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Effects of Atmospheric Turbulence on a
Quadrotor Heavy Lift Airship

Mark B. Tischler*
U.S. Army Research and Technology Laboratories, Moffett Field, California

and
Henry R.Jexf

Systems Technology, Inc., Hawthorne, California

The response of a quadrotor heavy lift airship (HLA) to atmospheric turbulence is evaluated using a four-
point input model. Results show interaction between gust inputs and the characteristic modes of the vehicle's
response. Example loop closures demonstrate tradeoffs between response regulation and structural loads.
Vehicle responses to a tuned discrete wavefront compare favorably with the linear results and illustrate
characteristic HLA motion.
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Nomenclature

= acceleration of the hull center of gravity
along,the positive (downward) z-body
axis, ft/s2 (g)

= traveling upgust wave celerity, i.e.,
inertially referenced crest velocity, ft/s

= decibels, = 20 log!o (gain)
constraint force exerted on the hull
support structure at the attachment point
of LPU-1, along the positive (downward)
z-bodyaxis, Ib

= lift propulsion unit, each comprised of
one rotor, one propeller, and one nacelle;
numbering system shown in Fig. 2.

characteristic scale length for vertical
turbulence, ft

? hull length, ft
= Laplace transform operator
= heave mode time constants for the open-
loop (bare airframe) and closed-loop
(control system engaged) vehicle,
respectively, s (time-to-half-amplitude =
0.693 T\ T=Tf,,Tfl)

-- reference relative airspeed, ft/s
reference inertial velocity along the x-
body axis (ground speed), ft/s

= velocity of the hull center of gravity
along the positive (downward) z-body
axis, ft/s

= heave axis control deflection, wc = 1
deg—vl deg of negative collective pitch on
each rotor, deg

= gust velocities along the inertial z axis at
input sources 1-4, respectively; positive
downward, ft/s
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Superscripts
(")o

= pitch and roll Euler angles, respectively,
rad(deg)

= root-mean-squared (rms) value
= root-mean-squared(rms) level of hull
acceleration, az

-- root-mean-squared(rms) level of vertical
constraint force at LPU-1 (FCzl)

= intensity level (rms) for turbulence along
the inertial z axis, ft/s

= power spectral desity function and
truncated power spectral density func-
tion, respectively, for vertical turbulence,
ft2/rad-s

= frequency, rad/s
= heave control system bandwidth; defined
as the -3 dB frequency (Fig. 3), rad/s

= Butterworth filter cutoff frequency,
rad/s

= pitch oscillation mode frequencies for the
open-loop (bare air frame) and closed-
loop (control system engaged) vehicle,
respectively, rad/s

= traveling upgust wave encounter angle
(Fig. 2), deg

= average value
= time derivative with respect to

nonrotating axes

Introduction

THE effects of atmospheric turbulence on the airship
motions and structures are a continuing concern.1"3 Low-

speed and mooring operations are especially difficult, since
the reduced control power and ground clearance increase the
vehicle's vulnerability to turbulence. Recently, the British
AD-500, Goodyear Columbia, and Aerolift Cyclocrane have
suffered considerable damage in mooring accidents, which are
largely attributable to severe turbulence.

Current design concepts emphasize requirements of
precision vehicle control and gust response suppression in
low-speed and hover-flight operations.4'5 These requirements
are especially formidable for the heavy lift airship (HLA)
logging configuration6 and the Maritime Patrol Airship
(MPA).4 The utility of these vehicles depends on their ability
to operate in all weather conditions.
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Studies by DeLaurier1 on the effects of atmospheric tur-
bulence on conventional airships showed the existence of
significant coupling between airship pitch dynamics and
vehicle structural loads. Maximum vehicle response and
attendant loads were found to occur for turbulence
wavelengths that correspond to those of the airships' normal
modes. Nagabhushan2 analyzed the effects of closed-loop
control on the hovering performance of quadrotor HLAs in
crosswind flight conditions. His analysis showed that con-
siderable improvement in the radius of hover could be
achieved by feedbacks of inertial vehicle position to the rotor
cyclic controls. The associated effects on the structural loads
of HLAs were not investigated.

An analysis of the dynamics and performance of a generic
quadrotor heavy lift airship (Fig. 1) using the joint Systems
Technology, Inc. (STI) and National Aeronautics and Space
Administration (NASA) simulation was discussed in Refs. 7
and 8, One significant conclusion was that gust accelerations
have a considerable impact on the loads, experienced by
airships due to apparent mass effects. This will be especially
important for the HLA logging mission, where large and
rapid changes in the local atmospheric conditions result from
the geographic surroundings.

In this paper, we further develop analysis of turbulence
effects on quadrotor heavy lift configurations with the use of
the four-point atmospheric input model outlined in Refs. 7
and 8. This multiple-input model allows a more accurate
description of gust-gradient effects than is obtainable with a
more conventional single-point aircraft model.9 An
assessment of the effects of atmospheric turbulence on the
vehicle dynamics was made with an adaption of design
military gust specifications for piloted aircraft10 (MIL-F-
8785C). This paper presents an overview of the four-point
atmospheric input model, a discussion of its range of validity,
and an application of the military specification for a typical
low-speed unloaded flight condition. The results show the
effects of closed-loop control on vehicle turbulence response
and associated structural loads.

aerodynamic forces and moments for use in the dynamic
equations of motion. The many interpolation formulas and
equations for the associated aerodynamic forces are presented
in Ref. 7 and are not repeated here.

Discrete wave fronts are generated by tailored sequencing
among the input sources. These waves can be tuned to the
vehicle's dynamic modes to evaluate critical non-Gaussian
phenomena. The four-point model is valid for all discrete
disturbances within the assumption of linear interpolation of
local gust velocity between input sources.

The use of a four-point atmospheric model allows the
calculation of gradient effects to shorter gust wavelengths
than is possible with a single-point model; however, a lower
gust wavelength limit exists on the validity of the model in
simulating the response to sinusoidal inputs. This results from
the assumption of gust velocity linear interpolation between
the various input sources and the use of a closed-form hull
aerodynamic model dependent only on the relative motion
between the hull center of volume and air mass.

Analyses using a multiple-segment hull model1 show that
the response power spectra fall off rapidly for gust
wavelengths shorter than twice the hull length (24). This is
due to the pressure averaging effect of the hull. In the present
analysis, the spectral-power reduction is modeled with a third-
order Butterworth filter. The filter break frequency
corresponds to a wavelength of 24, the assumed limit of the
four-point input model.

While the more accurate multiple-segment model is
necessary to evaluate distributed structural loads along the
airship hull/the simplified approach adopted here is felt to be
sufficient for dynamics and control analyses of heavy lift
airships, where the loads between widely separated elements
are of prime inportance. This approach allows the easy in-
corporation of measured atmospheric data (e.g., at four
towers more than 100 ft apart) and is well suited for the study
of vehicle responses to discrete waveforms, such as traveling
gust "waves" and thermal currents. A comprehensive ex-

Atmospheric Input Model
Analyses of turbulence effects on aircraft are generally

based upon the assumption that the local atmosphere may be
represented by gust velocities and linear gradients at a single
point (nominally the aircraft center of gravity), then ex-
trapolated outward therefrom. As noted by Etkin,9 this leads
to significant overestimation errors for large aircraft and
small gust wavelengths. Airships, with their nearly neutral
buoyancy, large dimensions, and relatively low cruise speeds,
are especially sensitive to large-scale atmospheric gradients
and accelerations. A multiple-point input model allows the
calculation of these gradient effects at smaller wavelengths
(and larger aircraft size) than is possible with a single-point
model. This results from the spatial interpolation scheme,
which is used to calculate average gradients and velocities
from the velocities at the various input sources. Based upon
these considerations, we have implemented a four-point
atmospheric input model, which is an extension of the work
of Holley and Bryson11 and Etkin,9 and is discussed in detail
in Refs. 7 and 8.

Figure 2 shows the locations of the four input sources for
the present analysis, which are selected as a compromise to be
closed to the more distal vehicle components [i.e., hull ends,
tail surfaces, and lift/propulsion units (LPUs)]. These
sources are assumed to be statistically uncorrelated because of
their large separation relative to gust characteristic lengths at
low altitudes. Hence, linear superposition can be used to
determine the total (Gaussian) turbulence response of the
vehicle by summing the isolated responses of the vehicle to
individual gust velocity sources. Each input gives rise to ef-
fective gust accelerations, velocities, and gradients at the hull,
tail, and LPUs. These, in turn, are used to calculate

Hull
Length
Diameter
Volume
Tail area
Weight

Rotor diameter
Propeller diameter
Engine horsepower

(OneperLPU)
Weight (each LPU)

Composite vehicle

Weight (Ib)
Buoyancy ratio

Lift propulsion unit (LPU)

Unloaded
125,000

0.92

240ft
103ft

1.5xl06ft3

2520 ft2

8.89xl04lb

56ft
13 ft

1524hp

9xl0 3 lb

Loaded
165,000

0.70

Fig. 1 Generic quadrotor heavy lift airship used in present study.
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perimental effort with an instrumented flight vehicle would be
needed to validate the preceding assumptions.

Analysis Techniques
The present analysis procedures are broadly based on the

MIL-F-8785C turbulence requirements.10 This specification
requires analysis of both continuous random (Gaussian)
statistical turbulence and discrete (non-Gaussian) distur-
bances. As noted by Etkin,9 statistical analyses account for
the Gaussian loads up to 3 a, important for fatigue
assessment. The discrete turbulence (wave front) analysis
accounts for the critical loads which occur in thunderstorms
with far greater frequency than their Guassian probability (Pr
4.5a = 7x lO~ 6 ) would indicate. A discussion of the ap-
plication of these analysis techniques to the four-point at-
mospheric model is presented below.

Statistical Turbulence Analysis

The longitudinal gust response transfer functions for each
input source (e.g., 0/w*1, az/wf, etc.) are generated by
exercising the numerical linearization option of the
STI/NASA heavy lift airship simulation.7 These transfer
functions provide valuable insight into the dynamics of HLA
gust responses. Constraint force transfer functions give the
gust-imparted loads in the support structure between the
central buoyant envelope (hull) and the LPUs. Statistical
information is obtained through analysis of the gust transfer
functions and the relevant atmospheric spectra. In the present
analysis we used a simplified form of the Dry den model12

with the high-frequency spectrum truncated for wavelengths
shorter than twice the hull length (24 =480 ft). The tur-
bulence model's scale length and intensity parameters were
obtained from Ref. 10. Open-loop (bare air frame) and closed-
loop (flight control system engaged) studies were completed to
investigate tradeoffs between requirements for response
suppression and structural integrity.

Discrete Gust Response

Discrete gust responses show the vehicle reaction to non-
Gaussian disturbances. A tuned upgust wave front was
developed based on the Military specification guidelines.10

This wave consists of sequenced (1-cosotf) discrete waves,
one at each of the four input source locations, designed to
excite the vehicle at its natural frequencies of motion about
the pitch and roll axes. The resulting large-amplitude time
histories provide information on critical loads and motions.

Linearized Transfer Functions
The open-loop linearized and decoupled longitudinal

transfer functions were calculated for a flight condition of 44
ft/s (13.4 m'/s) (axial airspeed), which corresponds to that
analyzed in Ref. 8. the present model includes the effect of
aerodynamic interference among the vehicle components
(e.g., hull/rotor, rotor/tail, etc.). A comparison of the
present transfer functions with those of Ref. 8 shows in-
terference effects on the vehicle's transient dynamics to be
small to negligible. As noted in Ref. 7, the dominant effects
are changes to vehicle trim controls and power conditions.

Closed-loop transfer functions were calculated for the
nominal flight control system described in Ref. 8. Feedbacks
of attitude and inertia! linear and angular velocities to the
rotor, propeller, and tail control surfaces stabilize the vehicle
against unwanted motion and maintain the commanded flight
path. A forward loop integrator is used in each axis to insure
zero steady-state error.

Figure 3 shows the vertical velocity response (w) to vertical
command inputs (wc) for the open-loop (feedbacks discon-
nected) and closed-loop (feedbacks connected) vehicle. The

I00'——»J

flh Gust Input
^ Points

Crest Velocity. Cw

Apparent Crest of
Oblique Upgust Wove

Fig. 2 Atmospheric input model.

open-loop response is characterized by the dominant heave
mode frequency (l/Th =0.22 rad/s), the pitch oscillation
mode frequency (cop=0.27 rad/s), and the -3 dB heave
bandwidth (UBJV =0.36 rad/s). When the nominal feedback
gains are used, the pitch oscillation mode is well damped, and
the augmented heave mode frequency is increased

h =0.85 rad/s). The associated increased heave bandwith
=0.8 rad/s) implies improved command following and

disturbance suppression characteristics. Attendant effects on
gust-induced structural loads was a central question of the
present study and is discussed in the following sections.

Additional increases in the vertical velocity feedback gain
results in higher bandwidth systems (Fig. 3) with further
improvements in the dynamic characteristics. Increased gains
result in larger control deflections, which may cause surface
limiting in heavily loaded conditions. However, for the
present unloaded flight condition, this is not a problem, even
for very high bandwidth systems (w5^ = 5 rad/s).

The gust transfer functions examined in the study were:
pitch attitude, 0; vertical acceleration at the hull center of
gravity, az; and vertical constraint force exerted on the hull
structure at the attachment point of LPU-1, FC[. These
variables exemplify the motions and loads which are
characteristic of the vehicle longitudinal response to tur-
bulence.

Pitch Attitude Response
The open- and (nominal) closed-loop pitch attitude re-

sponses to vertical gusts on input source 1, Q/wj1, are shown
in Fig. 4. The vehicle pitch response to input source 1 is
representative of the response of the vehicle to tHe other gust
input sources (w|2,w|5,w|¥). This results from the assumed
symmetrical distribution of the gust input sources about the
hull center of volume, the hull's fore/aft symmetry, and the
relatively small tail compared to the hull. The transfer func-
tions for gust inputs sources 3 and 4 have a slightly higher
gain in the high-frequency region. This is due to the unsteady
tail forces, which are predominantly influenced by the
rearward sources (5-3,54).

Referring to Fig. 4, we note that the open-loop dominant
pitch response is at the damped natural pitch oscillation
frequency ( = cop) as expected. These results agree with those
of DeLaurier,1 who also showed maximum gust responses at
vehicle damped pitch natural frequencies. The peak closed-
loop response is significantly reduced from the open-loop case
due to the desired function of the pitch attitude control
system. In the frequency range above, the nominal closed-
loop bandwidth(=highest closed-loop pole, I/TV), tne open-
and closed-loop transfer functions are identical; therefore, the
initial time responses (i.e., slopes) for both cases will also
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Fig. 3 Vertical velocity response to heave command inputs.
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Fig. 4 Pitch attitude response to gust inputs at source 1,0/ws
g
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match. For low-frequency inputs, the attitude response
asymptotically approaches zero due to the installed trim
integrator. These linear results correlate well with nonlinear
time histories of Ref. 8 and those presented in the next sec-
tion.

Vertical Acceleration Response
As with the pitch response, the vertical acceleration (az)

transfer functions are quite similar among the four input
sources. This again is due to the symmetrical orientation of
the sources about the hull center of volume and the small
relative size of the tail. The acceleration response to a vertical
gust on input source 1 (az/Wg) is shown in Fig. 5 for the open-
and closed-loop systems.

Ignoring the excitation of the pitch oscillation mode (cop),
we obtain from Fig. 5, the following approximate relationship
between the vehicle open-loop vertical acceleration response
and the gust acceleration at input source 1:

The approximately identical results of the remaining input
sources give:

««**, (2)

-*£1 (3)

where

Equation (2) indicates that the open-loop vehicle is subject
to pure convective motion. This results from the near-neutral
buoyancy ratio condition (0.92) of the present vehicle.
Analyses by DeLaurier1 and Nagabhushan2 verify this
conclusion for other neutrally buoyant vehicles. Conceptually
the open-loop vehicle may be considered as a soap bubble or
particle in the air mass, convecting with the local motion.

This result is especially important for mooring and other
power-off flight conditions; attempts to restrain the vehicle
will require the attachment structures between the hull and
LPU to absorb the large energy of the local air mass motions.
This explains the historical policy of allowing airships to float

.01
20

-20

-40

-60

-80

-100

O.I "(rad/sec)
10

Open-Loop

High Bandwidth
Control System

-Nominal Control
System

Fig. 5 Vertical acceleration response to gust inputs at source 1,

freely away from the mooring mast in severe turbulence
conditions.9 Also, current Goodyear policy13 is to allow the
moored airship to freely "kite," thereby relieving the
otherwise large air mass forces associated with constraining
the vehicle against its natural convective motion.

The closed-loop response below the augmented heave mode
(l/Th) is significantly reduced from the open-loop case, due
to the desired function of the (nominal) vertical axis control
system. The pitch axis control system damps the previous
excitation of the open-loop pitch mode, cop. Additional
increases in the vertical loop bandwidth are shown in Fig. 5 to
further reduce the vertical acceleration gust response. This is
expected from the improved command response charac-
teristics shown in Fig. 3. Again, the high-frequency
characteristics (about 1/7JJ) are unchanged, since the un-
steady (accelerated flow) aerodynamics of the rotors are
neglected.

The retention of significant acceleration responses out to
high frequencies suggests potential interaction between the
accelerometer measurements and structural (high-frequency
modes), possibly causing degradation of the control system
effectiveness and resulting gust suppression performance.
Careful attention will have to be paid to insure that the ac-
celerometers are located at appropriate points relative to the
mode shapes of the dominant structural modes for ap-
propriately tailored control system/structure interaction.

Constraint Force Response
The frequency response of vertical constraint force between

the hull and LPU-1 due to gust inputs at source 1, (Fc 11 w*7},-
is shown in Fig. 6 for the open- and closed-loop vehicle,
high-frequency response of Fc^ to each of the other remaining
gust input sources is nearly identical, again due to the sym-
metry of the input sources about the hull, the relatively small
tail and the constant hull response to gust accelerations.
However, the low-frequency characteristics of the remaining
transfer functions are quite different, especially near the
open-loop pitch mode, up. This results from the coupling of
the constraint force and pitch mode responses due to the rotor
damping forces.

Figure 6 shows a significant increase in the constraint force
loads from the use of closed-loop control to regulate hull
motion against turbulence. For the closure selected in the
present study, the mid-frequency load response increases by a
factor of 6. Further increases in the vertical gain indicate an
inverse relation between vertical acceleration response sup-
pression (az/wg) and constraint force response amplification
(Fc^/wg). The limiting condition of a vertically constrained
vehicle is being approached with this high bandwidth case.
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The increase in constraint loads associated with the higher
bandwidth control systems is due to the attempt of the rotors
to restrain the hull in the presence of large gust acceleration
loads. Reductions in quasisteady (i.e., velocity-dependent
cross flow) forces, which arise from the closed-loop
(stabilized) hull motion, are overshadowed by this effect.
DeLaurier1'15 cites such reductions in structural loads oil
classic airships with increases in control gain, since the gust
acceleration dependent terms were not included in his
dynamic model.

An important conclusion of this analysis is the existence of
a direct tradeoff between requirements for precision control
and structural integrity. This will be especiallyv important for
the hover and near-hover precision control tasks which are
essential to the heavy lift airship logging and payload
positioning roles. Design and performance specifications for
these vehicles need to include this tradeoff.

Statistical Response to Turbulence
The statistics of the vertical acceleration (az) and vertical

constraint force (Fc;) response to statistical turbulence were
evaluated for the open-loop (control system not engaged) and
several closed-loop systems. These analyses were based on the
linearized decoupled longitudinal transfer functions of the
previous section for a flight condition having an airspeed (Va)
of 44 ft/s (30 mph), with a headwind of 30 ft/s (20 mph),
resulting in a groundspeed (V0) of 14 ft/s (10 mph). The
statistical analysis was completed using the following sim-
plified first-order approximation of the Dryden spectrum:12

.01

s+(3Va/2Lw
(4)

The following numerical values were selected, based on the
guidelines given in Ref. 10, for the given flight condition at an
altitude of 2000 ft:

aw = 6.4 ft/s = intensity level for "moderate turbulence''
Lw = 1750 ft = turbulence scale length

^ , *
As previously discussed, the assumed applicability of the

four-point atmospheric input model is limited to turbulent
wavelengths not exceeding two body lengths. In order to
restrict the calculation of statistics to wavelengths within this
limitation, a standard third-order Butter worth filter was used
to truncate the input power spectral density function of Eq.
(4). For the present flight condition, the Butterworth cutoff
frequency is wc = 7rFa/4 =0.57 rad/s. Note that this cutoff
frequency is a decade above the break frequency of the
(simplified) Dryden input power spectral density filter; hence,
the truncation of the spectrum will not represent a severe
restriction of the analyses for this flight condition. The
following truncated input power spectral density function is
obtained by combining the simplified Dryden model with the
Butterworth filter:

=* rgwg *w
8»g L (5)

where the asterisk denotes that the input power spectrum has
been truncated.

The output root mean square (rms) value for a response to a
specific gust input source is obtained as

(6)

where G(yco) are the complex transfer functions, typified by
(az I wj7) and (Fc'zl I w^1), discussed earlier.

The total response to all four gust input sources is obtained
by superposition, as explained earlier. For example, the total
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40

20

O.I
( rod /sec)

1.0 10

High Bandwidth
Control Systehr

"** / Nominal Control
L Open -Loop System

Fig. 6 LPU-1/HulI vertical constraint force response to gust inputs
atsource 1,/

o-Fc.
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LPU-1 Vertical
Constraint Force

Hull e.g.
Vertical Acceleration

0.1 Open
Loop 1.0 10.0

Heave Control System Bandwith, CUBW

Fig. 7 Statistical response to turbulence. .

vertical acceleration rms response (aaz) is calculated from:

aaz=[o2(az/ws
g

1)+a2(az/ws
g

2)

(7)

A statistical analysis of vertical acceleration and constraint
force response to turbulence was completed. The output rms
levels were normalized by the turbulence intensity (aw ) and
converted to decibels (dB) to allow easy scaling to otlier in- •-
tensity levels. These results are shown in Fig. 7 as a function
of the heave control system bandwidth, ^swh •

As expected from the previous transfer function results, the
vertical acceleration rms response decreases with increasing
closed-loop bandwidth. Associated with this acceleration
response reduction is an increase in the constraint force
response. As the gain (and associated bandwidth) of the heave
control system is increased, the acceleration response
asymptotically approaches zero as the constraint force
response approaches a constant value. These asymptotic
values are representative of a vertically constrained condition
(i.e., infinite closed-loop bandwidth).

The assumption of a constrained condition would provide a
simplified approach for specifying extreme random load
design requirements, for example, for fatigue and failure
mode analyses. Such assumptions have been previously used
to determine structural loads on classical airships.14 One
possible design requirement might be the 2a constraint-force
level, which could be expected roughly 2% of the time in a
given turbulence flight condition. For the present flight
condition, the 47.7 dB ratio of 0FCz]/aw shown in Fig. 7
indicates a 2a requirement of 3100 Ib (above trim). This
criterion does not appear to be an overly conservative estimate
of the nominal closed-loop level for statistical loads analyses.
However, the results in the next section show that, for discrete
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turbulence encounters, a design requirement based on con-
strained motion would be very stringent, leading to an un-
desirably heavy structure.

.̂-- Front Reor

/L R L R

U u,81 u,82 u,83 ui84
- Wg Wg Wg Wg

,—— Wg.pk

-dl L\̂ J 0
\-Gust Input Points

Parameter

0 10 20 ' 30
ti f2 Is U t9 TP|

Time (sec)

Formulas
Dominant pitch mode
period;!^

Rise time = peak spacing;TI
Onset times; t j , ^> ts* *4
Waveform(/=l,2,3,4)

(open-loop;
UP^U'P for closed-loop)

Tp =

Tj =0.4 Tr/Up

tj =0; t2-Tl\ t3 = 2T1\t4 =
( 0\t<timt>ti+2T1

otherwise

= tan~7 (Ax/Ay)
Encounter angle from
nose; \l/w
Inertial crest celerity (crest

velocity with respect to
ground; positive means
traveling same direction
past hull as V0)

Fig. 8 Tuned oblique traveling upgust relationships.

The results of these statistical analyses re-emphasize the
previous transfer function results concerning the tradeoff
between requirements for response suppression and structural
integrity. A significant increase in the constraint forces occurs
with the implementation of any inertially referenced closed-
loop control system. This suggests that the low-speed arid
precision-hover tasks, which require large flight control
band widths, are critical for both disturbance suppression and
structural load considerations. Further analyses are required
to examine the moored flight condition, where large nose
loads are expected to occur from the partially constrained
condition.

Vehicle Nonlinear Response to a
Tuned Discrete Gust Input

The discrete gust input is designed to excite the vehicle at its
natural pitch and roll mode frequencies to provide in-
formation on critical motions and loads. This is conveniently
done by having the vehicle encounter an obliquela oriented
traveling upgust wave, whose celerity (inertially referenced
crest velocity), wavelength, and relative heading are adjusted
to maximally and simultaneously excite the pitch and roll
modes. Here the wave is simulated by applying a tuned series
of (1-cosotf) gusts at the four input sources and by properly
selecting the wavelength and timing. The procedure is
summarized in Fig. 8.

The present flight condition is an airspeed of 44 ft/s and a
windspeed of 30 ft/s; the natural frequencies are 0.273 rad/s
in pitch and 0.447 rad/s in roll. With the symmetrical 100-ft
spacing of the gust input sources, the procedure yields an
apparent wave encounter (\[/w) angle of 27 deg from the nose
(Fig. 2), a crest celerity (Cw) of 5.4 ft/s (Fig. 2), and
(overlapping) input periods of 5 s for each source (Fig. 8). The
selected peak gust magnitude of 1.3.4 ft/s results in the four
gust inputs (one at each input source) which are shown in Fig.
8. This peak gust value is 44.7% of the mean windspeed bf 30
ft/s. It was obtained from the military specification

a) Pitch Attitude

Open-Loop

Fig. 9 Nonlinear open- and closed-loop
responses to a tuned traveling oblique
upgust.

(deg)

b) Roll Attitude

Open Loop

.03-

20 30 40
Time (sec)

Cj Vertical Acceleration

9000

8000

20 30 40
Time(sec)
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requirements to be consistent with the previous statistical rms
level for free-air turbulence.

Peak values expected in thunderstorm encounters by
conventional aircraft are specified as a function of airspeed in
the military specifications. An alternate peak value based on
typical airship scenarios has been proposed.3 The selection of
an appropriate thunderstorm peak value and vehicle
penetration airspeed is crucial to the resulting load
requirements and depends largely on the specific mission and

-allowable operational weather conditions. For the present
generic study, an analysis of extreme gust encounters has not
been completed; however, the trends obtained using the
moderate 13.4 ft/s gust are representative of the results that
may be expected for more severe gust levels.

The open-loop pitch (6) and roll (<A) responses (dashed lines
in Figs. 9a and 9b) to the 13.4 ft/s peak upgust show that the
vehicle is being excited at its damped natural frequencies. As
expected from the linearized responses, the attitude and
acceleration excursions (Figs. 9a-c) are significantly reduced
due to the desired operation of the closed-loop flight control
system. Strickly speaking, the oblique upgust parameters
should be retuned to the closed-loop natural frequencies, but
this was not done here.

In the open-loop case, the vertical constraint force in LPU-
1 (Fig. 9d) responds at the same frequency (but roughly 180
deg out of phase) as the (open-loop) pitch response. A
significant increase in the constraint force excursions and
frequency results from the operation of the closed-loop
system with the transient forces (from trim values) rising from
about 600 to over 2300 Ib. This is largely due to the attempt of
the rotors to restrain the vehicle in the presence of large
relative air-to-hull acceleration loads on the hull. The im-
portance of these unsteady aerodynamic loads, compared
with the quasisteady forces (those due to relative velocities),
has been previously discussed and demonstrated.3 The
gradual rise in the open-loop constraint force, at the end of
the time history, arises from the steady increase in relative
vertical airspeed due to unstable vehicle lateral charac-
teristics,8 as reflected in Figs. 9a and 9b.

As discussed earlier herein, increasing the tightness
(bandwidth) of the closed-loop system causes the constraint
forces to approach the limiting values for an inertially
restrained vehicle. Then the forces are just those that arise
from the gust inputs. For the selected flight condition and
discrete gust inputs, this limiting case yields a maximum
constraint force load of 19,500 Ib. The incremental load of
13,000 Ib (above trim) is five times that (2300 Ib) obtained^for
the nominal control system. While the constrained vehicle
approximation provides a reasonable estimate for statistical
turbulence analyses, this approximation is seen to be overly
conservative for the analysis of discrete gust encounters,
thereby leading to an over designed structure. Especially
unrealistic loads are to be expected from similar analyses of
thunderstorm-level discrete gust encounters where peak values
exceed 35 ft/s.3'10

The constrained-vehicle calculation suggests that large
loads would be imparted to a vehicle in a fully restrained
mooring condition. The necessity of allowing unrestrained
angular motion to relieve the otherwise large nose moments
suggests the advantages of utilizing a mooring system that
allows increased, but properly impeded, linear motion in
order to relieve the associated nose forces

The nonlinear time history responses underscore the results
of the previous linearized analysis. The responses verify the
earlier conclusion that a closed-loop reduction in acceleration
response due to gust inputs is gained at the expense of
significant transient increases in the constraint forces between
the LPUs and the hull. Further increases in control system
tightness accentuate this penalty. The increase in the con-
straint force frequency characteristics reflects higher-loop
bandwidths and implies increased fatigue loads in the LPU
and hull support structure. These fundamentally opposing

trends require consideration in the flight control system
performance and design load specification process.

A flight test program/intended to verify the results
presented herein would be very desirable. The key ex-
perimental requirement is accurate measurement of the gust
disturbance input velocities at the four input locations about
the airship and correction or "calibration" of such
measurements in order to account for uncertain power and
hull interference effects. Such measurement and calibration
could conceivably be accomplished with power-off and -on
tests and the application of potential flow corrections about a
more conventional lighter-than air ship. Correlation of in-
flight and meteorological tower(s) or tethered balloon(s)
measurements are additional experimental possibilities for
extracting such calibrated data.

Conclusions
An analysis of typical quadrotor heavy-lift airship motions

and loads due to atmospheric Disturbance was completed. The
results presented in this paper lead to the following con-
clusions.

1) Vehicle motions due to gust responses were maximum at
frequencies corresponding to those of the airship's natural
motions.

2) Loads between the rotor units and hull are dominated by
static (trim) loads and the unsteady aerodynamic hull forces
due to its acceleration relative to the gusting air mass.

3) Implementation of a multiaxis closed-loop control
system not only causes a significant reduction in the vehicle
dynamic motion to statistical and discrete gust inputs, but
also causes large increases in the transient constraint forces
between the hull and LPUs.

4) The loads computed by assuming that the vehicle is fully
constrained by the lift/propulsion unit arms are overly
conservative for cruise calculations, but they suggest the
advantages of a compliant mooring system which would allow
some linear motion impeded in a proper manner.

5) An extension of the aircraft military specification
discrete tuned (1-cosotf) gust input for loads requirements is
suggested. It simulates the effects of an oblique traveling
upgust wave, tuned to simultaneously excite both pitch and
roll dominant modes, for which constraint forces are worst.

6) The existence of tradeoffs between tight vehicle response
and resulting increases in vehicle constraint forces suggests
that closer attention than usual needs to be paid to operations
in the low-speed and hover-flight regimes where gust
responses are most significant. Future studies should focus
on:

a) Opening up of motion tolerances for precision hover
and load handling, for example, by different load-handling
techniques.

b) Flight control laws that allow some high-frequency
vehicle attitucle and linear motions while constraining the low-
frequency linear motions. / • '

€> Hull and tail gust load relief (e.g., via tail controls
responsive to hull gust angles or loads).
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