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Abstract

During the test phase of the SETAC microwave lan-
ding system, flight tests were performed for wind
determination along the flight path. Approach pro-
files were curved in elevation and azimuth. All
flight parameters were recorded on board in digi-
tal form by a PCM-flight data acquisition system.
The evaluation of the recorded flight data on a
digital computer showed that some signals contai-
ned disturbances resulting from sensor dynamics

or digital noise due to numerical differentation.
Non-recursive digital filters were applied to eli-
minate undesired signal properties. The longitudi-
nal wind component and its power spectrum were
computed. Wind shear was detected by the off-line
use of non-recursive digital filters as well.

I. Introduction

The existence of dangerous wind shears in the at-
mospheric boundary layer has been identified as
the cause of several aircraft accidents during the
last years. This demonstrated drastically that to-
days knowledge of the actual wind conditions on
the aircraft's flight path is insufficient. Parti-
cularly the reported airport surface winds do not
always correspond to the wind situation the pilot
finds on his approach in the terminal manoeuvering
area. Consequently this leads to the demand for a
highly reliable and precise determination of wind
vector components as well as wind gradients. It
serves to expand the general notion of wind be-
havior in the atmospheric boundary layer, and in
addition wind shear detection is needed for the
design of autopilots and for a better information
of pilots flying a manual approach.

If the true airspeed vector and the inertial ve-
locity of the aircraft are both known in direction
and magnitude, the wind velocity can be computed
from the difference between inertial velocity and
true airspeed.

One prerequisite for determining wind components

and -gradients is the knowledge of all parameters,
which identify the flight condition of the aircraft.
This includes angle of attack, side slip angle,
pitch and bank angle, as well as the magnitude of
true airspeed and inertial velocity of the aircraft.

In order to obtain a precise representation of the
aircraft's flight path, there is the need to equip
the aircraft with an Inertial Navigation System
(INS) or to applicate a Microwave Landing System
(MLS). Different methods are used to compute the
components of the aircraft's inertial velocity. The
INS-platform integrates accelerations, while the
measured aircraft position has to be differentia-
ted utilizing MLS.

Flight tests for evaluating a Guidance and Control
Unit (GCU) of the Bodenseewerk Gerdtetechnik GmbH
for the SETAC microwave landing system were per-
formed in August and September 1978 in Manching,
Germany.(1) Primary aim of the flight tests was

to demonstrate that the curved approach paths ge-
nerated by the GCU could be manually flown with

the flight director. The Technische Universitat
Braunschweig was responsible for data acquisition
on board the Do 28 Skyservant aircraft (See Fig.t1).

*) This research was supported by the Deutsche Forschungsgemeinschaft
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Do 28 SKYSERVANT

Fig. 1:

All major parameters for determining wind were re-
gistered on board the Do 28 SKYSERVANT aircraft at

a sample rate of 92 Hz on a recorder using Pulse

Code Modulation (PCM). More than 90 curved approaches
in azimuth and elevation were flown and recorded at
varying weather conditions.

IT. Wind Determination from MLS-Data

As already mentioned, the wind vector Y, may be
computed by taking the difference between the iner-
tial velocity !k and the true airspeed V (See Fi-
gure 2). Both, true airspeed and inertial velocity,
are in the same order of magnitude. Therefore an
accurate determination of inertial velocity as well
as true airspeed must be insured when satisfactory
precision shall be obtained for the resulting wind
speed, especially for calm winds.

Fig. 2: Determination of the Wind Vector
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With the MLS-System the position of the aircraft
is fixed in planar coordinates by knowing elevati-
on |, azimuth L from the MLS ground transmitters,
and slant range to the azimuth antenna by DME-
measurement (See Fig. 3). Transforming this data
into Cartesian coordinates, height of the aircraft
as well as lateral distance from runway centerline
and runway centerline distance are given. Then the
components of the inertial velocity in the earth-
fixed axes system (x_, Yg» zg) can be determined
by differentiation of height, lateral distance,
and centerline distance with respect to time.
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Fig. 3: MLS-Parameters for Determination of
Aircraft Position

Consideration earns the fact that the flown approa-
ches were curved in azimuth as well as in elevation.
Figure 4 shows a typical flight profile. Curved
approaches provide advantages for future STOL- and
military applicatiens.(z) They allow to avoid
densely populated areas and obstacles safely, pro-
vide noise abatement, and increase efficiency.

In inertial navigation systems for example, it is
assumed that the inertial velocity, the true air-
speed, and the wind vector lie in the horizontal
plane and that the aircraft is not banking. (3)

For cruise conditions at high speeds this holds
true, and the wind computation may be approximated
by taking the difference of true airspeed and iner-
tial velocity in the horizontal plane. During de-
scend in the presence of horizontal or vertical
winds or during flight manoeuvres the true air-
speed and inertial velocity vector do not coincide
and do not lie in the horizontal plane (See Fig.2).



I
e
N A
g
&
;]
/
11
/ ]
/@9
V4 7DME
//
7 ELEVATION-

ANTENNA

155

3DME

AZIMUTH-ANTENNA
a) Curved Azimuth Profile

50OME o

240
v

-

o -

o]
ot~

Y =-6

max
AIRPORT ELEVATION

b) Curved Elevation Profile

H=3200ft

-

250° 1200 ft

MSL

Fig. 4: Typical Approach Profiles

This is the case during curved flight profiles.

A simplification in wind determination to the hori-
zontal plane is no longer valid. (4) The following
set of equations represents the determination of
wind components along and across centerline, u

Wg
and vwg.

Also included is the transformation of
true airspeed into the earth-fixed coordinate sys-
tem. Determination of wind with respect to wind
direction and -magnitude has been performed by R.
Hankers. (5) Unfortunately the side slip angle
could not be recorded during flight test due the
high priority of other data which had to be recor-
ded for the Guidance and Control Unit evaluation.
Therefore the side slip was assumed to be zero
during the computer calculations.

General vector equation:

v,

Y-V (1)

Components in the earth-fixed coordinate system:

Ug
v

U
W (2)

Yul g Klg g

True Airspeed components:

uy = | V]« {cosaecosp-cosascos
4+ sinB+(sin¢®+sind+*cos¢-cosd+sing)
+ sina-cosB'(Cos®'sin9'cos¢+sin®-sin¢)}
(3)
v, = IV e {cosaccosBecosO sing
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4
+sinBr(sindesind+sin¢+cosdecos¢)

+sina+*cosB+(cosdssind*sin¢-sind+cos¢)}

(4)
MLS Inertial Velocity components:
- v . DX
UKg = X = 7T (5)
T AL
Vg = L~ (6)
where:
o = angle of attack
B = side slip angle
] = pitch angle
) = bank angle
& = heading angle
X = runway centerline distance
(distance to elevation antenna)
L = lateral distance from runway

centerline



IT1
Requirements for Data Computation and Acquisition

In order to perform the described wind determination
on-line on board the aircraft, there is the need to
equip the aircraft with a digital processor. At the
time of the flight tests such a processor was not
available to us. Therefore the wind calculations
were restricted to off-line computations. For future
on-line research the Skyservant is now operated by
the Technische Universitédt Braunschweig. A digital
multipurpose computer and an INS-system are cur-
rently being installed.

Using the described method for an off-line determi-

nation of wind components and its statistical proper-

ties requires a flight data acquisition system which
permits the recording of numerous parameters for a
long period of time. In addition the acquisition
equipment has to satisfy the specific demands of
flight test concerning shock, vibration, reliabity,
precision, mobility, and adaptibility to different
sensors. These specifications are met by a modern
flight data acquisition unit using the Pulse-Code-
Modulation (PCM) technique. Such a PCM-System is
available at the Lehrstuhl fir Flugmechanik at

the Technische Universitdt Braunschweig.

The special features of the system are: simple ope-
ration, very low zero drift with constant adjusting,
no problems in adapting sensors with different sen-

sitivities, and 12 bit resolution. The recording part

of the system consists of a modulator for 32 analog
channels, tape recorder, time generator and power

supply (See Fig. 5). Total mass of the system is

.
IPCM-MODULATOR
F + CLOCK

Fig. 5: PCM-Recording Hardware
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less than 20 kg, and it is particularly suited for
missions in light aircraft. For the data transfer
into a digital computer the PCM-data is available
at a demodulator in digital form including channel
address, real time marks, and synchronization. All
channels are also available in analog form at the
demodulator. This feature is mainly used for quick
look purposes after each flight at the airport.
Flight test data can be played back at higher tape
speeds in comparison to recording, therefore only
taking a fraction of the actual flight test time.

IV. Disturbed Data

The evaluation of flight data showed that some
parameters in the equations listed on page 3 con-
tain disturbances. Two types of disturbances have
to be distinguished: one where the sensor itself
falsifies the signal and one where the 12 bit
quantization of recorded data produces numerical
noise.

ANGLE OF ATTACK, DEG
o

Fig. 6: Angle of Attack Signal

The angle of attack sensor supplied a signal where
its dynamics produced undesired signal properties.
Figure 1 shows that the vane was placed at the tip
of a boom approximately 2 meters ahead of the air-
craft nose. The time history illustrates that gusts
and the aircraft's short-period response apparently
excite the natural oscillation of the vane (See
Fig. 6).
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Further investigation of the sensor revealed that
it responds like a second order system with a damp-
ing ratio of about 0.02. The power spectrum of the
time signal yields that the natural frequency oc-
curs at about 5 Hz (See Fig. 7).
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Fig. 7: Power Spectrum of Angle of Attack Signal

Before using the angle of attack signal in the
equations transforming true airspeed into the earth-
fixed system, the signal has to be filtered in or-
der to eliminate the natural frequency oscillation.
This frequency lies well above the frequency range
of interest for wind shear detection. Therefore we
chose a low pass filter, where non-recursive digi-
tal filtering proved to be an adequate method for
removing undesired signal properties.(s) The advan-
tage of non-recursive digital filters is that there
is a constant phase delay, and for off-line applica-

tions as in this case there is no phase delay at all.
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Fig. 8: Magnitude Response'for the Digital
Low-pass Filter

For filtering the angle of attack signal a filter
with 50 constants, a passband frequency fp of 1 Hz,
a stopband frequency fs of 2 Hz and a weighting
ratio of 5 to 1 for passband and stopband toleran-
ces was used. (7) (See Fig. 8).
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Fig. 9: Angle of Attack before and after Filtering

Figure 9 represents the time history of the angle
of attack signal before and after filtering. The
power spectrum of the filtered signal clearly de-
monstrates that the natural oscillation of the
angle of attack has been eliminated and that the
signal may be used now for further computations
{See Fig. 10).
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Fig. 10: Power Spectrum of the Angle of Attack
after Filtering

Secondly, non-recursive digital filters were em-
ployed to eliminate numerical noise. The need for
this application arose during the calculation of
inertial velocity components by differentiation of
PCM-recorded MLS-distances. The distances of up to
40 km were recorded with a 12 bit resolution divi-
ding the measuring range into 4096 steps. In spite
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of the high resolution of about 10 meters it turned
out that the differentiation produced a discrete

ground speed result where the step-like time signal
could not be used for wind computations {See Figu-

re 11). Differentiation was carried out by differen-

tial quotients according to equation 5 using a time
increment At of 5 seconds.
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. 11: Inertial Velocity Component along
Centerline

By using such a simple method of differentiation,
the effectiveness of digital filtering can be de-
monstrated. Figure 12 shows the frequency response
of the filter applied to the inertial velocity com-
ponent along centerline.
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Fig. 12: Magnitude Response for the Digital Low-
pass Filter

The outcome is a smooth ground speed signal (See
Fig. 13) which permits the wind determination by
taking the difference between the true airspeed
and ground speed components.
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Fig. 13: Inertial Velocity Component along Center-
line before and after Filtering

V. Flight Test Results

Test flights were undertaken during various weather
conditions. For all flights weather observations
were available from the airport weather station at
half an hour intervals. This permitted a correla-
tion between calculated and reported winds.

Some flights were tracked by ground radar to in-
sure accuracy of the MLS-position data. A compari-
son of recorded MLS-position and tracking radar
data furnished a fine correspondence. (5)

The following example demonstrates the flight test
results for a curved approach flown on August 3ist,
1978 at 13:00 GMT. Figure 14 shows on the left-
hand graph the calculated head wind component

with respect to'height above airport elevation
where the wind component‘was computed from re-
corded and filtered data according to the preceding
chapters. The surface wind was reported to be 11
knots from 270 degrees which converts into a
headwind component of 5.3 meters per second

along centerline. This agrees with the computed
wind component in Figure 14.
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Fig. 14: Separation of Gusts from Wind Shear

The calculated wind still contains turbulence. For
pilot information and autopilot design it is of in-
terest to separate the gusts and turbulence from
the low frequency wind. This task was achieved a-
gain by using a non-recursive filter, similar to
the filter response in figure 12. However, passband
frequency was 0.033 Hz and stopband frequency 0.33
Hz. These frequencies were chosen so that all wind
frequencies were separated which lie above the
break frequency of the Dryden spectrum. The middle
part of figure 14 shows the filtered wind compo-
nent ﬁwg representing the mean, time-variant wind,
in which the wind shear information is included.
Between 410 and 370 meters a wind shear can be de-
tected where the wind changes from a 2 m/s tailwind
to a 7 m/s headwind component resulting in a strong
wind gradient Uz of 0.22 per second causing the

aircraft to ascend above the glide path.(g) This
wind shear may be attributed to a 4/8 cumulus cloud

base reported in 400 meters.

The gusts uw on the right hand side of Figure .14
are obtalned by subtracting the wind shear uwg from
the calculated wind along centerline uw Spectral
analysis of the gusts, which contain frequencies
above about 0,1 Hz, shows that there is conformity
between the slope of the Dryden spectrum and the
slope of the gust spectrum (See Fig. 15). An even
better confofmity may result when using the Karman-
spectrum. However, throughout this paper the Dryden
spectrum was used for comparitive purposes.

The spectral definition in this paper is the one-
sided Dryden spectrum:
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Fig. 15: Gust Spectra

|
The Dryden spectrum drawn for reference in Fig. 15
implies a time constant T of about 0.8 seconds,
which was derived from the autocorrelation of the
time signal. By applying Taylor's hypothesis (Lu =
Tu + V) this corresponds to an integral length L,
of 56 meters at an approach speed of 70 m/s. Ii
has to be pointed out that it is an average con-
stant for the descent height from 500 meters down.
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The fine correspondence in spectral slope encoura-
ged trying to calculate the longitudinal spectrum
including the low frequency range. For this purpose
a straight-in approach on centerline was analyzed.
For the spectral evaluation only the flight por-
tion was used where the aircraft approached at the
constant height of 600 meters above airport eleva-
tion for a period of 353 seconds. These factors
insured the validity of the computations.

The computed longitudinal wind component uwg pos-
sesses a mean headwind of 8.26 m/s and a standard
deviation of 1.21 m/s, which can be classified as
moderate turbulence (See Fig. 16).

, M/SEC
L o

Yiig

1
(=23

ki

60 120 180 240

WIND VELOCITY
)
8 ©

]
-
&g
o

300 360
TIME, SEC

Fig. 16: Time History of Longitudinal Wind Components

The assumption of a Gaussian distribution is veri-
fied by the probébility density of the longitudi-
nal wind component (See Fig. 17). In this figure
the Gaussian probability density is included for
comparison, As during PCM-recording, the sampling
rate of the calculated wind component was equal

to 92 Hz. However, for estimating the gust spectrum
at low frequencies, the sampling rate had to be
reduced. Before lowering the rate to 5.8 Hz (See
Fig. 16), the data was filtered by a non-recursive
filter in order to avoid aliasing.

STANDARD DEVIATION = 1,21 M/SEC
MEAN = ~-8,26 M/SEC

h

~7.S7 0 -8.01E0

WIND VELOCITY, M/SEC

= |
L ™

v

e
Q

4
8

\

a

° °
2 ]
T T

S~

I

PROBABILITY DENSITY

0.02 |

~1.23E 1 -1.07 1 ~8.13£ 0

Fig. 17: Distribution of Wind Velocity

The spectral calculations were performed by a Fast
Fourier Transformation in two blocks of 1024 samp-
ling points each, where the mean value of each
block was substracted from the time signal. Fig.18
shows the resulting gust spectrum which has been
smoothed by a Hamming filter.
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Fig. 18: Gust Spectrum
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This spectral result verifies the horizontal tan-
gent of the Dryden spectrum below the break fre-
quency. The first frequency estimate was taken at
2.8 x 1073 Hz which at an approximate approach
speed of 70 m/s corresponds to the longest wave-
length of 25 kilometers.

In figure 18 the Dryden spectrum for the longitudi-
nal wind component is included. The time constant
for the Dryden spectrum was computed from the norma-
lized autocorrelation of the gust signal (See Figu-
re 19). Integrating the autocorrelation in the time
domain yields a time constant of about 1.7 seconds
or an integral scale Lu of 120 meters. This is a
typical integral scale found in neutral atmospheric
conditions. Such a condition may have existed be-
cause the measured temperature gradient was

- 0.005 °C/m.
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Fig. 19: Normalized Autocorrelation of Gust Signal

VI. Summary

This paper presents a view into the theoretical
principles of wind determination during curved MLS-
approaches. Data was recorded by a PCM-data aquisi-
tion system suited for light aircraft. Disturbed
data was processed with the application of non-
recursive digital filters. The methods used for
off-line wind determination and wind shear detec-
tion may be applied in future on-line wind compu-
tations. For the longitudinal wind components the
gust spectrum was calculated including the fre-
quency range below the break frequency.
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