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Summa ry
H

This report presents a mathematical model of the external distur-
bances acting upon an aircraft during an I.L.S. approach and landing.
Three different types of disturbances areydistinguished: the wind, at-
mospheric turbulence and the noise contained in the I.L.S. signals.
The model is thought to be applicable to altitudes between ground le-
vel and 450 m.

The basic material from which the model has been constructed, has

been compiled from available literature.
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the index i indicating the variable concerned
aerodynamic moment about the aircraft's X-axis
aircraft's mass
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power (in expression (4-1) for the wind speed)
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component of-v; along the earth-.fixed Ze-axis
aircraft's weight

distance from the aircraft's c.g. to the glide path
antenna along the runway centerline

coordinate of the aircraft's c.g. along the earth-
fixed Xe-axis

distance to threshold

distance from the localizer antenna to the threshold
aerodynamic force along the aircraft's X-axis
lateral Aeviation of an aircraft from the localizer
reference plane

coordinate of the aircraft's c.g. along the earth-
fixed Ye-axis

offset of the glide path antenna from the runway
centerline

aerodynamic force along the aircraft's Y-axis
coordinate of the aircraft's c.g. along the earth-
fixed Ze-axis

aerodynamic force along the aircraft's Z-.axis

angle of attack

sideslip angle

angle of pitch

nominal glide path elevation angle

measured glide path error

standard deviation of a stochastic variable, the




index i indicating the variable concerned
'@ angle of roll |
}& power spectrum of a stochastic variable, the index i
indicating the variable concerned
angle of yaw

angle, defined in Fig. 9

<

direction of the wind relative to the earth.

—~<
€

fixed Xe_axis

n spatial circular frequency
Indices

g.p glide path

£ localizer

Systems of axes

In this report two systems of axes are used.

1. An aircraft-fixed right-handed reference-frame OXYZ. The origin O
lies in the aircraft's centre of gravity, the positive X-axis lies
in the plane of symmetry OXZ and points forward. The positive

Y-axis points to the right, the positive Z-akis points downward.

2, An earth-fixed, right-handed reference.frame oexeYeze' The origin
0e has a fixed position on the surface of the earth. The Xe- and
Ye_axes lie in the horizontal plane, the positive Ze-axis points

downward.

~

Remark: the altitude of the aircraft is h = - ze.



3. Introduction

The success of the approach and landing of an aircraft largely
depends on the ability of the human or automatic pilot to suppress
the effects of external disturbances acting upon the aircraft during
the last phases of flight. ‘

The problem of accurately following the nominal flight path is
most acute under conditions of low visibility, when the approach is
likely to be made using I.L.S. guidance signals.

This report endeavours to provide a mathematical description of
the various disturbances to be considered in an I.L.S. approach and
landing of an aircraft. The disturbances are thought toc be mainly of
two different origins: the motions of the air in the lower atmosphere
and the noise in the I.L.S. signals.

When discussing the atmospheric disturbances, it is convenient
to divide the motions of the air relative to the ground into two
parts, usually indicated as the wind and atmospheric turbulence. Con-
sequently the discussions in this report deal with three types of ex-
ternal disturbances:

a, wind,

b. atmospheric turbulence,

c. noise in the I.L.S. signals.

The data employed to construct the mathematical model for these
external disturbances have been collected from the available litera-
ture. The resulting model is thought to be valid for conventional air-
craft at altitudes between ground level and 450 m (1500 ft).

It should be remarked that the various disturbances are grouped
together since they all originate from sources external to the aif-
craft. Nevertheiéss, they influence the motions of the aircraft in
quite dissimilar ways, see Fig. 1.

The wind is seen to primarily influence the motion of the air-
craft relative -to the ground. Atmosphéric turbulence acts directly on

the aircraft through aerodynamic forces and moments which have been




calculated at several places in the literature, e.g. see Refs. 4 and
5. The noise in the I.L.S., signals enters the aircraft through the on
_board I.L.S. equipment. Disturbances of the latter type have an in-
fluence on the aircraft's behaviour only via the human or the automa.

tic pilot.

4, Mathematical model of the wind

4.1 General

In the context of this report the wind velocity vector_;; is de-
fined as the average over a certain area in the horizontal plane at a
certain height above the terrain and over a certain time interval, of
the velocity vector of the air relative to the ground. The time inter-
vél over which the average is to be taken, should be chosen much
larger than the interval during which the aircraft is affected by the
air velocity at a certain point in space, yet it is to be taken small
eﬁough relative to the time scale on which changes in the general at-
mospheric conditions occur.

It is assumed that the wind velodcity vectozuv; as just defined
has no vertical component at the low altitudes above essentially level
ground to be considered in this report. In the horizontal plane the
wind velocity vector-v; is described_by a magnitude Vw (the wind
speed) and by the wind direction, V;, or by its components uwe and
Vae along the two orthogonal Xe- and Ye_axes. Either combination of
two elements of the wind vector will depend on the altitude above
the ground and on the stability of the atmosphere as expressed by the

dT
temperature lapse rate, i

4.2 Wind speed as a function of height

Due to the friction of the air over the ground, wind speed de~

creases markedly with decreasing height in the lower layers of the



atmosphere. The resulting wind profile depends in principle on the

type of terrain and on the stability of the atmosphere, see Ref. 2.
From the data given in Ref. 2, it appears that likely variations in
the type of terréin have én influence on the wind profile well within
the scatter of the experimental data.

According to Ref. 2, a logarithmic law describes the wind profile
well for adiabatic and unstablé conditions, where the lapse rate %%
is greater than 0,010C/m.‘A power law appears to be more suitable for
stable conditions, where %%<:0,01°C/m. Taking the wind at 9,15 m
(30 ft) as a reference value and assuming Vw to be constant above

300 m, the following expressions for the wind speed result.

W - nP
dT o )
a. o<d—h<o,01 Cc/m v, =V, , — 0 <h <300m
9,15 9,15".110p
where: ho =0,03 m
. _ dT
and: p = 0,43 - 27. an
V =V h> 300 m
7
Y VY300
(4-1)
daT o log h
b. dh}o,01 C/m SV =V (m + 0,620) 0< h < 300m
9,15
- V. =V =1,62V h > 300 m
¥ ¥300 ¥9,15
(4-2)

These wind profiles are shown in Fig. 2.
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4.3 Wind direction as a function of height

In the lowest layers of the atmosphere a variation of the wind
direction occurs, due to the friction of the air over the ground.

Such shifts in wind direction are termed veering if the wind
turns clockwise and barking if the wind turns counterclockwise with
increasing height. Data presented in Table 5.5 of Ref. 6 show that
the wind veers with height on the averagelaboqt-0,04°/m, to a height
of some 900 m (3000 ft) over coastal plains on the Northern

Hemisphere.

4.4 Wind as.a function of atmospheric conditions

Clearly the wind speed and direction are strongly related to the
prevailing atmospheric conditions. Since the particular location of
the airfield under consideration also has a very marked influence on
the wind to be expected under given atmospheric conditions, no
attempt has been made in this report to find a general expression for
the wﬁnd as a function of those atmospheric conditions. Rafher it is
assumed that the wind - at some reference height , e.g. 9,15 m - be
given as an independent variable when describing the external distur-

bances acting on the aircraft during approach and landing.

5. Mathematical model of atmospheric turbulence

5.1 General

ﬁarlier in this report the motion of the air relative to the
ground has been divided into two parts : the wind and atmospheric tur-
bulence. Bearing in mind the definition of thevwind given ih 4.1, the
turbulence velocity vector‘V; can now be defined as the momentary
difference between the velocity of an air particle relative to the

earth at a certain instant in time and at a certain height, and the
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-
wind velocity vector Vw at that time and altitude.

Atmospheric turbulence has been studiéd at length in the
literature, e.g. Ref. 3. In this report use is made mainiy of the
data given in Ref. 1. The main reason for this choice has been the
fact that these data have been collected from an extensive survey of
other. publications, and moreover they have been presented in a form
well suited for the present purpose. .

It is general practice to think of atmospheric turbulence ‘as a
stochastic process. This permits describing the phenomenon in terms of
power spectral density functions. In line with Ref. 1, the approach
adopted here to express the turbulence in quantitive terms is a semi-
empirical one. The structure of the expressions giving the spectral
density functions of the components ué, vg and wg ofiv; have been
taken from theoretical work on homogeneous isentropic turbulence.

The spectra to be used are those due to Dryden, see Ref. 1:

2L
qu w =o 22—
B ug 1 +L
9 LV 1+3$'l22
@v L = Ov 'T—'z_z"i £1 in rad/m
g g a +0°L
é o L ]_.+3.O.2_L2
(.Q):o . —_
2.2
w wg b8 SlzL )

The intensity of the turbulence is expressed by the variances:
- -]

s 2o @a(fl) . d i= Ugs Vgr Wy
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In isentropic turbulence no differences exist between the variances

2 2 2
'y O and Gw , also the three scales Lu’ Lv and Lw are identi-

g g g

The quantitative values of the variances and the scales of the
turbulence actually to be inserted in the above power spectra are
based on experimental data, see Ref. 1. As - might be expected, these
experimental data show the variances and scales to be functions of
height. The vertical component wg behaves different from the horizon-
tal comenents ug and vg, As a consequence, turbulence at the low
altitudes considered is neither homogeneous nor isentropic.

The following paragraphs present the numerical data proposed for
the mathematical model of atmosphere turbulence at low altitude.
Following Ref. 1, the intensity and the scale of the vertical compo-
nent wg are described first, then the corresponding characteristics

of the two horizontal components ug and vg are related to those of wg

5.2 Intensity of the turbulence

5.2.,1 Vertical component, wg

The standard deviation of vertical gust velocity Gw is presented

g
in Fig. 3, see also Fig. 1 of Ref. 1. Clearly, Uw depends on a

g
terrain factor RT, the wind speed Vw, the height and also on the stae

bility of the atmosphere as expressed by the temperature lapse rate.
The terrain factor to be used can be chosen from the following

Table 1.



Type of terrain RT
Ocean, desert 1
Farmland 1,1
Forest, swamp 1,15
Low mountains 1,3
High mountains 1,4

Table 1: Terrain factor RT

In many cases of practical interest it may be assumed that:

When calcuylating Uw at a certain altitude, the wind at that altitude

g
has to be used in Fig. 3. Assuming the wind speed to increase with

altitude according to (4-1) and (4-2) given in 4.2, a relation be-

tween cw and altitude results as depicted in Fig. 4 for RT =1,1. In

g
this Figure a wind speed at 9,15 m and a temperature lapse rate are

needed to find Ow at any altitude between O and 450 m.
g

5.2.2 Horizontal components, ug‘and vg

As was mentioned in 5.1, ou and Uv are equal to ow in isentro-
g g g
pic turbulence. According to Ref. 1, such experimental data as exist,
lead to the following expressions for Uu and Gv .
g g
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a. Stable and neutral atmosphere, O < %% < 0,01°C/m

[+ g
\lg . Vg
—==3 ;== =2 0{h< 15
w w
g g
o g
u v
.g_g = G_g = 1,2 -0,00056.h 15 h< 360 h inm
w w
g g
g [s
‘g _ g
—£--£- h> 360
w w
g g

a (o

ug v
—£-3 g —£-2 ogn <15
w w

g g

g [e]

u v , , ,
—£ - _£-1,3.0,0019 h 15¢{n <160 h inm
ag g ~N

w . w

g g

(9] g

ug _Vg
-2 - 8 _

- - h) 160

w w

g g

In view of the considerable scatter in the déta on which these
expressions-are based, it seems to be justified to simplify the model
by combining the two sets into the following relations for all stabie
lity conditions of the atmosphere.



c. All stability conditions of the atmosphere

g g
u Vg )
-ig = —==2,5 . o¢n <15
w w
g g
a g
u v
B_g‘ = .O_g = 1,25 - 0,001 h 15 { h {250 h in m
w w ' ’
g g
a o
u v
—£ . -£. hY 250
g J
w w
g g

The resulting ratios of the standard deviations as a function of

altitude are given in Fig. 5.

5.3 Scale of the turbulence

5.3.1 Vertical component, wg

The information available on Lw has been presented in Fig. 6,
see also Fig. 2 of Ref. 1. For a given temperature lapse rate, Lw

can be read directly as a function of altitude.

5.3.2 Horizontal components, ug and v

The isentropic condition:

does not seem to hold too well at low altitudes. Based on Ref. 1,

B
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the following relation between Lu’ Lv and Lw is proposed for all sta-

bility conditions of the atmosphere:

Lu I-‘V

== 1,27 ogh {15

w w

L L

=7 =1,3-0,002h 15 {h {150 h in m
w w

Lu LV

T =T~ 1 h> 150

w w

These ratios are plotted in Fig. 7 against altitude.

5.4 Concluding remark

From the foregoing it can be concluded that fhé entire structure
of the wind and the atmospheric turbulence during approach and
landing can be described, according to the model just presented, by
giving:

a, the wind speed and direction at some reference height, e.g.

9,15 m
b. the temperature lapse rate of the lower atmosphere °

c. a terrain factor

Since the likely variations in the terrain factor appear to be
relatively small, the external distrubances due to the atmosphere,

acting on the aircraft at a certain altitude, are seen to depend

primarily on the wind speed and on the stability of the atmosphere.



6. Mathematical model of the I.L.S. signals

6.1 General

Before dealing with the noise and other disturbances contained
in the I.L.S. signals, it may be useful first to give a very brief
description of the nominal I.L.S., signals. A more detailed descrip-
tion of the Instrument Landing System can be found e.g. in Ref. 7.
Requirements to be satisfied by an I.L.S. installation have been set
forth by I1.C.A.0., see Refs. 8 and 9. The ground based part of the
I.L.S. installation of interest in this discussidn is sketched in
Fig. 8.

1.L.S. provides guidance to the approaching aircraft in.two
planes. The localizer signal, emitted by the localizer antenna si-
tuated beyond the far end of the runway, provides a left or right in-
dication Trelative to the vertical localizer reference plane passing
through the runway center line. The glide path signal, emitted by the
glide path antenna located some 300 m beyond the runway threshold,
provides an up or down indication relative to the glide path refe-
rence plane. The latter plane passes through the glide path antenna.
Its intersection with thé localizer piape is the hbminal glide path
to be followed by the aircraft during its final approach. The angle

Oo between the nominal glide path and the horizontal is set at
g-P o °
some angle between 2 and 4 . In many cases an angle of 2,5 is used,

this being the preferred I.L.S. glide path angle according to
3.1.4.1.2,1 of Ref. 8. ’

The localizer and glide path signals are received on board the
approaching aircraft. They are diéplayed in a suitable form to the
pilot and may be fed directly to the automatic pilot as well.

Ideally, the two I.L.S. reference planes should be perfectly
flat planes. Due to interference effects caused by buildings, high

~tension cables, taxiing or overflying aircraft etc., the reference

planes become distorted. Most of these distortions may be interpreted
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as noise superimposed on the nominal I.L.S. signals.

Usually the nominal I.L.S.signals on board the aircraft are ex-
pressed in terms of the direct currents (in pA) supplied to the pi-
lot's I.L.S. indicator.

An I.L.S. installation is said to be belong to a certain
Performance Category, according to the meteorological conditions
under which the installation is to be used.

The meteorological conditions are summarized in the followiﬁg
Table 2.

Approach i Meteorological conditions
Category Cloud base, m Runway Visual Range, m
; 60 800
II ) 30 : 400
I1Ia 0 200
iIIb (o} 50
I1lc 0 (o}

Table 2:Definition of meteorological conditions

for approach and landing

An I.L.S. installation of Performance Category I is intended to pro-
vide guidance down to an altitude of 60 m, an installation of Per-
formance Category II proviﬁes guidance down to 30 m, whereas an in-
stallation of Performance Category III should prqiide guidance to the

landing aircraft, down to the surface of the runway, see 3.1.1 of
Ref. 8. ‘



6.2 The nominal signals

6.2.1 The nominal localizer component

Due to the characteristics of the signals emitted from the locae
lizer antenna, points of constant (nominal) localizer current lie in
vertical planes passing through the antenna, see Fig. 9. The magnitude

of the localizer current 1{,depends on the angle}?: The current will

be:
-5

where i{/is measured in pA and S{/is the sensitivity of the éystem.
According to 3.1.3.5.5.1 of Ref. 8 and 2.2.2 of Ref. 9, S{’has to

satisfy the following relation:

S& = 1,40. x_ pA/ rad

where X, is the distance from the localizer antenna to the runway

threshold (in m). Due to this condition, a fixed relation exists be-
tween the localizer current as presented to the pilot, and the late-
ral deviation of the aircraft when passing over the runway threshold,
see Fig. 9. If the aircraft has a lateral deviation y relative to the

localizer reference plane:-

y = 0,711{;
y in m, iﬂ in pA

The maximum permissible deviations of the 1oéalizer sensitivity S{
from its nominal value, as given in 3.1.3.5.5.2 of Ref. 8, are

summarized in Table 3. .
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Performance Category

Maximum deviation from

nominal sensitivity

II

111

+ 17 %0

+ 17 o/o (+ lOo/o where
practicable)

+ 10 %0

Table 3: Maximum permissible deviations from

nominal localizer sensitivity

The localizer plane should be adjusted such, that it deviates
not more than a specified distance from the runway centerline at the

runway threshold. According to 3.1.3.5.4 and 3.3.3.5.4.1 of Ref. 8

these distances are as indicated in Table 4.

Performance Category

Maximum deviation, m

+ 10,5

+ 7,5 (+ 4,5 for
new installa-
tions)

t 3

Table 4: Maximum deviation of localizer plane

from runway centerline at runway

threshold

The maximum value of the localizer current i{/has been limited in

2.2.2 of Ref. 9 to + 150pA.
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6.2.2 The nominal glide path component

The signals emitted from the glide path antenna cause the glide
path reference plane actually to be a cone with a vertical axis,
having its apex in the glide path antenna. This would not become
readily abparent if the antenna were situated on the runway center-
line. In order to prevent the aircraft from colliding with the an-
tenna, however, the latter is positioned some 120 to 150 m away from
the centerline. Consequently, the line of intersection of the locali-
zer reference plane and the glide path reference plgne is a hyperbola
a small distance above the idealized straight glide path reference
plane, see Fig. 10. The distance varies along the runway center line
from about 2 m at the runway threshold to some 7,5 m abeam the glide
path antenna.

' The I.L.S. indicator on board the aircraft provides a measure .
of the aircraft's deviation from the glide-path. Since points in
space providing a constant glide path current to the instrument lie

on a cone, as in Fig. 10, the measured glide path error /0

. g.p.
amounts to, see Fig. 11:
Ac’P;p=111"'°o
e 1 g.p.
where 00 is the nominal glide path elevation angle,
g.p.
2 2
r =v; + ( - y)
1 yg.p. y
and x,y and yg p are as indicated in Fig. 11.
The glide path current 1g p corresponding to ADg p is:
i =8 . o
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where ig p is expressed in pA and AQ in rad.
. g

The sensitivity Sg p follows from 3.1.4.6 of Ref. 8 and 2.2.3 of
Ref. 9:

S - 825 A
g.P. 00 rad
g2.P.
4} in rad
g.Pp

The allowable tolerances of this nominal value of the sensitivity, as

given in 3.1.4.6.6/7/8 of Ref. 8, are as presented in Table 5.

Performance Category Maximum deviation

1 + 25%0
i1 + 206°%/0
I11 15%/0

1+

Table 5: Maximum deviation from nominal

glide path sensitivity

According to 3.14.1.2.2 of Ref. 8, the actual glide path angle shall

lie between the limits indicated in Table 6.



Performance Category Maximum deviation

-
1+

0,075 @
o

et
-
i+
Cc
B =
-3
(4]
©
o]

-t
(]
-
1+
c
(=2
"N
[ o)
]

Table 6: Maximum deviations of nominal

glide path angle Oo
g.P.

The nominal glide path shall pass over the runway threshold at
15 m + 3 m according to 3.1.4.1.4.

For all Performance Categories, the maximum value of the glide
path current ig‘p. has been limited to + 150pA, according to 2.2.3
of Ref. 9.

6.3 The noise signals

6.3.1 General

From measurements presented in Ref. 10 it appears that localizer
and glide path noises . apart from incidental disturbances caused e;g.
" by overflying aircraft - can be approximated by stochastic signals
having.rather simple power spectral density functions. Since the I1.L.S.
noise greatly influences the accuracy with which an approach can be
flown, I.C.A.0. has set upper limits to the allowable standard devia-
tions of the noise. No limitations have been set so far on the allo-
wable shape of the power spectra of the noise.

The disturbances caused by an aircraft flying in the vicinity of

the localizer antenna will be discussed in 6.4.
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6.3.2 Localizer noise component

According to Ref. 10 the power spectral density function of the

localizer noise can be approximated by:

2L
?3 2 P 1
(L) = 0,7, —= | ——m———
t % # 1+ L%?

N in rad/m

where the ''scale'' of the localizer noise is taken at approximately:

1

L, =130 m
£

The intensity of the noise, as expressed by c% in pA, has been

- limited in 3.1.3.4.1 of Ref, 8, as given in Table 7. Xin indicates

the distance of the approaching aircraft to the runway threshold.

Performance Category| Distance to threshold, xth inm
74 . 1050 1050
xth> 7410 10> Xth> 5 xth< 5

-3

I 15pA 6,25 + 1,18.10 Xth 7 ,5pA
-3

II 15pA 0,44 + 1,96.10 Xin 2,5uA
-3 .

111 15pA 0,44 + 1,96.10 Xth 2,5uA

Table 7: Maximum allowable localizer noise, q%

These relations are shown in Fig. 12.

6.3.3 Glide path noise component

The power spectral density function of the glide path noise

appears to be somewhat similar to that of the localizer noise,




according to Refs. 10 and 11.

AL in rad/m

where the ''scale'' of the glide path noise can be approximated by:

L =85 m
g.P.

The intensity of the glide path noise, again expressed by ¢

g.P.
in pA, has been limited in 3.1.4.4.1 and 3.1.4.4.2 of Ref. 8 to
the values presented in Table 8.
Performance Category| Distance to threshold, xth,in m
xth>7410 7410> xth> 1050 xth( 1050
I 15pA 150A ’ 15pA
11 15pA 9,20+0,785.10-3.xth 10pA
111 15pA 9,20+0,785.10-3.xth 10uA
Table 8: Maximum allowable glide path noise, cgvp

These relations are also shown in Fig. 12,

6.4 Disturbances in the localizer signal due to overflying

aircraft

Apart from the stochastic noise in the I.L.S. signals discussed
in the previous paragraphs, yet another type of disturbances peculiar

to the I.L.S. localizer has to be considered.
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When an aircraft flies in the vicinity of the localizer antenna,
e.g. when taking off, part of the electromagnetic energy radiated
from the antenna is reflected by the skin of the overflying aircraft.
Another aircraft flying at the same time along the approach path of
the I.L.S. installation may experience an erroneous Tocalizer signal
due to the reflected energy. The interference signal may cause quite
significant deviations from the intended approach path.

Although this type of disturbances can be quite severe, not much
quantitative evidencé on its characferistics exists., Some data can be
found, however, in Ref. 12. A number of such disturbances, as derived
from in-flight measurements, presented in Ref. 12, are shown in
Fig. 13.'A more detailed discussion on this particular type of dis-
turbances will also be found in Ref. 12.

FolloWing a suggestion made.in that report, the disturbance in
the localizer signal due to interference from an overflying aircraft
is approximated by a swept frequency sinusoidal oscillation having an
approximately exponential rate of change of frequency: The duration
of the disturbance may be between 10 and 20 seconds. In the first
half of that period the interference‘frequency is swept from zero to
1,0 Hz, and in the second half from 1;0 to 10;0 Hz. The amplitude of
the disturbance increases linearly with time from zero to a maximum
of 75 pA peak to peak in the first half of the disturbance period,
remaining approximately constant thereafter. The starting phase of the
oscillation may be chosen at random. Fig. 14 shows some of the possi-
ble disturbances according to the given description.

ﬁsing this model of interference from an overflying aircraft,
non-sinusoidal and asymmétric characteristics of the real interfe-
rences are neglected. It is félt that insufficient data are available
at the present time to warrant their inclusion into a realistic model
of the disturbances.

It has to be borne in mind, that the quantitative evidence on
which the description of disturbances of this kind has been based, is

due to measurements with one type of aircraft only, a Vickers



''Varsity''. Different and in particular larger aircraft taking off

over the localizer antenna may>cause even more sévere disturbances
in the localizer signal. v

Under the present regulations of Air Traffic Control, an air-
craft épproaching to land may experience the disturbance due to
another aircraft taking off over the localizer antenna at any instant
during the approach. It sSeems reasonable to assume that if such a
disturbance does occur at all, it will happen'not more than once

during one approach and landing.
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8. Appendix. Influence of a variable wind on the motions of an

aircraft

When deriving the equations of motion of an aircraft, the

simplifying assumption is often made that the atmosphere is at rest

or

has a constant velocity relative to the earth. In many practical

applications of the equations, however, such an assumption is not

acceptable.

In their usual form the equations of motion of an aircraft read,

e.g. see Ref, 13:
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- W sin O + X =m (0 + qw = 1V)

Wcos Qsinp+ Y=m (Vv + ru - pw) (8-1)

W cos U sin 9+ Z =m (W + pv - qu)
L=1Ip + (IZ - Iy)qr -sz(r + pq)
. 2 2
M=1Id4d + (Ix - Iz)rp +sz(p -q)
N=Ir+ (Iy - Ix)pq -sz(p - rq)

(8-2)

_ sin @ cos Q
%l_ 1s ot “cos 0

©
1]

q cos P - v sin @

P+ dsin ¢ tg Q@+ r cos ¢ tg Q@

S
]

(8-3)
The first three equations (8-1) are true only, if u, v and w are the
components of the translational velocity of the aircraft's c.g.
relative to a nonerotating system of reference axes having a constant
translatibnal_speed ih inertial space.

If the wind'velocity vector V; is constant, the atmospheric air
has such a constant speed relative to inertial space, assuming no
turbulence. In such a case it is indeed admissable to use in the
equations (8-1) the velocitylv; of the aircraft's c.g; relative to
the surrounding atmosphere. The advantage of fixing the reference
axes to the atmosphere lies in the fact that then the airspeed'v; is
derived from the equations (8-1), while the same velocity is needed
as well to calculate the aerodynamic forces X, Y, Z in (8-1) and the
aerodynamic moments L, M, N in (8-.2). '

-

A complication arises, however, if the wind velocity Vw is not

constant during the time interval over which the aircraft's motions
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are studied. This situation may occur during the approach and landing
of an aircraft, as discussed in Section 4. Then the system of refe-
rence axes cannot be fixed to the surrounding atmosphere.

The subsequent part of this Section indicates how the aircraft's
motions can be described in such a case. In accordance with Section 4
it is assumed that the variable wind velocity vector.v; has no ver-
tical component. Furthermore, atmospheric turbulence is not considered,

since its effects can be described separately, e.g. see Refs. 4 and 3.

The system of reference axes will be the earth-fixed axes, as
defined in Section 2. As a consequence, in the equations of motion

—r
(8-1) appear the components u , v_, w_of the velocity vector V_ rela-
: e e e . e

tive to the earth, where ue, ve, we are the components of Ve along the

aircraft's body axes. The equations of motion (8-1) now become:

- W sin © + X

m(hi +qw ~-1rv)
e e e

Weos Osin@+ Y=m(v_+ ru_ =-pw)
e e e

w = y + -
cos Q cos @ + Z m(we A q ue)

(8-4)

The results of an integration of these equations are the components
Ugs Voo Wo of‘;;. However, the aerodynamic forces X, Y, Z in (8-4)
and the moments L, M, N in (8-2) are functions of the velocity vector
V; of the air%:?ft's c.g. relative to.the surrounding atmosphere. The
components of Va are u, v, w as in (8-1). The difference between

— - —
Ve and Va is, of course, the wind velocity vector Vw'

vV =V -V (8-5)
a e v



-
Designating the components of the wind vector Vw along the air-

craft's body axes by uw, vw, ww, the three scalar expressions equiw-

valent to (8.5) are:

V.=V -V (8—6)

—

The components u s vw, ww of Vw are obtained from given values of
u , VvV , w (= 0) along the earth-fixed axes..To this end, subse-
we we we )
quent rotations of axes through the angles¢y © and ¢ from the earth.
fixed reference system to the attitude of the aircraft's body axes
are applied, Fig. 15. The transformation matrices expressing each of

these three rotations separately are:

Fcosw siny 0
[¥q= -sin% cosw 0 (8-7)
0 [0} 1
- 4
rcos Q 0 -sin O
[e)= [0 - 1 0. : (8-8)
sin Q O cos ©
- -
M1 o o ] ‘ ,
[¢]=v o cos ¢ sin @ o (8-9)
] -sin @ <cos @
n J
The resulting transformation of u , v. , w (= 0) in the earth-
- we’' we' ‘we

fixed reference system to u vw, ww along the aircraft's body axes

is:
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w we
Yw =[cp][0][\//] we
w (e}
w
or:
u cosY/,cosO sin'll(/.coso ~-5in0 u
w we

vw = coslﬁ.sinOsincp-sin‘?/. cos@® sin\# sianincp«-cossD. cos® cosQ@sing|. vwé

v cos l{/ éinocoscp+sin1{/, sin@ " éin\% sinOcoscp-cos\f,sincp cos@cosQ| | O

Usually the. given wind ilelocity'vector ?w is expressed by the
wind speed Vw and its direction Vw relative to the earth-fixed axes,
rather than by its components uwe and Vwe’ see Section 4. When des-
cribing the wind direction by %w some care has to be taken, see

Fig. 16, since:

. (o]
e = Vw. cos (\//W - 1807)
v =V . sin (}b - 1800)
we w w

This means, for example, that a wind vector along the positive
X - axis is indicated by an angle }[/w = 180°.
If V and\// are given, uw, vw and w can be derived from
- t la
(8~10) by equating Uoe to Vw and vwe o zero and by replacing

1/"by \//- (VW - 180°), see Fig. 17. The result is:

c

" - cos (\f \P.cos (a]
w!| 7| - cos (y/ }h 51n051n(p-51n (\P %) cos @ .Vw

- cos (Y/w -}b) sin Q cos @ + sin (\ﬁw-y) sin @

<

€
€

(8-11)



Using (8-10) or (8-11), uw, v, and w& can now be calculated from a

given Vw. The components u, v, w of Va are found from (8-6) if
Ugs Vg and LR in (8-6) have been obtained by integrating the equa-
tions of motion (8-4), (8-2) and (8-3). ”

The magnitude Va of Va is:

The angle of attack & is:
: w
Q = arctg "
and the sideslip angle B is:

oV
= arcsin <
B v

These three variables Va’ O and B are required to calculate the aero-
dynamic forces X, Z in (8-4) and the aerodynamic moments L, M, N
in (8-2).
If the translations of the aircraft's c.g. relative to the
earth need to be knoWn, the components u_ , v, w of V along the
. ee e ee e
earth-fixed axes have to be calculated. These u , v_, w__, are
ee ee ee
computed from the known ue, ve, we along the aircraft’s body axes.
Subsequent rotations of axes through the angles -¢, -0, - ,biring
the aircraft's body axes into the attitude of the earth-fixed axes,
see Fig. 15. The three transformation matrices expressing each of
these rotations are derived directly from (8-7), (8-8) and (8-9),
either by inversion or, more simply, by replacing sin by -sin. The

resulting total transformation is:
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u u
ee e
- 9L o) [
Vee [ Y/] [ ® Ve
W ' w
ee e
or:
Uoe cos\f.coso -s;nl//.coscp+coslﬂsin051ncp sin?&sinq»cos’#sinOcoscp ue
Vee sinl//,coso cos‘%cosq»sin}p.sin051n(p -cos\zV.sinq)+sin‘]U.51n0005q> Ve
w ~-sinQ cos@sing cos@cosp w
ee e

-
Once the components u__, v, W of V_ along the earth-fixed
ee ee ee e

axes are known, the coordinates xe, ye, zg in the same system of axes

are obtained by integration:

or\ﬁ
e

X, = xe(o) + ce dt
t

Vo = 30 + [ Vg dt
J .
t

z, = ze(O) +[ wee dt
o

The aircraft's altitude is:
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The equations given in this Section can be simplified in several
ways having practical interest, e.g. by linearizing (8-4) and (8-2)
and/or by restricting some or all of the angles}b, V;, Q and ¢ to
small values. Further analysis along such lines is felt, however, to

be somewhat beyond the scope of this report.
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Fig.2:Wind profiles for three stability conditions of the atmosphere.



500

hem

400

300

200

100

0,701

9T_g005- 001 °C
4 =0.005-0,01°C/

m

08375

018

0,378

0.4

0,144
0,169
0,186
0,198
0,078 0,197
0,065 0,162
6050 0,104 214
008 0% 02 03 ——s _TWg
Ry .Yy
Fig. 3: Standard deviation of vertical gust: velocity .as a function

of altitude.



500 T
h.m 9T _0,0065 °C/m
T dh
ar. °C
dh 2001 “/m
0318 ) 0.662
0353
400 \3 Jo.sss
0.456 0681
300 0538 0.690
0585 0.6588
\ 0.560 0.670
200 0235
) 0.245 0508 0.620
100 / 0.210 A 7 0.506
0.228 0.307
Rr=1
0
04 06 — = Twg
825
00 VW9,15

Fig.4:Standard deviation of vertical gust velocity as a function

of altitude.

08



500

h,m

400

300

200

100

. |
1 2 — °U9 UVg 3
o, o
g Vg

Fig. 5: Ratios of standard deviations of gust velocities as a function of altitude.




500

hm
dT_0,005-0,07°C
& Jm
dT 5 401°C
160 ah 2001°C/m 300
400 158 301
48 156 305
4L<0,005°%/m
300 44 152 310
42 149 R O
200 38 : 145 : ~ 4326 |
35 139 329
100 33 /109 -2/31.
26 69 61
0/18
36
0
100 200 —>L,.m 300

Fig.6: Scale of vertical . turbulence as a function of altitude.



400

300

200

100

0,5 10 —_—

Fig.7: Ratios of scales of turbulence as a function of altitude.



runway
threshold runway
glide path ; .
300m  antenna localizer
antenna
\ .
middle
outer marker marker [120-150 m
ﬁOSOm €.g.3000m 300m
r 1
7410m
-
Fig.8:Typical ILS installation .
runway
localizer
Xo | antenna

y

~~line of constant localizer current
on board the aircraft

Fig.9: Radiation pattern of the localizer antenna .



" puuajup yjod apnb ayy jo usa3jpd uoijpipoy gL 614

aup1d 4az11p020}

= T B
puuaiup yipd apnb R L
//V HTTITTITT ]
IO oy
i Ly |

(aun 1bbys)
yod apnb paziipapl

3004405 1DIIUOD

(pj0guadAy )
uyiod apnb 1pN3aD



glide path antenna

conical
surface
(see Fig.10)

Fig. 11: The definition of glide path.error A6g .
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Fig. 12: Maximum allowable ILS- localizer and glide path noise.
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