once again at this poilint that the
flight performance 1ndicators can be determined as an
overall change 1n energy without additional sensors,

P

since the values of the specified flying state parameters

that are required for calculating the overall change 1in

energy are determined and provided continuously by the
avionic systems of the aircraft, or can be derived from

the determined values of various flying state parameters.

In an advantageous embodiment 1n this respect, the
nominal flight performance reference 1indilcator 1is
likewise specified 1n the form of an overall change in
enerqgy, so that the nominal performance reference
indicator 1s a nominal overall change 1n energy over a
predetermined time period. The flight performance model
1s 1n this case formed such that the nominal overall
change 1n energy for the current flying state can be
derived on the basis of the current flying state and the

corresponding values of the flying state parameters.
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On account of the fact that the nominal overall change
in energy for the current flying state can be derived by
means of the flight performance model and, 1n addition,
the overall energy 1s determined as a current flight
performance i1ndicator, the two indicators can be compared
with one another and corresponding deviations can be
established.

In an advantageous embodiment 1in this respect, a

differential resistance coefficient 1s calculated 1in

dependence on the current overall change 1n energy as a

current flight performance 1ndicator and the nominal

overall change 1n energy as a nominal flight performance

reference 1ndicator according to the formula

™

E . —E
AC, = —ZL OV
qg-S-V,.

where Eoy is the current overall change in energy, Erer 1S
the nominal overall change in energy, Vras 1s the speed
of the alrcraft with respect to the air, g 1s the dynamic
pressure and S 1s the wing surface area of the aircraft.
This characteristic value 1n the form of a differential

resistance coefficient 1s obtalined as a difference

between the current flight performance and the reference

flight performance, 1t Dbeing possible for example to

assume 1cing of the aircraft, and a detection of aircraft
icing occurring, 1f a predetermined limit wvalue with
respect to the differential resistance coefficient 1s

exceeded.

The conversion as a dimensionless coefficient ACy 1s
particularly advantageous, because 1t 1s a very simple
criterion (for example threshold value at 30% Cyo), which
can be used 1ndependently of the flying state and the

state of the aircraft and also 1ndependently of the
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aircraft 1itself. The necessary scaling between quite

small aircraft and quite large alrcraft, or from slow

flying states to fast flying states, has already been
taken 1nto account 1n the terms that are used 1n the

calculation of ACy.

In order also at this point to achieve a robustness with

respect to external influences, 1t has been recognized

that a filtering of the determined characteristic 1s

advantageous, to compensate for highly dynamic and non-

[

steady effects from for example the flight due to

turbulences, which could briefly falsify the calculated

current flight performance characteristic.

In a further advantageous empbodiment, furthermore, values

of flying state parameters from which a sideslip state

can pbe determined are determined. In dependence on these

determined values of flying state parameters from which

a sideslip flying state can be determined, a compensation

g—

value of the current flight performance indicator is then

calculated, so that the current flight performance

indicator 1s corrected by the compensation value. This

allows the sideslip flying state, which can falsify the

calculation of the current flight performance indicator,
to be removed from the overall change 1n enerqgy, so that

the risk of false detections during sideslip can be

reduced or avolided.

The compensation value may 1n this case be a resistance

compensation value, which can be calculated according to

the formula

~nl-m-g-sinf

Acw,(‘amp T
q:S

where ACy,comp 1S the resistance compensation value, nyt is

a lateral, aircraft-fixed load factor, m 1s the overall
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aircraft mass, g 1s the acceleration due to gravity, P

1s the sideslip angle, g 1s the dynamic pressure and S

1s the reference surface area of the aircraft. The
sideslip angle may be estimated (on the basis of other

data and i1nformation), measured and/or calculated.

In a further advantageous embodiment, a reduced flight

performance model 1s ©provided in the form of a

multidimensional table, each flying state parameter that

1s relevant to the flight performance model being

replicated by a dimension of the table. Each dimension

of the table has 1in thilis case a plurality of interpolation
points for the respective flying state parameter, which
replicate the predetermined wvalues of the respective
flying state parameters of this dimension of the table.

F

For each pailr of 1nterpolation values comprising values

of the various flying state parameters of the individual

dimensions of the table, 1t 1s then possible to derive

at least one nominal flight performance reference

indicator, which 1s stored at this position of the table

' ol

defined by the pair of i1interpolation points.

It has been found to be advantageous 1n thils respect 1f
the flying speed with respect to the air flowing around,
a lift characteristic of the 1lift of the aircraft, an
engilne characteristic of the engine performance, the

flying altitude and also possibly an alrcraft

configuration as flying state parameters respectively

form a dimension of the table, so that the flight
performance reference 1ndicator can be determined, for
example 1n the form of a nominal overall change 1n energy,

on the basis of specific values of these flying state

parameters.

The advantage of providing the flight performance model
1in this tabular form 1s that the desired flight

performance reference 1indicator can be determined from

the flight performance model without any appreciable
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computational effort (a small, constant number of
computing operations), so that the overall detection of
alrcraft 1cing can be carried out continuously during the

flight 1n real time. The pilot can therefore be provided

with signalling about 1cing 1immediately. There 1is

consequently no need to simulate a complete dynamic model

that requires great computing power, which especially in

-

the case of small unmanned flying objects cannot be

provided.

The object 1is otherwise also achieved according to the

invention by the assistance system according to claim 17

for carrying out the aforementioned method. The

asslistance system has 1n particular an electronic

evaluation unit, in order to carry out the calculations

P

of the current flight performance indicator and the

nominal flight performance reference indicator and also

the detection of 1cing by comparison of the two
indicators. Furthermore, the assistance system has a data
memory oOr 1S 1n communicative connection with such a
memory, the digital flight performance model being stored

1n the data memory.

The 1nvention 1s explailined by way of example on the basis

of the accompanying figures, 1in which:

Figure 1 - shows a schematic representation of an
assistance system;

Figure Z - shows a simplified representation of a

tabular flight performance model.

Filgure 1 schematically shows the assistance system 10,
which may for example be an electronic data processing
system within the avionic systems of an aircraft.
However, 1t 1s also conceivable that the assistance
system 10 1s provided outside the aircraft, a
communicative connection between the assistance system

on the one hand and the ailrcraft on the other hand then
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havling to exist 1n order to be able to transmit the data
of the flying state that are necessary for the
calculation and the detection to the assistance system

10 and to transmit a possible detection of 1cing back

again into the alrcraft. Use as "“post-flight analysis”

1S also conceivable.

In the further explanations, 1t 1s however assumed that
the assistance system 10 1s a component part of an

alrcraft.

The assistance system 10 is connected via an interface

11 to the data bus 12 of the avionic system of the

alrcratt, 1n order to be able to record the flying state

parameters necessary for detection. By way of this data

bus 12, the assistance system 10 1s 1ndirectly in

connection with the sensors fitted as standard 1in the

alrcraft and can thus record the flying state parameters

necessary for detection that are measured with the aid

of the sensors during the flight and access them from the

data bus 12 via the 1nterface 11.

The assistance system 10 has furthermore a digital data

memory 13, 1n which the flight performance model 14 1is

stored 1n the form of a multidimensional table. The
multidimensional table has the advantage, however, that
the determination of the flight performance reference
indicator 1s possible without any special computing

effort, since 1t 1is obtained directly from the table in

dependence on the specific wvalues of the flying state

parameters of the flying state. In addition, there is the

possibility of 1nterpolating between flight performance

reference 1indicators 1f the wvalues of the flving state
parameters of the flying state do not directly replicate

the corresponding 1nterpolation points.

As shown 1in Figure 2, such a tabular representation of

the digital flight performance model may for example
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consilst of five dimensions, a dimension being
respectively provided for the flying speed, a 1lift
characteristic, an englne characteristic, the flying

altitude, and also an overarching aircraft configuration.

Returning to Figure 1, the assistance system 10 has
furthermore an electronic evaluation unit 15, which 1s
designed for detecting an 1icing state. For this, the

evaluation unit 15 has a reference module 16, which 1is

designed for calculating or determining a nominal flight

performance reference 1ndicator. In the exemplary

embodiment of Figure 1, the nominal flight performance

reference indicator is the overall change in enerqgy Eres,
which 1s also stored in the table in the flight

performance model according to Figure 2.

The reference module 16 1s 1n this case connected to the
digital data memory 13, in which the flight performance

model 14 1s stored, 1n order to be able to access the

table 14 stored there. Furthermore, the reference module

16 1s connected in terms of signaling to the data bus 12

via the interface 11, 1in order to be able to determine

the flying state parameters necessary for the calculation

and determination of the overall change in energy Erer and

their current wvalues.

In the exemplary embodiment of Figure 1, the reference
module 16 requlres at least the current flying speed Vras
with respect to the air flowing around, the current
barometric height H, the current overall mass m, values
with respect to the load factors (at least in the 1lift
axls, advantageously also 1in the 1longitudinal and
transverse axes), an engine characteristic and also items
of information wilth respect to the alrcraft
configuration. The engine characteristic may be for
example the low-pressure shaft speed of the engines of

the aircraft (for example as an averaged characteristic

over all the engines). If the aircraft has two or more
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engines, 1t 1s conceivable that the low-pressure shaft

speed 1s averaged over the engines.

With respect to the aircraft configuration, i1tems of

information that reflect the current aircraft
conflguration are transmitted. These are items of
information with respect to the landing gear (retracted,

extended) and also i1tems of i1nformation with respect to

lift-changing measures, such as for example high-1lift

systems, slats, landing flaps. These 1tems of information

are therefore advantageous because, by changing the

aircraft configuration i1in such a way, the aerodynamics

of the aircraft are influenced, and consequently the

overall resistance of the aircraft 1s changed. In order

to prevent that, when there 1s a change of the aircraft

configuration, and consequently an accompanying change

of the overall resistance, a variation of the flight

performance caused Dby 1cing 1s not 1inferred, the

individual possible aircraft configurations are also
taken 1into account in the flight performance model, so
that a correct nominal flight performance reference

indicator can also be determined for each aircraft

conflguration.
For the determination of the nominal overall change in

energy Erer, first a 1lift characteristic A 1s required,

obtained according to the formula
Fé
A%(n:f:) gm

The load factor (n;)?2 can 1n this case be calculated

according to the formula

(n.) =~{n) -sin(a)+(n.) -cosla)

where the angle o 1s the angle of attack.
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On the basis of the current aircraft configuration, the
multidimensional table of the flight performance model

14 that matches the current aircraft configuration 1is

then determined from the digital data memory. Then, on

the basis of the values of the current flying altitude,

the 1lift characteristic, the flying speed and also the

engine characteristic from the table, the nominal overall

change 1in energy Erer over time 1s determined and

temporarily stored 1n the reference module 16.

The nominal overall change in enerqgy Eref Over time 1s in

this case the characteristic of the flight performance

of the aircraft 1n the un-iced state and can to this
extent be understood as an 1dealized value. This

reference 1ndicator of the flight performance may 1n this

case elther be provided generally for the aircraft type

of the aircraft or be adapted specifically to the

alrcraft, for example 1f the aircraft i1s already somewhat

older, resulting 1n a changed flight performance. This

allows the overall system to be much more accurate.

Furthermore, the evaluation unit 15 has a flying state
module 17, which 1s likewlse connected by the interface

11 to the data bus 12 and can then calculate on the basis

of corresponding flying state parameters a current flight

performance indicator 1in the form of an overall change

in energy Eov. For this, the flying state module 17

receives as flying state parameters at least the current
flying speed Vrmas, the current altitude H, the overall
ailrcraft mass m and also a change over time of the overall

alrcraft mass m.

On the basis of these wvalues, 1t 1s then possible with

the aid of the formula

Eov=(g-H -m)+(g-H -m)+

: | B :
(VTas * Viyg -m) + (“2""'??1;5 - m)
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to determine the current overall change 1n energy over

time as a flight performance characteristic.

In order to avold atmospherically induced 1instances of

false detection, a quasl steady state of the atmosphere
1s advantageously assumed. The change over time of the
norm of the 1ncoming-flow velocity vector Vemas may
comprise not only a component from the change 1in the path
speed (aircraft movement 1n the quasi steady-state,
homogeneous wind field) but in addition a component from
the experienced change over time of the wind (flying
through a steady-state and/or inhomogeneous wind field),

wlth

VTAS:V - +V

TAS,V, TAS,V .,

7

The component =% is dominated here decisively by the

characteristics of the aircraft, and consequently

correspondingly comprises the flight performance. By

contrast, the change in the 1ncoming flow due to a change

. Vo s -
of the wind ™. results from the non-steady atmosphere

through which the aircraft is moving. With the estimated

component of the wind, in for example a geodetic system
of coordinates (as advantageously explained below), these
two components can be analytically separated. The

following applies:

(Vms )g = (V; )g B (V“)’%’

o ad f o~ e 7
= (Vus)g = E;((-Vk ) ~ (I/W)g)

whereby the following 1s obtained for the norm of Vras

as a scalar change of the flying speed
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" d | y ~ w2 : }
Py = :;; '\/(“k,g —u, )+ (-Vk,g —V, )t (_wk‘g -W, . Y |

..... (vkuug)+(v- ¥+ (w,))

Since, 1in the case of quasi steady-state wind, only the
terms that comprise a change of the path speed have to

be taken 1nto account, they can be extracted from the

analytical derivative of the 1ncoming-flow velocity.

Consequently, the change 1n the incoming flow velocity

effective on the aircraft without a change in the wind

becomes

a8
TAS,?’}{ V '
TAS

Z{k’g : Vk_?g i M’k,g

-

are the three components of the path

where

acceleration vector (time derivative of the path speeds)

ud;g’va g:,% 2,8

1n the geodetic system of coordinates, are

—

the three components of the vector of the current flving

speed with respect to the air, Vrs 1is the speed of the
V .
TASY,

alrcraft with respect to the air and 1s the change

1in the current flying speed because of a change in the

prath speed.

V. .
Furthermore, the component I45%  which results from the
change 1n the wind, can be summarized from the remainling
terms, since they are dictated by the non-steady behavior

of the atmosphere:

” UG U, TV n ot W, e Wag
TASV. y '
LTAS
U 1% 1 2%

W, g 2 W, 2 3 W O

where ® are the three components of the vector

of the time derivative of the wind speeds in the geodetic

U V W

system of coordinates, .87 a8’ "4, are the three
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components of the vector of the current flying speed with

respect to the air, Vias 1s the speed of the aircraft with

V .

respect to the air and T45.V, is the change 1n the current

flying speed because of a change 1n the path speed.
VT

On the one hand, the time derivative 4% then determined

from the measured flying speed can be corrected by the

components from the non-steady behavior of the atmosphere

Voo
5% . On the other hand, the component of the can also

V.

10 be determined from the change in the path speed 5% in
the estimated, steady-state wind field and used, which
is favored at this point, since the path accelerations

can be reliably measured with an 1nertial navigation

platform and necessary 1ncomlng flow parameters can be
15 measured and/or estimated well. This avoids the problem
of determining the time derilvative of the components of

the wind vector 1n the equation. Furthermore, the

&

LGHS

separately filltered, 1n order to prevent 1i1nstances of

numerical time derivative of would also have to be

20 false detection that could arise due to nolise overlaid

on the derivation of the signal. Although the correction

. — . . /‘ .

oV ,comrected M . _
45V,  of a wvalue Eyow determined from

measured parameters alone by the components from the

change 1n the wind 1s correspondingly possible, 1t 1is

V

25 regarded in comparison with direct calculation with ™5

as too laborious and not reliable enough.

Fal
e

With the available vector 745 of the incoming flow,

)

£

including the estimated wind and also its norm 4%, the

7\
»

V .

30 time derivative of the incoming-flow velocity TA5.Vy can

be determined
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In an advantageous embodiment, the current flight

performance state for a case of quasi steady-state wind

consequently follows directly from

3 : | : ’
Eov*"‘"‘m‘Vm‘V;A&;} T me s tm-g-H+m-g-H

o

The two i1ndicators for the flight performance, 1.e. the

nominal overall change in energy Erer Over time and the

current overall change 1in enerqgy Eoy over time of the

reference module 1lo and of the flying state module 17,
are then 1introduced 1nto a detection module 18, which
then carries out the corresponding detection of 1icing.

This may take place for example by a reference resistance

coefficient that characterizes the difference of the

resistance coefficients on the basis of the two overall

changes 1n enerqgy being calculated. For this, the current
speed Vras, the dynamic pressure g and also the current

wing surface area S are also provided for the detection

module 18.

With the aid of the formula

AC, = -—-------------—-—-—-Emf _oV
W o
q-S Vs

the differential resistance coefficient ACy 1s then
calculated, 1cing being assumed whenever the differential
resistance value ACy 1s greater than a threshold value.
This threshold value may for example lie at 30% of the

zero resilistance coefficient.
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In order to avoid falsifications of the detection 1n the
case of sideslip, also provided 1s a sideslip module 19,
which calculates a resistance-coefficient compensation

value, 1n order to calculate the falsified state of the

sideslip out of the actual differential resistance

coefficient.

The sideslip angle may 1n this case be estimated by

oA
~ .|V,
[ =arcsin| —

\.7 745 /

The resistance-coefficient compensation wvalue 15 then

calculated according to the formula

mn..yomogosinﬁ
q-5

]

ZS(%%Bﬁmmp

and 1s likewilise provided for the detection module 18. The

reference resistance coefficient ACy 1s then calculated

1n dependence on the formula

AC, = —rt~Zox

= ——————=ACys com
q -9 Vi reeony

where the corresponding components of the sideslip have

been elimlnated here by the resistance-coefficient

AC,

compensation value B.Comp  pinally, a validity module
20, which  receives flying state  parameters for
determining a validity i1ndex, may also be advantageously
provided. Since the flight performance model 1s a reduced
performance model, flying states 1in which the validity

range of the reference model 1s left, or for which the
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reference model has a reduced accuracy, are conceilvable.

This may be for example the extending of spoilers during

the flight, whereby the aerodynamics of the overall

alrcraft are changed greatly. Since thils occurs
relatively rarely, however, 1t 1is usually not worthwhile
creating an enhanced or separate flight performance model

for thuis.

If the wvalidity module 20 recognizes from the flying

state parameters that the limits of the flight
performance model 14 are being left, this 1s signaled to
the detection module 18, in order in this way to indicate

to the detection module 18 that a wvalid detection of a

degradation of flight performance or aircraft icing 1is

no longer possible. In this case, the detection module

would no longer detect ailrcraft i1cing that is possibly

recognized and would not output a corresponding warning.
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Patent claims

1. A method for detecting a degradation of tflight

performance of an aircraft in flight, providing for

the ailrcraft type concerned a digital flight

performance model, of the aircraft in flight, which

replicates the nominal flight performance of the

aircraft in the non-degraded flying state, with the

steps oftf:

a) determining a current flying state of the

aircraft in flight, the current flying state from

g

a plurality of values comprising of flying state

parameters that influence or characterize the

flight performance of the aircraft, which are at

least partially recorded by means of sensors

provided on the aircraft,

b) calculating a current flight performance
indicator from one or more flying state
parameters of the currently determined flying

state by means of an electronic evaluation unit,

c) determining a nominal flyving performance
reference indicator from the flight performance
model provided 1n dependence on one Or Immore
flying state parameters of the currently
determined flying state by means of the
electronic evaluation unit, and

d) detecting a degradation of the flight performance
of the aircraft in flight 1in dependence on a
comparison between the current flight performance
indicator and the nominal flight performance
reference indicator 1f the deviation 1s greater

than a predetermined limit value by means of the

electronic evaluation unit.

?. The method as claimed in claim 1, characterized 1n
that aircraft icing 1s established 1n dependence on

the detection of a degradation of flight performance.
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The method as claimed in claim 1 or 2, characterized
in that the current flying speed, a change over time

of the current flying speed, the current altitude, a

change over time of the current flying altitude, the
current overall aircraft mass, a change over time of
the overall aircraft mass, an engine characteristic
for determining the engine performance or the engine
thrust, a load factor, a current 1lift characteristic

of the aircraft, the current dynamic pressure and/or

a current aircraft configuration as flying state

parameters.

gr—

The method as claimed in one of the preceding claims,

characterized 1in that the current 1i1ft A 1s

calculated as the current 1lift characteristic of the
alrcraft as a flying state parameter according to the

formula
A=(n)-g-m

where A is the 1lift, (nz)2 1s a load factor 1n the

1lift axis of the aircraft, g is the acceleration due

to gravity and m 1s the overall aircraft mass.
The method as claimed in claim 4, characterized 1n

that the load factor (n;)2 in the 1lift axis of the

alrcraft is calculated according to the formula

(n.) =—n.) -sin(a)+(n.) -cos(a)

where (ny)f is the load factor in the longitudinal

axis of the aircraft, (n;)f 1s the load factor 1n the

vertical axis of the aircraft and o 1s the angle of

attack.
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The method as claimed in one of the preceding claims,

characterized 1n that the low-pressure shaft speed
of at least one engine of the ailrcraft 1s determined
for the engine characteristic for determining the

engilne performance as a flying state parameter.

The method as claimed in one of the preceding claims,

characterized i1n that the current flight performance
indicator 1s an overall change 1n energy over a

predetermined time period.

The method as claimed 1n claim 7, characterized 1n

that the current flight performance 1ndicator 1is
calculated as the overall change in energy according

to the formula

. 1 .
T L U SN

At

E

O

where (Eov) 1s the overall change in energy over the

predetermined time period, H 1is the current flying
altitude, (H) is the change over time of the flying
altitudes over the predetermined time period, Vras 1S

the current flying speed with respect to the air

flowing around, V rtas 1s the change over time of the

flying speed with respect to the air flowing around
over the predetermined time period, m 1s the current

overall aircraft mass, (m) 1s the change over time

of the overall aircraft mass over the predetermined

time period and g 1s the acceleration due to gravity.

The method as claimed in either of claims 7 and 8,
characterized 1n that the nominal flight performance
reference 1indicator 1s a nominal overall change 1n
energy over a predetermined time period, a flight
performance model being provided, from which the

nominal overall change 1n energy for the current
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12.
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flying state can be derived on the basilis of the

current flying state.

The method as claimed in claim 9, characterized 1in

that a differential zresistance coefficient ACy 1s

calculated in dependence on the current overall

change in energy as a current flight performance

indicator and the nominal overall change 1n energy

as a nominal flight performance reference 1indicator

according to the formula

Acrmw
g9 Vis

where (Eoy) 1s detected as the current overall change

in enerqgy, (Erer) as the nominal overall change 1in

P

enerqgy, Vras as the speed of the ailrcraft with respect

to the air, g as the dynamic pressure and S as the

reference surface area of the aircraft, a degradation

of the flight performance being detected 1f the

differential resistance coefficient 1s greater than

the 1limit value.

The method as claimed in one of the preceding claims,
characterized in that the current flight performance
indicator 1s determined while also taking 1into
account a variation 1in the wind experienced Dby the

alrcraft.

The method as claimed 1in claim 11, characterized 1in
that a wind component of a change over time of the
speed of the aircraft with respect to the air while
taking into account the variation in wind experienced

according to the formula
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?}j S 2 i:;‘.
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“+‘%@ﬂ@4g+;mﬁﬁgwmg

VTA S

“k,g ? Vk,g ’

where k2 3re the three components of the path

acceleration vector (time derivative of the path

speeds) 1n the geodetic system of coordinates,
HagrVag>Wayg are the three components of the vector

of the current flying speed with respect to the air,

Vras 1s the speed of the aircraft with respect to the

V.

air and ™S" is the change in the current flying

speed because of a change in the path speed, and the

current flight performance indicator 1s given as an

overall change in energy over a predetermined time

period and is calculated according to the formula

. I | . |
Eov=m-Vs Viys '*"“,;""”*'Vrm +m-g-H+m-g-H
Vias = 6
where 145V |

The method as claimed in one of the preceding claims,

characterized in that wvalues of flying state

parameters for determining a sideslip state are
furthermore determined, a compensation value of the
current flight performance indicator be1ing
calculated in dependence on these determined values
of flying state parameters for determining the
sideslip state and the comparison also being carried

out 1n dependence on the compensation value.

The method as claimed in claim 13, characterized 1in
that the compensation value 18 a reslstance
compensation value, which is calculated according to

the formula
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ny‘m~g'sinﬁ

q- Sy

AC,

Vi . comp —

where ACy,comp 1S the resistance compensation value, ny

is a lateral load factor, m 1s the overall aircraft

mass, g 1s the acceleration due to gravity, [ 1s the

sideslip angle, gq is the dynamic pressure and SF 1s

the reference surface area of the aircraft.

The method as claimed in one of the preceding claims,

characterized 1in that a reduced flight performance

model is provided in the form of a multidimensional

table, each flying state parameter that 1s relevant

to the flight performance model belng replicated by

—

a dimension of the table, each dimension of the table

having a plurality of interpolation points, which are

the predetermined values of the respective flying

state parameters, and at least one nominal flight

performance reference indicator being stored for each

palir of 1nterpolation values comprising values of the

various flying state parameters.

The method as claimed in claim 15, characterized 1in

that the flying state parameters forming the

dimensions of the table are the flying speed with
respect to the air flowing around, a lift
characteristic of the lift of the aircraft, an engine
characteristic of the engine performance, the flying

altitude and possibly an ailrcraft configuration.

An assistance system (10) for detecting a degradation

of flight performance of an aircraft in flight, the
assistance system (10) being designed for carrying
out the method for detecting the degradation 1n
flight performance as claimed in one of the preceding

claims.
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The assistance system (10) as claimed 1n claim 17,

characterized 1n that the assistance system 1S
designed for detecting aircraft 1cing 1n dependence

on a recognized degradation of flight performance.

19. An aircraft with an assistance system (10) as claimed

in claim 17 or 18.
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