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Stability and Control of VTOL Capable Airships
in Hovering Flight

H. C. Curtiss Jr.* and V. Sumantrant
Princeton University, Princeton, New Jersey

The stability and control characteristics of an airship equipped with lifting rotors to provide a modest
VTOL capability are discussed. The rotors are used for control and maneuvering in near-hovering flight. Con-
figurations with two, three, and four lifting rotors are examined and compared with respect to control
capabilities and dynamic response characteristics. Linearized models of the dynamics are employed for this
study. A new approach to the prediction of rotor derivatives for operation near zero thrust in hover is
presented. It is found that all three configurations have similar control and response characteristics. The
responses are characterized by long time constants and low levels of angular damping.
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Nomenclature
two-dimensional lift curve slope, per
radian
rotor thrust coefficient
= T/[PTrR2(QR)2]
buoy ant force, Ib
vehicle moments of inertia and product
of inertia with respect to body axes at
center of gravity, slug-ft2

vehicle moments of inertia plus virtual
moments of inertia with respect to
center of gravity, slug-ft2

vehicle moments of inertia plus virtual
moments of inertia with respect to
dynamic center, slug-ft2

tail length measured from hull center of
buoyancy, ft
vehicle mass, slug
tail surface added mass in Y and Z
directions, slug
vehicle added mass in X, Y, Z direc-
tions, slug

vehicle angular velocities, rad/s
rotor thrust and torque; Ib, ft-lb
translational velocities of vehicle center
of gravity, ft/s
translational velocities of vehicle
dynamic center, ft/s
vertical velocity of rotor shaft, ft/s
longitudinal distance from center of
buoyancy to center of added mass of
hull and tail, ft
location of dynamic center with respect
to center of gravity for longitudinal
motion, ft
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ZA

= location of dynamic center with respect
to center of gravity for lateral-
directional motion, ft

= resultant vertical aerodynamic force in
trim, Ib

= vehicle stability derivatives normalized
by mass and inertia

= ZA/M*y
= buoyancy ratio, = FB /Mg
— vehicle pitch and roll angles, rad (p = <j>,

= rotor collective pitch
= rotor solidity, ratio of blade area to disk

area
= undamped natural frequencies of vehicle

in roll and pitch, per second,
1 8M
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0 = rotor angular velocity

Introduction

S YSTEM studies conducted over the past 10 years have
indicated that lighter-than-air vehicles have the potential

to perform a variety of useful and unique tasks.1"3 Reference
1 indicates that, for maritime patrol, the ability to hover and
maneuver near hover is a valuable attribute, essential to
many specific mission profiles. This paper is concerned with
the examination of the control and stability characteristics of
an airship configured to have a modest VTOL capability
while retaining the advantages of a conventional airship.
While it has been shown that unique hybrid configurations
can be designed to produce good control characteristics near
hover,4 this is achieved at the expense of complexity and
reduced cruise performance compared to the airship. This in-
vestigation was directed toward the examination of relatively
conventional airships equipped with tilting rotors such that
near hover the rotors could be used for lifting modest
pay loads as well as maneuvering the vehicle.

Three configurations were examined based on an airship
with a nominal volume of 106 ft3 equipped with two, three,
and four rotors with a total installed power of 2500 hp.1 The
rotor characteristics were those of the XV-15 tilt-rotor
aircraft.5
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Since sophisticated simulations have been developed for
this generic-type vehicle,6'7 the emphasis in this study was
placed on the study of a simplified linearized model of the
vehicle near hover to provide insight into the important
features and limitations of airship control in and near hover-
ing flight. Only the dominant forces and moments produced
by the lifting rotors are included in the model. When com-
paring the resulsts of this investigation to Refs. 7 and 8 it
should be noted that both of these studies consider hybrid
airships with a heavy-lift capability, while this study in-
vestigates the dynamics and control characteristics of a
simpler vehicle with smaller lifting rotors and a smaller
payload.

Since many proposed hybrid configurations, such as those
considered here, may be required to operate in hover with
rotor trim thrust values near zero where conventional
methods of rotor analysis fail, a new method is presented to
estimate the stability derivatives of a rotor operating about
this trim state. The equations of motion of the airship are
formulated using the dynamic center as a reference point
rather than the center of gravity since this permits con-
siderable simplification of the equations of motion. The
dynamic center is introduced to eliminate acceleration cou-
pling terms that arise due to the added masses and inertias of
the hulL

The control capabilities and dynamic response charac-
teristics of an airship equipped with two, three, and four lift-
ing rotors are examined and compared. The three configura-
tions are referred to in the text as birotor, trirotor, and
quadrotor configurations, respectively.

Discussion
The three airship configurations examined in this study are

shown in Fig. 1. Control forces and moments are provided
through selected combinations of individual rotor cyclic and
collective pitch. The rotor rpm is assumed to be perfectly
governed and, therefore, constant with respect to the airship
body. All three configurations are taken to have the same in-
ertial properties and gross weight as given in the Appendix.
The thrust available on each of the three configurations in
hover was estimated for 2500 installed horsepower. Table 1
presents maximum values of total thrust, which increases as
the number of rotors increases due to a reduction in average
disk loading. Based on these results, a maximum payload of
10,000 Ib was assumed to provide a suitable power margin
for maneuvering. Rotors rotating in both directions are
employed such that only the trirotor configuration requires a
control to trim unbalanced torque which can be achieved by
small amounts of fore and aft cyclic on the forward rotors.

Equations of Motion
Linearized equations of motion about a steady hovering

trim condition are developed using body axes. The linearized
equations of motion can be written using the center of grav-
ity as the origin as

(1)

Table 1 Maximum thrust capability of configurations
(installed horsepower: 2500)

Izzr-Ixzp =

The external forces and moments (AJ*C...,A7V) arise from 1)
gravity, 2) buoyancy, 3) aerodynamic acceleration effects
(virtual or added mass), and 4) aerodynamic forces and
moments.

Buoyancy and gravity contributions to Eqs. (1) can be ex-
pressed for small perturbations about a trim level equi-
librium state as follows:

=(FB-Mg)6

A7VBG =0

A7BG = -(FB-Mg)<t>

AMBG =-FBZBB

AZBG=0

Untrimmed, Ibs Trimmed, Ibs (MCG = 0)

Birotor
Trirotor
Quadrotor

14,800
16,900
18,600

14,800
16,200
17,700

Fig. 1 Configuration geometry. Lateral spacing of rotors: birotor,
88 ft; trirotor, 70 ft; quadrotor, 85 ft.

It is assumed that the center of gravity (CG) of the vehicle is
at the same longitudinal location as the center of buoyancy
(CB) as shown in Fig. 1.

The aerodynamic forces and moments that depend upon
acceleration are obtained for the hull, assumed to be an
ellipsoid of fineness ratio 4.4, from Ref. 9.

The tail contributions to the added mass and moment of
inertia are estimated from Ref. 10. An empirical factor of
0.8 is used to account for three-dimensional effects. This
contribution should be treated with care to avoid double
counting the added mass associated with the hull volume in-
cluded between the leading and trailing edges of the tail.

Adding buoyancy, gravity, and aerodynamic acceleration
terms, the equations of motion become

M'xu-MAxZBq-(FB-Mg)B = ̂ XA

M'yv-MAyX*Bf + MA

(2)

I'xxp - I'xzr + ZBMAy v + FBZB<f> = ALCG

I'yyq - ZBMAxu + X*BMAy w + FBZBB = AMCG

Izzr-I'xzp-X*BMAyv = ANCG (3)
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The aerodynamic forces and moments due to acceleration
result in additional angular and translational acceleration
terms in each of the equations. The presence of these terms
can be interpreted as associated with an apparent center-of-
mass location which is called the dynamic center. Note that
since the virtual mass terms are different for motion in the X
and Y directions, the dynamic center location is not the same
for longitudinal and lateral motions. The dynamic center
(DC) location for longitudinal motion is defined as

(4)Ml

and for lateral-directional motion,

v. X*BMAy ^
^DC ,,' > ^DC

My

ZBMAy

My

(5)

It may be noted that the fore and aft locations of the
dynamic center are the same for both motions. The vertical
location of the dynamic center in general will tend to be
higher for lateral-directional motions than for longitudinal
motion since MAx is small. Figure 2 shows the location of the
dynamic center for the configurations considered here. The
equations of motion are transferred to the dynamic center
and expressed in terms of the translational velocities of the
dynamic center as

(6)

The equations of motion with respect to the dynamic center
are

dM
DC

aerodynamic force ZA, i.e.,

ZA=FB-Mg=({3-l)Mg

When payload is added to the vehicle it is assumed to be
located at the center of gravity of the unloaded vehicle and
included in M and, therefore, a sling load is not considered
in this study. The relative size of the payload is considerably
smaller than that considered in Refs. 7 and 8, therefore, the
effects of a sling load on the dynamic characteristics would
be of less importance here.

It can be seen from Eqs. (7) that the dynamic center acts
similar to the center of mass. That is, a pitching moment act-
ing about the dynamic center produces only angular accelera-
tion and a force applied at the dynamic center produces a
translational acceleration of the dynamic center.

The rotor contributions to the equations of motion
(AXA,...fANDC) are now formulated.

Hull-rotor interference is neglected. While there may be
effects of some importance to this investigation, the limited
extent and somewhat inconsistent nature of the experimental
data11 have made it difficult to develop a theoretical ap-
proach. Reference 6 has considered these effects extensively
and shows that the first-order effects are on cross wind per-
formance with little influence on the vehicle dynamics.

The rotor contributions have been modeled in a simplified
way assuming that only rotor thrust and torque variations
are of importance in the vehicle dynamics, and that the only
significant changes in these quantities arise from local ver-
tical velocity variations along the rotor shaft, collective
pitch, and shaft angular velocity. Linearized variations of
thrust and torque with in-plane velocity are zero in hover.
The contribution of the rotor in-plane force produced by
pitching velocity is small compared to the thrust variation
due to the large rotor spacing and is neglected. Interference
between rotors is also neglected because the rotor separation
is more than two diameters in all cases.

Rotor hub moments are also neglected. The XV-15 rotor is
gimbaled with a very soft hub spring and, consequently, the
hub moment can be neglected. Rotor in-plane forces due to
cyclic pitch application are included. The effect of the
negative d3 hinge on the XV-15 rotor is also neglected, since
this would act only to reduce the translational force pro-
duced by the cyclic pitch.

Consequently, the only rotor derivatives that have been in-
cluded in the analysis are the rate of change of thrust and
torque with collective pitch, vertical velocity along the shaft,
and angular velocity,

dL

(7)

Equations (7) now take on a relatively conventional ap-
pearance. For simplicity, the small effect of the product of
inertia is neglected in the lateral-directional equations. The
moments due to buoyancy and gravity have been expressed
in terms of effective spring constants

dM
dO

—ZDC)
DC

The vertical equilibrium relationship has been used to
eliminate the buoyancy and gravity terms from horizontal
force and side force equations in favor of the resultant

ar ar ar ag as

where w5 is the local velocity along the rotor shaft induced
by vehicle dynamic center motion. The thrust variation with
vertical velocity gives rise to pitch and roll damping as well
as a pitching moment change with climb velocity due to the
location of the rotors. Incorporating these effects gives rise
to the complete set of equations of motion,

"D
M'y 6X

dZ
My

dMDC

'~TV
(8)
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dY
My

dL DC

(9)

where the terms on the right-hand side arise from control in-
puts. These are the equations of motion used in this in-
vestigation. The small longitudinal/lateral coupling effects
that would be present in the trirotor configuration have been
neglected. The rotor derivatives must be evaluated so the
total vehicle stability derivatives can be calculated. Of par-
ticular interest is the variation of thrust coefficient with ver-
tical velocity and collective pitch. Using blade element and
momentum theory,12 assuming uniform inflow, the rotor
thrust coefficient variations are given by

2
ao

1/3
(10)

and dCT dCT

For a given blade twist (07), Eq. (11) is solved for the value
of collective pitch that produces zero thrust. Incrementing
the rotor collective pitch by a small value, the new value of
thrust is determined and the thrust variation with collective
pitch is calculated. The variation of thrust coefficient with
collective pitch is very sensitive to blade twist (07) near the
zero thrust trim condition, as shown in Fig. 3. A similar ap-
proach can be used to determine the thrust variation with
vertical velocity. For typical values of twist, Fig. 3 shows
that the control derivatives decrease by about a factor of 2 as
the thrust is reduced from the full payload value to zero
thrust. The equivalent hyperbolic twist for the XV-15 rotor is
6.5 deg.

Rotor thrust and rotor torque also vary due to the effect
of vehicle yaw rate on the angular velocity of the rotor
blades with respect to the air mass. The torque derivatives
follow directly from the thrust derivatives.

Control Forces and Moments
Table 2 presents control sensitivity characteristics of the

three configurations studied at full payload. It is likely that
the most effective means to control these vehicles is through
the direct use of translation forces.4 Use of moments to tilt

It can be seen that conventional rotor theory yields the result
that at trim rotor thrust equal to zero, both of these
derivatives are equal to zero. There is no control or damping
present in a linear sense. A close examination of the assump-
tions contained in these equations indicates that the annular
form of momentum theory should be employed at low thrust
coefficients to account for radial variations in the induced
velocity. To include the effect of twist on the inflow dis-
tribution, the rotor disk is divided into two regions: out-
board and inboard of the radial station Xc where the local
pitch angle is zero. The twist is assumed to be hyperbolic and
the thrust coefficient can be expressed as a function of col-
lective pitch 00 and the radial station where the pitch is zero

where

and

32CT____ . _ 32
~(aW' d°~~are°

- l\~\5/2
[ _ / \-\ 3/2 -

ROTOR
PLANE7

Fig. 2 Center of gravity (CG), center of buoyancy (CB) and
dynamic center (DC) locations.

0.3

0.2
2 dCT

O.I UNIFORM INFLOW
6.5° TWIST
13.0° TWIST

I______i
1.0 2.0 3.0 4.0

Fig. 3 Influence of blade twist on thrust variation with collective
pitch as a function of trim thrust coefficient.
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Fig. 4 Steady-state vertical and lateral velocities as a function of
collective and cyclic pitch inputs.
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the relatively small thrust vector for translation is likely to
be an inefficient means of control. Both collective and cyclic
inputs produce translational as well as rotational accelera-
tions. It can be seen, however, that the differential collective
controls are relatively powerful and, therefore, only a low
level of mixing is required to eliminate the pitching and roll-
ing accelerations due to cyclic pitch. Note that the birotor
configuration does not have a pitching moment control.
Recall that, to eliminate acceleration coupling, the moment
about the dynamic center of the vehicle rather than the
center of mass should be made equal to zero by control
mixing.

As the payload is reduced, the values of these gradients
are reduced. The cyclic control effectiveness depends directly
on the thrust level and is equal to zero at zero thrust except
in the case of the quadrotor. With four lifting rotors, it is
possible to obtain control forces with cyclic deflection while
maintaining vertical equilibrium by thrusting downward on
two opposite rotors. The level that can be achieved in this
way depends upon the allowable negative thrust of the rotor
employed. Of course, there will be a loss of efficiency in the
negative thrust direction due to twist.

The distinguishing features of the three vehicles can be
seen to be the fact that the birotor has no pitch control
capability, and the quadrotor has the ability to produce
lateral and longitudinal forces at zero net thrust.

It is difficult to decide what constitutes.a satisfactory con-
trol level for this type of vehicle, although some remarks can
be made.

The yaw acceleration per degree of cyclic is about
equivalent to that which would be obtained from 1 deg of
rudder deflection at a flight velocity of 15 knots based on the
experimental data of Ref. 13. At full payload, 10 deg of
lateral cyclic approximately balances a 6.5-knot steady
lateral gust as shown in Fig. 4. At lower pay loads (larger
buoyancy ratios), the steady lateral velocity that can be
balanced is reduced as shown in Fig. 4. Also shown is the
vertical trim velocity as a function of collective pitch with
and without the influence of hull crosswind drag for the
quadrotor configuration.

Some appreciation for the size of the lateral and
longitudinal control forces available can be obtained by ex-
amining the ratio of acceleration produced by cyclic pitch to
that produced by roll or pitch of a helicopter, i.e., a vehicle

with a buoyancy ratio of zero. This ratio is (1 -/3)"1 in the
longitudinal case and approximately 0.5(1 -/3)"1 in the
lateral case due to the larger added mass. At the buoyancy
ratio corresponding to a payload of 10,000 Ib (/3 = 0.85) this
ratio is about 7, i.e., the application of 10 deg of cyclic pro-
duces a translational force equivalent to that produced by
tilting a helicopter about 1.4 deg in the longitudinal direc-
tion, and about one-half this value in the lateral direction.
The vertical acceleration capability is also reduced by a
similar factor, i.e., approximately 0.5(1-/3).

The control force capability of these configurations is thus
quite limited when compared to a helicopter.

x BIROTOR
0 TRIROTOR
D QUADROTOR

-0.6 -0.4

icu

--0.4i

CS:
• -0.2i

-0.2
a-

0.2

DC
icu

+ I.OI

-1.5 -1.0 -0.5
O"

-<&

--0.5I

Fig. 5 Characteristic modes of configurations with payload
(0 = 0.85). Longitudinal and lateral-directional.

Table 2 Control sensitivity

Birotor Trirotor Quadrotor
Longitudinal cyclic pitch3

«DC
q

Collective pitchb

WDC
q

Geared collective pitch
(<HO)

WDC

Differential longitudinal
collective13 (no net thrust)

q

Lateral cyclic pitcha

VDC
p
f

Differential lateral collective13

p
Differential cyclic pitcha

r

0.08 0.08
0.005 0.001

-0.21 -0.29
0.016 -0.042

-0.27
(1 deg, Ideg, 0.73 deg)

0 0.29
(0.5 deg, 0.5 deg,-l deg)

0.04 0.04
-0.17 -0.07

0.003 0.003

1.76 1.34

0.02 0.036
0 0.01

0.08
0.005

-0.37
0.062

-0.28
(0.5 deg, 0.5 deg, 1 deg, 1 deg)

0.18

0.04
-0.017

0.003

3.0

0.02
0

Note: Translational acceleration given in ft/s2 deg and angular acceleration in deg/s2/deg
aAcceleration proportional to trim thrust. bControl sensitivity at zero thrust reduced approximately 50%.
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Vehicle Dynamics
As noted in the development, the longitudinal modes of

motion are uncoupled from the lateral-directional modes.
The eigenvalues of the three vehicles are shown in Fig. 5.
The longitudinal dynamics include a lightly damped oscilla-
tion with a period of about 24 s and a damping ratio on the
order of 0.1 or less for all three configurations. The trirotor
vehicle has the largest pitch damping due to rotor spacing
which results in a damping ratio of 0.12. Again for com-
parison purposes, it may be noted that this is about the same
level of damping as produced by the fixed tail surfaces at a
translational flight speed of 10 knots using the data of
Ref. 13.

The heave mode has a moderately long time constant that
ranges from 30 s for the quadrotor vehicle to 60 s for the
birotor vehicle. This is a considerably larger time constant
than shown in Refs. 7 and 8 due to the smaller rotors on the
vehicle configurations studied. The remaining characteristic
root is at the origin since the translational damping due to
rotor in-plane forces has been neglected as noted earlier.

The lateral-directional dynamics include an oscillatory roll-
sway mode with a period of about 6s that is lightly damped.
The period is shorter than in the longitudinal case due to the
smaller inertia but, as in the longitudinal motion, the lifting
rotors are too small to provide any significant level of roll
damping. The yaw damping is essentially negligible for all
three configurations and, therefore, there is also a pole at
the origin.

Recall that the speed stability and dihedral effect that arise
from rotor in-plane forces have been neglected. Both of
these terms would be slightly unstable in a static sense due to
the location of the rotors below the dynamic center. How-
ever, it can be shown that the effect of these terms is negligi-
ble when compared to the influence of the pitch and roll at-
titude stability produced by the CB/CG spacing. Thus the
characteristic motions are quite different from what would
be expected on a hovering helicopter of this size. This
simplified model yields an oscillatory mode that forces a
small amount of translation due to tilting of the aero-
dynamic thrust vector proportional to (l-/3)g and, there-
fore, with /3 = 0.85 this effect is considerably smaller than for
a helicopter where /3 = 0.

The geometric shape of the oscillatory modes depends
upon the buoyancy ratio (aerodynamic thrust) and the meta-
centric height. For the case where the buoyancy ratio is 1 (no
aerodynamic thrust), the dynamic center remains fixed in
space and the oscillation takes place about this point. When
the payload is 10,000 Ib, the location of the point in space
relative to the dynamic center about which the oscillation
takes place can be found from the expression

which gives, with payload,

ZIC = 62.7ft

indicating that the instant center (1C) of the longitudinal
oscillatory mode is 62.7 ft above the dynamic center, a point
3.75 ft above the hull envelope.

A similar expression can be obtained for the lateral
oscillatory mode.

ZJcSl.97ft

Thus the instant center of the lateral oscillatory mode is ap-
proximately 2 ft above the lateral dynamic center, i.e., 9.4 ft
below the center line of the hull.

Vehicle Response Characteristics
In this section, the response of these vehicles to step inputs

in various controls is compared. The vehicle response
characteristics are illustrated for a number of cases with
payload and no control mixing. Various control inputs are
employed. Recall that translational motion of the dynamic
center is shown in the time histories presented. Figure 6 com-
pares the response of the three configurations to a 1-deg col-
lective pitch step input on all rotors. The vertical velocity in-
creases slowly toward its ultimate steady-state value of about
1.4 ft/s. Inclusion of hull drag would reduce the steady-state
vertical velocity as shown in Fig. 4 but have little impact on
the rise time. Pitching motion is excited in all configurations
since a moment is produced about the dynamic center. This
motion is lightly damped for all configurations. Recall that
on the birotor there is no way to reduce or control this pitch-
ing motion near hover, and, although small, may prove to be
an annoyance in piloting the craft. External disturbances will
also excite pitching motion. For the birotor, locating the
rotors at the vehicle dynamic center would minimize the
pitching motion due to control inputs but would result in a
nonzero pitch attitude in steady flight. For the other con-
figurations, gearing the controls would reduce the initial
pitching motion. The pitching motion also produces a small
translational velocity through the tilting of the aerodynamic
thrust vector.

The vertical velocity response at zero payload will exhibit
longer time constants due to reduction in vertical damping
and control sensitivity.

Figure 7 shows the response to longitudinal cyclic pitch
with payload. The primary response is a low level of transla-
tional acceleration with a small pitch motion induced by the
location of the rotors below the dynamic center.

The cyclic responses are not shown for zero payload since
no control is available in the case of the birotor and trirotor
configurations. For the quadrotor vehicle, the response
shown can be directly scaled to the response at any payload
depending upon the assumption made regarding the max-
imum negative value of the thrust allowed for the rotor in
sustained negative thrust operation.

fps
-4

wr'DC

I_____>x^l
10 20 30 40

—— BIROTOR
—— TRIROTOR
—— QUADROTOR

deg

10 20
TIME , sec

30 40

Fig. 6 Comparison of the longitudinal response of the three con-
figurations to 1-deg collective step input on all rotors (£ = 0.85).



NOV.-DEC. 1985 STABILITY AND CONTROL OF VTOL CAPABLE AIRSHIPS 759

Figures 8 and 9 show lateral-directional responses of the
three configurations. The response to lateral cyclic on all
rotors is shown in Fig. 8. A steady lateral acceleration is pro-
duced along with excitation of the lightly damped roll mode
and a small yaw acceleration.

Different methods are available for yaw control, except
for the birotor configuration, where only fore and aft cyclic
of opposite sign on the two rotors produces a yawing mo-
ment. The control moment available will be directly propor-
tional to the level of aerodynamic thrust, i.e., the vehicle
buoyancy ratio. The yaw damping is negligible, therefore, a
control input produces a constant yaw acceleration as shown
in Fig. 9. The same method of control applied to the quad-
rotor will result in the same response as for the birotor. If
lateral cyclic is used on the quadrotor, proportioned to pro-
duce no side force (unequal trim thrust), the vehicle rotates
about its dynamic center and the control effectiveness is
reduced by about 85% based on a maximum cyclic of 1 deg.
If the cyclics are applied equally on both rotors there will be
a small side force and rolling moment produced giving rise
to the response shown in Fig. 9. The vehicle rotates about a
point about 16 ft ahead of the dynamic center and the initial
rolling acceleration is a little larger than the yaw acceleration
which could be disconcerting to the pilot.

The trirotor configuration offers more options with regard
to lateral control. If lateral cyclic is applied at the rear rotor
in addition to fore and aft cyclic on the forward rotors, the
response shown in Fig. 9 results. The vehicles rotates about a
point about 10 ft ahead of the dynamic center and a small
roll acceleration to the left is induced due to the location of
the tail rotor. Rotation about the dynamic center with no net
side force can be obtained by addition of lateral cyclic at the
main rotors of such a level to produce zero net side force.
This would increase the yaw moment acting on the vehicle by
about 25% but would also induce a relatively large initial
roll acceleration which would be 40% larger than the yaw ac-
celeration. If this latter method of control is used, it would
appear desirable to use lateral differential collective mixing
to cancel the initial roll moment such that only a yawing mo-
ment is applied to the vehicle. Only a small of collective mix-
ing would be required, as the differential collective control
is, relatively speaking, quite powerful. With this control mix-
ing, the response would essentially be the same as in the
birotor case as shown in Fig. 9 with an increased yaw ac-
celeration capability about twice the level available from the
birotor.

The yaw acceleration for the birotor and quadrotor
vehicles is approximately 0.2 deg/s2/ deg. Full application of
cyclic pitch of 10 deg produces an acceleration that implies
that it would take about 30 s to rotate the vehicle 90 deg.

Summary
It can be seen for the configurations studied that the

natural dynamics are dominated by responses largely inertial
in nature. That is, the vehicle acts much like a mass with
forces and moments applied to it, the damping forces and
moments are small, and, consequently, the controls result
primarily in accelerations rather than rates as would be
characteristics of a hovering helicopter. The shortest time
constant that associated with vertical climb and this time
constant is 30 s in the case of the quadrotor which has the
largest heave damping. The angular responses are dominated
by lightly damped oscillations with the spring provided by
the DC/CB spacing.

Control moments available are very small. The roll accelera-
tion available in the case of the quadrotor is about a factor of
10 smaller than that estimated for a tandem helicopter of
similar size.14 The pitch acceleration is about a factor of 100
lower than this large proposed tandem design and the yaw ac-
celeration is about a factor of 500 smaller; therefore, the
vehicles clearly cannot be compared to a helicopter to judge
their maneuverability.

WD C O
fps

-4.

uoc rALL — — -<-~~
r\ — •—-*•"* ""*""'"
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I I 1
10 20 30 40

• BIROTOR
•— TRIROTOR
••- QUADROTOR

deg

-2oL
10 20

TIME, sec
30 40

Fig. 7 Comparison of the longitudinal response of the three con-
figurations to 1-deg longitudinal cyclic step input on all rotors
(0 = 0.85).

• BIROTOR
• TRIROTOR
•QUADROTOR

-0.2

Fig. 8 Comparison of the lateral response of the three configura-
tions to 1-deg lateral cyclic step input on all rotors ((3 = 0.85).
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Fig. 9 Comparison of the directional response of the three con-
figurations to 1-deg cyclic step input (0 = 0.85).
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Undoubtedly, the best way to control the vehicles is
through direct force control, that is, with the use of the
cyclic controls with mixing of differential collective to
minimize angular motions. However, the control power
available using this method of control is likely to be limited
by allowable structural loads in the rotor blades and shaft.

The yaw axis response of these configurations in hover
produces a similar response to that produced by equal
angular rudder deflection on a conventional airship at a
flight speed of 10-15 knots.

Conclusions
A study of the control characteristics and dynamic

response characteristics of a conventional airship equipped
with two, three, and four lifting rotors has shown the
following.

1) All three configurations have similar response
characteristics, characterized by relatively long time con-
stants and lightly damped oscillatory modes in pitch and roll.

2) The lifting rotors provide small contributions to the
vehicle angular damping. The magnitudes are similar to the
level of damping provided by fixed tail surfaces at about a
10-knot flight speed.

3) Except in the case of the quadrotor, translational con-
trol forces are limited by buoyancy ratio.

4) A new approach to prediction of rotor characteristics at
zero trim thrust in hover indicates that blade twist has a
significant effect on the rotor thrust gradients with collective
pitch and vertical velocity at low thrust coefficients.

5) To minimize angular motion of the vehicle with cyclic
inputs, controls should be mixed such that zero moment is
produced about the vehicle dynamic center.

6) Yaw control moments produced by cyclic pitch are
equivalent to that produced by rudder deflection at 15 knots.

Appendix
Vehicle Parameters
Vehicle weight without payload: W= 58,700 Ib
Buoyant force: FB = 58,700 Ib
Hull volume: 0.89xl06ft3

Hull length: L = 324 ft
Maximum hull diameter: Dm =73.6 ft
Added masses of hull: MAx = l52 slugs
MAz=MAy = m9 slugs
Tail added mass: MAT— 180 slugs
Vehicle moments of inertia:

IXXCG = 0.448 xlO6 slug-ft2

= 9.446 xlO6 slug-ft2

= 9.446 x 106 slug-ft2

= - 0.148 x 106 slug-ft2

Added hull moment of inertia:

/,,, =/4 =7.550xlO«slug-ft2

Added tail moment of inertia:

7^ = 0.212 xlO6 slug-ft2

Vehicle dimensions:

V= 136.0 ft

Rotor diameter: D = 25.0 ft
Number of blades per rotor: & = 3
Rotor solidity ratio: a = 0.089
Blade lift-curve slope: # = 5.73 rad
Rotor angular velocity: Q = 48.0 rad/s
Transmission efficiency: r/e = 0.92
Figure of merit: M=0.65
Blade effective twist: 0, = -6.5 deg
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