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Abstract
Airships with a combination of the pressure and
rigid construction principles represent a new
kind of construction where loads by gusts can
be important for the design. The loads by gusts
are described in the Transport Airship Re-
quirements (TAR) by an empirical equation,
which determines the maximum bending mo-
ment caused by the gust. This equation was de-
rived from experiments with rigid airships and
has been modified following the experience with
blimps; its validity for airships with a combina-
tion of both construction principles has jet not
been proved.

To get information about the behavior of
an airship in gusts with regard to the inner
loads a research project has been carried out by
the German Aerospace Center (DLR) and the
manufacturer of the airship Zeppelin NT
(Fig.1), the Zeppelin Luftschifftechnik GmbH
Friedrichshafen (ZLT).

Fig. 1.  Airship Zeppelin NT

The result was an extensive collection of
data from measurement flights, containing the
gust velocity in direction and magnitude as well
as the bending moments and cross forces. Based
on this data models have been developed which
give information about the longitudinal bending
moment caused by vertical gusts.

1  Wind velocity calculation from flight tests

1.1 Basics
Contrary to ground based wind measurement
systems it is not possible to determine wind or
gust speed and direction directly onboard of an
aircraft/airship but they result from the differ-
ence of inertial and true airspeed [1]. In general
the following vector equation is valid

wind speed  =  inertial speed  -  true airspeed
VVV KW �� (1)

If wind determination will be performed
from flight data it is useful to calculate the wind
vector related to the earth fixed coordinate sys-
tem. Then a simple validation will be possible,
because the earth related wind components have
to be independent from airship maneuvers.
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The horizontal components of the inertial
speed are available from an inertial navigation
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system (INS) or a global positioning system
(GPS) as north-south speed (ukg = VNS), respec-
tively west-east speed (vkg = VWE), or have to be
calculated from ground speed and true track.
The vertical component is the negative rate of
climb/descent (wkg =-dH/dt); its determination is
more complicated.

The necessary transformation of the true
airspeed from the aerodynamic into the earth
fixed coordinate system consists of two steps.
First, a transformation from the aerodynamic to
the body fixed system has to be performed using
the angle of attack � and the angle of sideslip �.
Then, the knowledge of the three Euler angles
pitch �, roll � and heading � is needed to trans-
form from the body to the earth fixed system
(Fig. 2).

Fig. 2.  Wind determination from the inertial
speed and the true airspeed

1.2 Determination of the inertial vertical
speed

In general, the direct measurement of the inertial
vertical speed with sufficient precision and dy-
namic behavior is impossible. A simple differ-
entiation of the barometric altitude can not be
made, because there is normally a signal delay
and an insufficient resolution. A suitable signal
can be generated only by a Luenberger-Ob-
server or a complementary filtering. The Luen-
berger-Observer integrates two times the earth
fixed vertical acceleration and compares the re-
sult with the barometric altitude. The error is
feed back, the inertial vertical speed is the out-
put of the first integrator. The complementary
filtering (Fig. 3) combines the barometric alti-
tude after a differentiation and the earth fixed
vertical acceleration after an integration.

Fig. 3.  Complementary filtering to determine
the inertial vertical speed

1.3 Signal calibration and correction
Measurements of the true airspeed, the angle of
attack and the angle of sideslip is done by a five
hole probe, which is located on a nose boom in
front of the gondola (Fig. 4).

Fig. 4.  Nose boom with five hole probe

This location is chosen because of a small influ-
ence of the airship body to the airflow. How-
ever,  the large distance between the center of
gravity and the five hole probe produces airflow
resulting from rotations, which have to be cor-
rected (Fig. 5).

Fig. 5.  Signal calibration and correction

Furthermore, correct wind determination needs
all subsignals at the same time. The inertial sig-
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nals from the GPS have in general a time delay.
To guarantee the same time all other signals
have to be delayed. The time delay can be esti-
mated from turns whereas the calculated wind
components must be constant.

Therefore the wind determination contains
subsequent signal processing, calculation of the
inertial vertical speed and transformation of the
true airspeed into the earth fixed coordinate sy-
stem (Fig. 6).

Fig. 6.  Wind determination

1.4 Methods to validate the wind determina-
tion

Actually a validation of the wind determination
needs a comparison with an independent sepa-
rate wind measurement. This is only possible by
flying past ground based wind measurement
stations or formation flights together with an
aircraft/airship equipped with a validated wind
measurement system. Supposing that the true
wind speed remains constant during a flight ma-
neuver, statements about validity and precision
can be made. Such maneuvers are horizontal
flight-path reverse, stimulation of the airship
dynamic behavior and turns [2]. The basic idea
is, that the calculated wind speed must be inde-
pendent from any flight maneuvers. Then, from
obvious errors in the wind determination, errors
in the measurement data processing, errors in
the calibration, or biased errors in the measured
variables can be detected and corrected. A defi-
nite allocation can be very difficult sometimes.

2  Considerations about the validity of a sta-
tionary gust field

Gusts alter with position and time. The displace-
ment with the mean wind leads to the fact that a
gust changes the position. If the gust shape al-
ters with the time, one speaks of an instationary
change. Both changes can be usually neglected

if an airplane crosses the gust, since on the one
hand the true airspeed of an airplane is high and
on the other hand the airplane dimensions are
relatively small. That means, one can assume
the gust does not alter its shape during the air-
craft's crossing.

On the example of the gust alleviation sys-
tem LARS of the experimental aircraft ATTAS
of the DLR the described assumption shall be il-
lustrated again [3]. For a gust alleviation the
gust is measured and suitable control surfaces at
the airplane are deflected in such a way that the
undesirable gust reactions are reduced. The gust
effects mainly on the wing, but it is measured at
a nose boom before the airplane, in order to
keep off any influences on the airflow from the
fuselage. The assumption that the gust between
measurement and effect does not change, could
be confirmed by the flight tests, because the
gust reduction system was effective. At a true
airspeed of 70 m/s and a distance from the nose
boom to the wing of approx. 12 m, the time
between measurement and effect is about 0,17
seconds.

Conditions at an airship are looking there
somewhat different. Small airspeeds (Zeppelin
NT: 32 m/s) and large dimensions (distance
between nose and center of gravity approx. 38
m) lead to more than one second of diving into
the gust. Within this time cannot be any longer
absolutely assumed that the gust is stationary.
However the gust effect is no longer limited
within wing location. The gust works over the
entire immersed body. The airworthiness direc-
tives for airships assume the half airship length
as the smallest wavelength of a 1-cos gust. This
gust leads to a maximum bending moment near
the center of gravity, if the point of attack of the
resulting aerodynamic force is located at 25%
airship length from the nose. A measurement of
the flow vector within this area defuses the
problem, which temporally instationary gusts
bring with itself, substantially. In this area is the
gondola, and the mounting of a flow probe at a
nose boom is possible and was executed.

Instationary gusts represent a secondary
problem when between measurement and
maximum effect only a short time elapses, i.e.
when measuring point and point of impact are
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sufficient close together. Only several measur-
ing points of the flow vector can give certainty
referenced to this statement, which however
within this project was not realizable. Further
knowledge to this topic could be derived also
from the time response of the bending moment
measured at different longitudinal positions.

3  Measurement of the internal loads
During the assemblage of the first airship LZ
N07, segment 6, which is the segment of the
carrying structure directly behind the gondola,
and segment 10, which is the segment in the
area of the empennage, were armed with strain
gauges due to measure in-flight the internal
loads [4]. In segment 6 all three longerons are
provided with strain gauges in the middle and at
the end (Fig. 7). All with strain gauges equipped

components were calibrated in a test equipment
before installation and the offsets of the meas-
uring points were determined.

After structure assemblage pre-loading oc-
curs and the offset-values are no more valid
with sufficient reliability. Therefore an exactly
defined zero load-case was generated with the
complete structure of the airship. On this basis
the internal loads then were determined finally.
The influence of the hull, which is carrying a
non negligible part of the loads, originally is not
contained in the measured values. During cali-
bration tests with the assembled airship, with
and without hull, defined cross forces were ap-
plied in z-direction. Then the computing pro-
cedure was finally adapted in such a way for the
determination of the internal loads, that also the
influence of the hull is considered.

Fig. 7.  Flight test measurement system and location of the structure measurement points

4  Aerodynamic bending moment from TAR
For the structural design of an airship the loads
by gusts can be relevant. For this reason the
transport airship requirements (TAR) [5] con-
tain an equation of the aerodynamic bending
moment due to a given 1-cos gust, which has to
be taken into account in the case of an absence
of a more rational analysis by the manufacturer.
The equation presents itself as follows
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No dynamic response is calculated, only the
maximum value of the bending moment is
given. Gust shape and wavelength have thereby
no influence. The maximum bending moment
results from the maximum wind velocity Um as
well as from the airship external dimensions,
like overall length L, diameter D and volume V,
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and flight parameters, like airspeed v. The tables
1-3 contain the appropriate values for the Zep-
pelin NT.

Overall Length, L 246.1 ft
Max. Hull Diameter, D 46.6 ft
Envelope Volume, V 290 500 cu ft

Tab 1.  External dimensions Zeppelin NT

Gust Speed, Um 25 ft/s 7.62 m/s
Cruise Speed, v=VH 118 ft/s 36 m/s
Maximum Bending
Moment, Mb

2.29e+5
lb ft

3.11e+5
Nm

Tab. 2  Maximum bending moment related to
cruise speed

Max Gust Spd., Um 35 ft/s 10.7 m/s
Airspeed v=VB 65.6 ft/s 23.4 m/s
Maximum Bending
Moment, Mb

1.78e+5
lb ft

2.42e+5
Nm

Tab 3.  Maximum bending moment related to
maximum gust speed

Since the maximum bending moment related to
the cruise speed is larger than related to the
maximum gust speed, this value is relevant for
the design and should be used in the comparison
of measurements and simulations.

5  Bending moments and wind speeds from
flight test data

During altogether 4 flights (35 flight segments)
with the Zeppelin NT in July 1999, data were
recorded for wind calculation and load determi-
nation at structure segment Z6 [4]. The flights
were carried out with different turbulence / gust
conditions and different pilot strategies, like
stabilization around pitch and/or yaw axis and
without any stabilization. Contrary to an air-
plane, which stabilizes in general after a gust
transition automatically, an airship can be re-
turned into a stable straight flight only by pilot
inputs. Without pilot inputs airships change af-
ter gust effects into turns. Therefore, the meas-

ured loads result from both, the elevator and
rudder deflections and the gusts, whereby a
separation of the influences can not easily be
performed.

In Fig. 8 the vertical wind in the body-
fixed coordinate system and the measured cross
forces and bending moments in structure seg-
ment Z6 of the airship are shown for the flight
segment "56". Already the time response shows
a clear dependency of the bending moment My
on vertical wind.
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Fig. 8.  Vertical wind component and loads

The power density spectra (Fig. 9) of this wind
component is comparable with the Dryden
spectrum. The distinctive eigen frequencies un-
fortunately could not be reconstructed theoreti-
cally.
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Fig. 9.  Power density spectra of vertical wind
and bending moments (flight segment 88)

Airspeed and flight altitude determine the dy-
namic pressure and thus decisively the aerody-
namic bending moment. The flight tests were
executed with two different true airspeeds, a
mean value of 22.4 m/s, which approximately
corresponds to the airspeed for maximum gust
strength (VB = 23,4 m/s), and with 30.3 m/s,
somewhat lower than the cruising speed (VH =
36 m/s). For the lower airspeed 27 (group 1) and
for the higher 8 flight segments are present
(group 2). The average values for the mean val-
ues, standard deviations and minima / maxima
of airspeed, vertical wind, elevator deflection,
pitching rate and bending moment around the y-
axis are laid on in Table 4.

The mean values of the bending moment
My vary within a wide range, the average over
all mean values is negative and amounts to
-1.79e+4. Also the standard deviations alter

very strongly over the flight segments, which is
due to the different intensity of the turbulence
and due to the different elevator activities. Re-
garding the minima and maxima it can be stated
that they deviate only few from their average
values. Max. bending moment arises signifi-
cantly with higher airspeed (Table 4, group 2).
An influence of the altitude, whose average val-
ues were situated between 800 and 1100 m,
could not be constituted.

Mean
Values

Standard
Deviation

Minima
Maxima

True
Airspeed
(Group 1)

22.4 m/s 1.03 m/s
(1 and 2)

21.4 m/s
27.1 m/s
(1 and 2)

True
Airspeed
(Group 2)

30.3 m/s

Vertical
Wind

-0.22 m/s 0.99 m/s -3.84 m/s
+2.85 m/s

Elevator 2.75 ° 5.39 ° -14.3 °
+20.1 °

Pitch
Rate

0.01 °/s
0.61 °/s*

0.79 °/s -14.3 °/s
+20.1 °/s

Bending M.
(Group 1)

-1.79e+4
(1 and 2)

1.44e+4
(1 and 2)

-5.77e+4
+2.10e+4

Bending M.
(Group 2)

-7.66e+4
+4.78e+4

Tab 4.  Mean values, standard deviations and
minima/maxima from 35 flight segments

* indicates turns

The largest bending moment amounts to
-1.02e+5 Nm which is 33% of the load from the
permission formula (see Tab. 2). It appears in
flight segment 88, which indicates the largest
elevator activity and the second highest standard
deviations of the vertical wind and the pitch
rate.

6  Transfer function between vertical wind
and bending moment around the y-axis

6.1 Analyses in the time domain
On condition that during the measurement
flights gust speeds of 7.62 m/s would have oc-
curred by true airspeeds of 36 m/s (see table 2)
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together with gusts of 1-cos shapes and different
wavelengths from 37.51 m to 487,68 m, i.e.
transit flight times from 1.04 s to 13,56 s, the
measured bending moments could be compared
directly with the bending moment from the
TAR. Such boundary conditions are naturally
difficult to find, gust wavelengths of approx.
500 m and such large gust speeds are indeed
impossible. The maximum measured updraft
amounts to 3.84 m/s, which is 50% of the rele-
vant gust equation value. Of course one could
come at least into the proximity of these bound-
ary conditions for a direct comparison flying
over cooling towers, but they would not be com-
pletely fulfilled thereby. It remains therefore
indispensable to build up from the measured
data models and to feed in during a simulation
the prescribed inputs using the required magni-
tude and frequency from the TAR.

The measured bending moment My is the
result of several inputs, i.e. the vertical wind,
the averaged elevator deflections and the pitch-
ing rate. The model searched should contain
however only the transfer function of the verti-
cal wind on the bending moment. It will be
therefore necessary to make a separation of the
inputs which is possible under the prerequisite
of a linear transfer function both in the fre-
quency and in the time domain. By means of
multi-input / single output analysis this is exe-
cuted in [7] in the frequency domain; the results
will be discussed later. For a parameter identifi-
cation in the time domain one proceeds as fol-
lows.

The three inputs mentioned are given on
three linear transfer blocks, whose denominators
are equal and whose numerators are different.
The outputs are added and formed the model
bending moment, which can be compared with
the measured bending moment (Fig. 10).

An optimizer adapts now the parameters of
the three transfer functions (polynomial coeffi-
cients) in such a manner that the difference
from model response and measured response
becomes a minimum. Before comparison the
measured bending moment is released from its
average value and referred to the dynamic pres-
sure. The best adjustments were achieved with a

numerator degree of 2 and a denominator degree
of 4 (Fig. 11).

Fig. 10.  Transfer functions of bending moment

Fig. 11.  Transfer function vertical wind on
bending moment

Fig. 12 shows a comparison of model response
and measurement in the time domain; in Fig. 13
the Bode diagram of the model is represented.
The time responses fit quite well together and in
the Bode diagram an eigen frequency with small
damping can be regarded at 1 Hz, as also al-
ready evident from the power density spectra
(Fig. 9).
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Fig. 13.  Magnitude and phase of approximated
transfer function

6.2 Analysis in the frequency domain
Besides of time domain also in frequency do-
main model building is possible and executed in
[7]. Using multi-input / multi-output analysis
frequency responses separated for several inputs
are determined and then approximated. In dif-
ference to the time domain an averaging of the
frequency dependent data takes place before the
model building, i.e. there is only one model,
which represents an optimal adjustment of all
flight segments. Contrary in the time domain
there are optimal model parameters for each
flight segment and the results of the simulation
are averaged.

For the investigation of the transfer func-
tion of the wind velocity on the longitudinal
bending moment a lot of computations was done
with XDIVA [8]. The 35 files  ZEPNT56, ..., 90
of flight test data contain the input signals

SR� =  rudder deflection in degree,
HRR� =  elevator deflection right in degree,
HRL� =  elevator deflection left in degree,

Wgw =  wind velocity in m/s,
and the output signals
r =  yaw velocity in degree/s,
q =  pitch velocity in degree/s,
p =  roll velocity in degree/s,

zfa =  acceleration in  y-direction in m/ 2s ,
yM =  bending moment in y-direction.

For reduction of the number of computations the
signals HRR� and HRL� have been joined to the new
signal 2/)( HRLHrrHR ����� .

6.2.1 Power spectra and energy
The power spectra )f(Sii of nearly all the signals
mentioned above contain  100 percent of energy
at frequencies less than f = 1 Hz, but the sig-
nal yM shows at the frequency f = 1.6 Hz still a
part of energy which cannot be neglected.

6.2.2 Frequency response and coherence
functions

In the case that the inputs )f(X1 , )f(X2 , ... of a
linear system are correlated, their frequency re-
sponse functions )f(H y1 , )f(H y2 , ... to the output

)f(Y  can be computed as follows: First, a MISO
system with conditioned second input is consid-
ered. The first input )f(X1 , which should have a
stronger coherence to the output )f(Y  as all
other inputs, is used unchanged with the transfer
function 11y1y1 S/SL � , but the linear parts of 1X

in the input 2X  (with the second largest coher-
ence to Y) are subtracted from 2X  (condition-
ing) 1122!1.2 XLXX ��  with 111212 S/SL � .
The conditioned input spectrum is

)1(SS 2
1222!1.22 ��� , the conditioned output spec-

trum is computed as )1(SS 2
y1yy!1.yy ��� , and the

conditioned cross-spectrum is 21y1y2!1.y2 SLSS �� .
From the spectra the partial coherence function
is computed as )SS/(|S| !1.yy!1.22

2
!1.y2

2
!1.y2 ��  and the

frequency response function from the condi-
tioned input to the conditioned output as

!1.22!1.y2y2 S/SL � . The multiple coherence function
)1)(1(1 2

!1.y2
2
y1

2
x:y �������  is a measure for the

quality of the model. In the case that the multi-
ple coherence function doesn't take values near
1, as it is in our flight test data, another condi-
tioned input !2.3X  should be used, in our case this
is the signal q. The transfer functions of interest
are then

y313y212y1y1

y323y2y2

y3y3

HLHLLH
HLLH

LH

���

��

�
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6.2.4 Frequency response approximations
It turned out that the three frequency responses

q/MH,w/MH,/MH y34Wgy24HRy14 ����

computed from some experiments can bee ap-
proximated simultaneously  by a model of the
form

)3,2,1i(
sasasaa

sbsbbH 3
3

2
210

2
i2i1i0

4i �

���

��

�

with the degree 3 of the denominator and the de-
grees 2, 2, 1 of the numerators. For obtaining
some statistical robustness first the correspond-
ing frequency responses have been combined by
computing their arithmetic mean and the results
were approximated simultaneously by the above
mentioned model [7]. The result is shown in
Fig. 14.

The resulting polynomial coefficients of
the approximation in the frequency domain lead,
when inserted into the simulation model, to a
relative good fitting of the model data with the
measurement results in the time domain (see
Fig. 15).

Fig. 14. Joint frequency response approximation
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Fig. 15. Comparison between frequency domain
approximated model response and measured

response due to vertical gusts

7  Comparison with the TAR for a 1-cos gust
input

Now after determination of the transfer function
the time response of the bending moment as
output signal can be calculated using input sig-
nals like 1-cos gusts according to the TAR.
Furthermore a comparison of the maximum
bending moment with the gust load equation is
possible. The first step to approximate the trans-
fer function was to divide the bending moment
through the dynamic pressure. Before compari-
son it is now required to multiply with the dy-
namic pressure related to the decisive true air-
speed from the TAR. The simulations are per-
formed using the minimum and maximum gust
wavelength. For the flight segment 56 the re-
sults are represented exemplary in the Fig. 16
and 17. With short wavelength of the 1-cos gust
38,01% of the equation value occur, with long
wavelength 72,91%. Further Fig. 16 shows a
small damped eigen frequency due to the rela-
tive high frequently stimulation.
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My for gust input with short wavelength
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The maximum bending moment My is in both
cases considerably below the gust load equa-
tion's value; therefore a calculation using the
formula can be regarded as on the safe side. But
this statement cannot be met however for all
flight segments. Fig. 18 shows the respective
simulated maximum bending moment value in
percent of the formula value, both for the short
(PMaxMy1) and for the long gust wavelength
(PMaxMy2). All values of PMaxMy1 are less
than 100%, even the most below 40%. Regard-
ing PMaxMy2 there are 6 values, which are
situated over 100%. Two of it belong to turns.
Since the model building presupposed a pure

longitudinal movement, turns should be re-
moved here. Then, however further 4 flight seg-
ment with a PMaxMy2 of more than 100% re-
main in the analysis. An evident reason for the
high bending moment occurring here could not
be found. The average value of PMaxMy1
amounts now to 18,98%, that by PMaxMy2
54.27%; both are considerably below 100%.
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Fig. 18.  Maximum bending moment from
simulation for short and long gust wavelength
(percentage value of gust load equation result)

Using the model from the approximation in the
frequency domain, a maximum bending mo-
ment of 23.5% of the formula value occurs for
the gust with short wavelength and 21.2% with
long wavelength.

The result with short wavelength is con-
sistent to that found with the model from the
approximation in the time domain (24% to
19%). For long wavelength it is much lower
(21% to 54%). A reason could be that during the
parameter identification in the frequency do-
main the lower frequency range is not sufficient
taken into account due to a data number limita-
tion in the applied evaluation software.

8  Summary
For altogether 35 flight segments (70 minutes
flight test time) of different turbulence / gust
conditions and flight strategy the longitudinal
bending moment and the vertical wind were
analyzed with respect to the Transport Airship



464.11
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Requirements. The TAR supposes a gust with a
1-cos shape and a certain magnitude, which of
course could not be reached during the flight
tests. Therefore a model building from the re-
corded data is necessary to simulate the longitu-
dinal bending moment due to 1-cos gust inputs
and to compare the results with the airworthi-
ness requirements. This procedure would be
also necessary, if e.g. discrete gusts and the
relevant loads would be measured by flying
over cooling towers, since one cannot assume
also here, to find appropriate shapes and magni-
tudes.

A linear model building was done both in
the time and in the frequency domain. The
simulated maximum values of the longitudinal
bending moment due to the prescribed gust in-
put were compared with the value of the load
formula. For the gust with short wavelength the
averaged result amounts to approximated 19%,
with the long wavelength to 54% of the formula
value; whereby however 4 values are above
100%. A reason for these "runaways" could not
be found, an error in the model building due to
missing low-frequency information however
could not be excluded. Furthermore it turned out
that the model building in the time domain and
frequency domain did not result into compara-
ble models, but into comparable results by com-
parison with the load formula.

The represented procedure for model
building is limited to linear models, which ac-
tually only are valid for small input magnitudes
and in a limited frequency range. Surely insta-
tionary effects occur with short wavelengths and
large magnitudes of the gust input, which are
not covered by linear models. The instationary
effects would reduce however the bending mo-
ments, so that one is with the linear models on
the safe side. With the long wavelengths the air-
ship would rise, e.g. with the upwind, and the
additional bending moment would reach again
zero. This is also not correctly covered by the
derived models.

The data collection from [4] contains a lot
of potential for further analyses. On the one
hand further bending moments could be in-
cluded and on the other hand the models could
be refined.
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