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Optimized Aeroelastic Couplings for Alleviation
of Helicopter Ground Resonance
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Formal optimization methods are used to determine a combination of aeroelastic coupling parameters
that can alleviate ground resonance instability of a soft – in-plane rotor. Optimization at a prescribed
rotational speed is unable to stabilize ground resonance, as the stability objective function is satis� ed
merely by moving resonance to a lower rotational speed. A moving-point optimization procedure attempt-
ing to stabilize at the rotational speed where damping is a minimum during each optimizer iteration is
successful in stabilizing the regressing lag mode at moderate collective pitch. However, these optimal
aeroelastic couplings are destabilizing near zero-thrust conditions. A multipoint optimization procedure
attempting to stabilize ground resonance simultaneously at low as well as high collective pitch conditions
is able to restrict the instability to small values over a broad range of variation in collective pitch and
eliminate the destabilizing trend at roll resonance with increasing collective. This con� guration could then
be stabilized completely by increasing body roll damping. Negative pitch– lag coupling, positive pitch –

� ap coupling, � ap � exibility outboard of pitch, and lag � exibility inboard of pitch were found to be most
bene� cial.

Introduction

E NSURING adequate aeromechanical stability margins is
vital in the design of helicopters with soft– in-plane ro-

tors.1 Over the years helicopters have been equipped with aux-
iliary lead– lag dampers to alleviate aeromechanical instability.
However, associated with the use of lag dampers are issues
such as hub complexity, weight, aerodynamic drag, and main-
tenance requirements. Additionally, modern-day elastomeric
dampers are expensive, susceptible to fatigue, and have com-
plex behavior, including 1) nonlinear amplitude and frequency
dependence, 2) blade limit cycle oscillations, and 3) large var-
iations in properties with changes in temperature (including
signi� cant loss of damping at extreme temperatures and po-
tential thermal runaway with heat buildup). On account of
these factors, a variety of alternatives to auxiliary lag dampers
are under consideration.2,3 The elimination of lag dampers, re-
sulting in the development of a damperless rotor, would further
simplify the hub, and reduce weight, aerodynamic drag, and
maintenance costs. However, the design of a damperless, yet
aeromechanically stable, con� guration is truly a challenge, and
while several concepts have shown promise, there has been no
generally accepted solution for eliminating lag dampers.

One concept for the provision of rotor– body aeromechanical
stability is through the use of active controls.4– 8 The use of
active controls based on fuselage or rotor state feedback has
shown considerable potential and is attractive from an opera-
tional and design � exibility standpoint. However, safety and
reliability of an active stabilization scheme of highly unstable
modes will require careful scrutiny before such an approach
can be certi� ed. Of the passive concepts that have been con-
sidered, use of aeroelastic couplings to augment rotor– body
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aeromechanical stability has shown much promise. This sub-
ject constitutes the focus of the present paper.

By far the most extensive and noteworthy investigations on
the effects of aeroelastic couplings on helicopter aeromechan-
ical stability have been carried out at the U.S. Army Aero-
� ightdynamics Directorate at NASA Ames Research Center
over a period of about two decades. Initially, effects of pitch-
– lag and � ap– lag couplings on the stability of an isolated
hingeless rotor in hover were examined,9– 11 and it was shown
that a combination of these couplings resulted in a dramatic
increase in rotor lag damping. Of even greater interest were
the subsequent studies examining the effects of aeroelastic
couplings on the coupled rotor– body aeromechanical stability
of a hingeless rotor.12– 14 In a landmark study Ormiston12 ana-
lytically examined the effects of pitch– lag and � ap– lag cou-
plings on a rotor– body system for both ground resonance and
air resonance in hover. It was concluded from this study that
aeroelastic couplings are generally not bene� cial for ground
resonance at zero-blade collective pitch. At higher collective
pitch values pitch– lag coupling was found to have a stabilizing
effect, but was unable to eliminate ground resonance instability
when the body frequency was large. The addition of � ap– lag
coupling to pitch– lag coupling resulted in some increase in
damping in the region of instability. A combination of pitch-
– lag and � ap– lag couplings was very effective in stabilizing
air resonance.

Ormiston’s analytical study was followed by an experi-
mental investigation of aeromechanical stability characteristics
of a model hingeless rotor.13 It was concluded that for a non-
matched stiffness con� guration (typical of most soft– in-plane
rotors), the addition of negative pitch– lag coupling, individu-
ally as well as in combination with � ap– lag coupling, sub-
stantially increased lag-regressing mode damping away from
resonance conditions. However, modal damping was improved
only slightly at rotational speeds where resonance with body
pitch and roll modes occurred. For a matched stiffness rotor
having a substantially milder instability the addition of nega-
tive pitch– lag coupling was able to stabilize the regressing lag
mode at resonance. The purpose of this study was to demon-
strate that the analytically predicted in� uence of aeroelastic
couplings on aeromechanical stability could indeed be exper-
imentally veri� ed, and not to speci� cally determine bene� cial
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or detrimental couplings from an aeromechanical stability
standpoint.

Other researchers have shown that negative pitch– lag cou-
pling stabilizes air resonance, while pitch– � ap and � ap– lag
couplings are relatively unin� uential.15– 17 In Ref. 18 it was
observed that the extent of the in� uence of pitch– lag coupling
in improving aeromechanical stability in hover was dependent
on parameters such as blade lag frequency and hub– fuselage
vertical offset. Further, values of pitch– lag coupling bene� cial
for hover, in general, were detrimental for ground resonance
stability. In an attempt to alleviate aeromechanical instabilities
of the model rotor tested in Ref. 13, Venkatesan19 analytically
examined the individual as well as combined effects of pitch-
– lag, pitch– � ap, and structural � ap– lag couplings. For the
nonmatched stiffness con� guration Venkatesan veri� ed earlier
observations, that pitch– lag and � ap– lag couplings were not
particularly bene� cial at resonance conditions with body pitch
and roll. It was observed, however, that positive pitch– � ap
coupling increased the damping at resonance conditions. By a
suitable combination of structural � ap– lag, negative pitch– lag,
and positive pitch– � ap couplings, the lag-regressing mode
could be stabilized over the whole range of rotational speeds.
However, this was done only at a single value of collective
pitch.

Clearly, aeroelastic couplings have shown the potential of
increasing regressing lag mode damping and improving cou-
pled rotor– body aeromechanical stability. This leads to the
question whether it would be generally possible to exploit
aeroelastic couplings in the design of aeromechanically stable
helicopters free of auxiliary lag dampers. The real challenge
in designing a damperless rotor lies in determining an optimum
combination of aeroelastic couplings that results in satisfactory
rotor– body aeromechanical stability characteristics over a
broad range of variations in con� guration and operating con-
ditions. The literature indicates that while a certain aeroelastic
coupling parameter may have a stabilizing in� uence over a
range of operating conditions, it may be ineffective or desta-
bilizing in other conditions. For example, negative pitch– lag
coupling is reported to be bene� cial for stabilizing air reso-
nance, but not for alleviating ground resonance. Aeroelastic
couplings that stabilize resonance with body roll may have a
destabilizing in� uence at resonance with body pitch, particu-
larly for matched stiffness rotors.19 If auxiliary lag dampers are
to be eliminated, the aeroelastic couplings should provide ade-
quate stability at various rotational speeds, thrust levels, for
variations in body inertia, and at different operating conditions
(such as ground contact and airborne conditions). Of the dif-
ferent operating conditions the literature indicates that the
ground contact condition is the most dif� cult to stabilize.

The present study attempts to determine a combination of
aeroelastic couplings that can stabilize ground resonance of a
soft– in-plane rotor, over its spectrum of rotational speeds, at
various thrust levels, and for variations in body frequencies.
Such a task has not been attempted in any of the previous
studies, most of which have parametrically examined aero-
mechanical stability trends, at a single thrust level, as a result
of a few selected values of aeroelastic coupling parameters.
The present study treats the aeroelastic couplings as continuous
variables and uses formal design optimization in an attempt to
determine a combination of couplings that completely stabi-
lizes ground resonance. The study provides considerable in-
sight into the subtleties involved in the de� nition and formu-
lation of the design-optimization problem, and addresses the
resolution of the con� icting demands at low- and high-thrust
conditions. Further, the in� uence of the optimized couplings
are examined at off-design conditions. The present study does
not focus on implementation methods for the aeroelastic cou-
plings, but is restricted to establishing the required couplings
that will stabilize ground resonance and potentially allow the
elimination of auxiliary lag dampers.

Rotor – Fuselage Analytical Model
In the analytical model used in the present study the rotor

blades are assumed to be rigid, have uniform mass density,
and undergo � ap rotations b and lag rotations z about spring-
restrained offset hinges. The blade root � ap and lag stiffnesses,
along with the hinge offsets, determine the � ap and lag fre-
quencies. The aerodynamic loads on the rotor blades are cal-
culated using quasisteady strip theory, assuming a uniform in-
� ow. The fuselage or pylon is assumed to undergo rigid body
pitch and roll rotations (ax and ay) about its c.m. (located at a
distance h directly below the rotor hub). The required fuselage
physical properties are the pitch and roll inertia along with the
stiffness and damping in pitch and roll rotations. The rotor-
– fuselage equations of motion are linearized about the equi-
librium (trim) condition to obtain the perturbation equations.
The perturbation � ap and lag equations for the individual
blades are transformed to the nonrotating coordinate system
using multiblade coordinate transformation. For a three-bladed
rotor this transformation yields a collective and two cyclic � ap
and lag equations in the nonrotating coordinate system. How-
ever, only the cyclic � ap and lag equations need to be retained.
The collective � ap and lag equations do not couple with the
fuselage motions and, hence, can be deleted from the aero-
mechanical stability analytical model. Thus, the rotor– fuselage
model has six degrees of freedom: cyclic � ap (b1c and b1s),
cyclic lag (z1c and z1s), and fuselage roll and pitch (ax and ay).
In the nonrotating frame the resulting constant coef� cient sys-
tem can be represented in the following form:

[M ]{q̈} 1 [C ]{qÇ } 1 [K ]{q} = {0} (1)

where [M ], [C ], and are [K ] are the 6 3 6 mass, damping,
and stiffness matrices, respectively, and

T{q} = ë b b z z a a û (1a)1c 1s 1c 1s x y

The eigenvalues of Eq. (1) yield the modal frequencies and
decay rates.

The aeroelastic coupling parameters considered [and con-
tained in Eq. (1)] are pitch– � ap coupling KPb , pitch– lag cou-
pling KPz, and the � ap– lag coupling parameters Rb and Rz. The
pitch– � ap and pitch– lag couplings result in variations in blade
pitch u as a result of perturbation � ap and lag motions. Thus

u = 2K b 2 K z (2)Pb Pz

Structural � ap– lag coupling is a result of blade � ap and lag
� exibility outboard of the pitch bearing. In Ref. 20 � ap– lag
coupling was modeled using orthogonal hub � ap and lag
springs kbH and kzH, respectively, inboard of the pitch bearing;
and orthogonal blade � ap and lag springs kbB and kzB, respec-
tively, outboard of the pitch bearing. Based on this system of
springs, effective � ap and lag � exural stiffnesses kb and kz were
de� ned as

k k k kbH bB zH zBk = and k = (3)b z
k 1 k k 1 kbH bB zH zB

Structural � ap– lag coupling parameters are then de� ned as

R = k /k and R = k /k (4)b b bB z z zB

with Rb = 1, meaning the � ap � exibility is entirely outboard
of the pitch bearing with the hub being rigid in � ap, and Rb =
0, meaning the � ap � exiblity is entirely in the hub with the
region outboard of the pitch bearing being rigid in � ap. Similar
interpretations about the lag � exibility being outboard or in-
board of the pitch bearing can be made for Rz = 1 or 0, re-
spectively. In general, if there is some � exibility in both the
hub and the blade, Rb and Rz assume values between 0 and 1.
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Fig. 2 Variation of regressing lag damping vs rotational speed at
9-deg collective.

Fig. 3 Variation of regressing lag damping vs rotational speed at
9-deg collective (KPz = 20.4).

Fig. 4 Variation of regressing lag damping vs collective at 760
and 820 rpm.

Fig. 1 Variation of regressing lag damping vs rotational speed at
0-deg collective.

It should be noted that most of the previous studies that
examined the in� uence of aeroelastic couplings on aerome-
chanical stability characteristics assumed that Rb = Rz, imply-
ing that the percentages of � exibility outboard and inboard of
the pitch bearing were identical for � ap and lag. In the present
study, however, Rb and Rz are allowed to assume different val-
ues. The elastic restoring moments in � ap and lag are then
written as

¯ ¯M K K bb bb bz= (5)H J F GH J¯ ¯M K K zz bz zz

where

2¯K̄ = (1/D)[k 1 (R k 2 R k )sin u]bb b b z z b

2¯K̄ = (1/D)[k 2 (R k 2 R k )sin u]zz z b z z b

¯ ¯K̄ = (1/D)[2(R k 2 R k )cos u sin u] (6)bz b z z b

2¯D = 1 1 (2R R 2 R 2 R )sin ub z b z

2¯1 [R (1 2 R )(k /k ) 1 R (1 2 R )(k /k )]sin uz z b z b b z b

In Eq. (6), denotes the blade pitch.ū

Validation of Analytical Model
The analytical model is validated using experimental results

in Ref. 13. Rotor– fuselage properties for this con� guration are
as follows: number of blades = 3; radius = 81.1 cm; chord =
4.19 cm; hinge offset = 8.51 cm; lock number = 7.37; blade
pro� le = NACA 23012; drag coef� cients cd0 and cd2 = 0.0079
and 1.7, respectively; pitching moment coef� cient cm =
20.012; lift-curve slope a = 5.73; lift coef� cient at zero angle
of attack = 0.15; nonrotating � ap frequency vb0 = 3.13 Hz;
nonrotating lag frequency vz0 = 6.70 Hz; body roll frequency
vx = 4 Hz; body pitch frequency vy = 2 Hz; lag damping h z

= 0.52%; body roll damping h x = 0.929%; body pitch damping
hy = 3.20%; roll inertia = 183.0 gm-m2; pitch inertia = 633.0
gm-m2; and blade inertia = 17.3 gm-m2. Figure 1 shows the
variation in regressing lag damping vs rotational speed, for 0-
deg collective. It is seen that the analytically predicted results
compare very well with experiment (depicted by symbols). It
should be noted that for the analytical results in Fig. 1 unsteady
aerodynamic effects were included through the use of a dy-
namic in� ow model.21 Thus, the system state vector had in� ow
states in addition to the rotor– fuselage states. Figures 2 and 3
show the variation of regressing lag damping vs rotational
speed at 9-deg collective, for the cases of no aeroelastic cou-

pling and for a pitch– lag coupling KPz =20.4, respectively.
Once again, in both cases, the analytical predictions compare
well with experimental results. Finally, Fig. 4 shows a varia-
tion of regressing lag damping vs collective pitch at rotational
speeds of 760 and 820 rpm. Again, the analytical results com-
pare very well with the experiment.

For subsequent parametric study and optimization results
dynamic in� ow effects are neglected in the interest of sim-
plicity. This is done by taking into consideration the following
factors:
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Fig. 7 In� uence of � ap – lag coupling on lag damping in ground
resonance (5-deg collective).

Fig. 6 In� uence of pitch– � ap coupling on lag damping in ground
resonance (5-deg collective).

Fig. 5 In� uence of pitch– lag coupling on lag damping in ground
resonance (5-deg collective).

1) Dynamic in� ow has a signi� cant in� uence on body mode
damping but a much smaller in� uence on regressing lag mode
damping, and it is the latter that is the focus of the present
study.

2) At moderate to high-thrust conditions the in� uence of
dynamic in� ow on regressing lag damping will further dimin-
ish.

In� uence of Individual Aeroelastic Couplings
on Ground Resonance

Before invoking design optimization methods the in� uence
of individual aeroelastic couplings on ground resonance is ex-
amined at a moderate collective pitch of 5 deg, for the con� g-
uration described in the preceding section.

Pitch – Lag Coupling

Figure 5 shows the in� uence of negative pitch– lag coupling
on lag damping in ground resonance. It is seen that while there
is no change in the minimum damping values at resonance,
negative pitch– lag coupling increases the damping away from
resonance. The net effect is that the range of rotational speeds
over which instability is encountered is signi� cantly reduced.

Pitch – Flap Coupling

In Fig. 6 it is seen that positive pitch– � ap coupling is able
to increase the minimum damping at resonance conditions. The
results indicate that after obtaining a signi� cant increase in
damping for small values of pitch– � ap coupling, further in-
creases in pitch– � ap coupling result in smaller additional in-
creases in minimum damping.

In Figs. 5 and 6 it is seen that both negative pitch– lag cou-
pling as well as positive pitch– � ap coupling tend to shift the
resonance condition to a slightly lower rotational speed.

Structural Flap– Lag Coupling

Figure 7 shows that structural � ap– lag couplings are unable
to increase the minimum damping at roll resonance. Of the
two parameters lag damping is more sensitive to changes in
Rb. The damping with Rz = 1 is almost identical to the baseline.
For the case Rb = Rz = 1 (results not shown in Fig. 7), the
regressing lag damping was found to be almost identical to the
case Rb = 1 (Rz = 0). It should be mentioned that � ap– lag
coupling is likely to have larger in� uences at higher values of
collective.

Determination of Aeroelastic Couplings
Through Design Optimization

In this section formal optimization is used in an attempt to
alleviate ground resonance instability of the con� guration
shown in the preceding text. Pitch– � ap coupling KPb, pitch–

lag coupling KPz, and the � ap– lag coupling parameters Rb and
Rz are treated as the design variables. Optimization is carried
out with appropriate constraints using the International Math-
ematical and Statistical Library subroutines.

Single-Point Optimization

Design optimization is initially carried out at a moderate
thrust condition (collective pitch of 5 deg). Because the base-
line system (without any aeroelastic couplings) has a minimum
damping at about 770 rpm, the objective function to be min-
imized is de� ned as follows:

2F(D ) = (s 2 s̄ ) (7)j 770 770

where s770 denotes the regressing lag mode decay rate at 770
rpm; denotes the desired regressing lag decay rate at 770s̄770

rpm (which was set at 20.1/s, stable); and D j denotes the jth
design variable.

The following constraints are imposed on the design varia-
bles:

21 # K # 1, 21 # K # 1, 0 # R # 1, 0 # R # 1Pb Pz b z

(8)

The sensitivity gradients, ­s770/­Dj , required in the optimi-
zation procedure, are calculated numerically by perturbing
the individual design variables. The optimization procedure
yielded the following results:

K = 0.328, K = 20.448, R = 0.997, R = 0.998Pb Pz b z

(9)
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Fig. 8 In� uence of couplings obtained using single-point opti-
mization and single-point optimization with multipoint constraints
on regressing lag damping in ground resonance (5-deg collective).

Fig. 9 In� uence of couplings obtained using moving-point opti-
mization on lag damping in ground resonance (5-deg collective).

Figure 8 shows the variation of regressing lag damping vs
rotational speed when these optimal values of aeroelastic cou-
plings are used. It is interesting to note that satisfaction of the
objective function (s770 = is accomplished by moving thes̄ )770

resonance condition to a lower rotational speed. The net result
is that an increase in regressing lag damping is obtained over
the baseline but that instability of the regressing lag mode is
still present. Similar results were obtained for increasing values
of i.e, resonance moved to a lower rotational speed ands̄ ,770

instability persisted.
Of the optimized aeroelastic coupling parameters, the struc-

tural � ap– lag couplings did not have a major in� uence. The
initial guess for Rb and Rz was 1, and the optimized values
remained close to the initial guess. When the initial guess was
selected at 0, the optimizer yielded virtually the same values
of KPb and KPz, but the values Rb and Rz remained close to 0.
Even in the latter case (Rb, Rz ’ 0), the aeromechanical sta-
bility characteristics were very similar to the single-point op-
timization results presented in Fig. 8.

Single-Point Optimization with Multipoint Constraints

It was seen that the single-point optimization procedure was
effective in producing the desired level of damping at the spec-
i� ed rotational speed (770 rpm), but this was achieved only
by moving the resonance condition to another rotational speed.
To improve aeromechanical stability over a wide range of ro-
tational speeds and to prevent satisfaction of the objective
function merely by moving the resonance to a different rota-
tional speed, stability constraints are introduced at a number
of rotational speeds. The objective function minimized

2F(D ) = (s 2 s̄ ) (10)j 775 775

is similar to Eq. (7), but inequality constraints

g (D ) = s # 0, g (D ) = s # 01 j 725 2 j 750
(11)

g (D ) = s # 0, g (D ) = s # 03 j 800 4 j 825

are introduced in addition to constraints on the design variables
[Eq. (8)].

This problem requires the design variables to be perturbed
at each of the rotational speeds considered, to calculate sen-
sitivity gradients ­s725/­Dj , ­s750/­D j, ­s775/­D j, ­s800/­D j,
and ­s825/­D j in each optimizer iteration.

The present optimization procedure yielded the following
results (at 5-deg collective pitch):

K = 0.622, K = 20.641, R = 0.983, R = 1.0 (12)Pb Pz b z

Regressing lag damping characteristicswith these aeroelastic cou-
pling parameters are superposed on Fig. 8. The level of instability
as well as the range of rotational speeds over which instability is
present are both reduced as compared to the single-point opti-
mization results. However, the system is not completely stabilized
and the inequality constraint g1 [Eq. (11)] is violated.

Moving-Point Optimization

To completely eliminate the possibility that an objective
function at a prescribed rotational speed is satis� ed by moving
the resonance to a different rotational speed, a moving-point
optimization procedure is formulated. The objective function
to be minimized is

2F(D ) = (s 2 s̄ ) (13)j min min

subject to constraints on the design variables [Eq. (8)]. In this
objective function, smin denotes the minimum decay rate (which
occurs at different rotational speeds as the values of aeroelastic
coupling parameters change during the course of the optimiza-
tion process), and denotes the desired minimum decay rates̄min

(which was set at 20.1/s, stable). In this procedure, during each
iteration in the optimization process, the rotational speed at
which the damping is a minimum is determined and the optim-
izer then seeks to stabilize the regressing lag mode at this ro-
tational speed. Thus, there is no possibility that an objective
function at a prescribed rotational speed will be satis� ed by
moving the resonance to another rotational speed.

The moving-point optimization procedure yielded the fol-
lowing results (at 5-deg collective)

K ’ 0.6, K = 21.0, R = 1.0, R = 0.0 (14)Pb Pz b z

It is interesting to note that the value of Rz has changed from
1.0, in previous optimization efforts, to 0 in this case. A pos-
sible explanation for this may have to do with KPz having
reached the constraint, 21.0. The optimizer may now be work-
ing with less sensitive parameters like Rz, in an attempt to
satisfy the objective function. Figure 9 shows the variation of
regressing lag damping vs rotational speed when these optimal
values of aeroelastic couplings are used. It is seen that this
con� guration stabilizes the regressing lag mode over the entire
range of rotational speeds.

Because large values of pitch– � ap coupling may have some
other undesirable effects (for example, on handling qualities),
optimization was repeated using the constraint 20.4 # KPb #
0.4 (in place of 21 # KPb # 1). The optimal aeroelastic cou-
plings in this case were

K = 0.4, K = 21.0, R = 1.0, R = 0.0 (15)Pb Pz b z

However, it is seen in Fig. 9 that the in� uence of the reduced
pitch– � ap coupling (from KPb = 0.6 to KPb = 0.4) on regressing
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Fig. 11 Variation of minimum damping vs collective pitch using
different optimization schemes.

Fig. 10 In� uence of couplings obtained using moving-point op-
timization at 5-deg collective, on lag damping in ground resonance
at 0-deg collective.

lag mode damping is not very signi� cant. This is consistent
with the earlier observation that increments in KPb beyond a
moderate value result in relatively small changes in aerome-
chanical stability characteristics (Fig. 6).

Next, the in� uence of these optimal couplings (determined
through a moving-point optimization procedure at 5-deg col-
lective) must be examined at different blade pitch settings.
Figure 10 shows the variation of regressing lag damping vs
rotational speed at 0-deg collective pitch, obtained using the
optimized aeroelastic couplings in Eq. (14). It is seen that op-
timal couplings at 5-deg collective seriously degrade the sta-
bility at 0-deg collective (as compared to the baseline with no
aeroelastic couplings). Examination of similar plots (regressing
lag damping vs rotational speed) at different values of collec-
tive pitch showed that the aeroelastic couplings obtained
through moving-point optimization at 5 deg [Eq. (14)] are sta-
bilizing at moderate-to-high collective pitch settings, but are
destabilizing for low collective pitch settings close to 0 deg.

A moving-point optimization carried out at 0-deg collective
pitch yielded the following optimal aeroelastic couplings:

K = 21.0, K = 0.07226, R = 0.0, R = 0.0 (16)Pb Pz b z

It is seen in Fig. 11 that while the preceding couplings elimi-
nate aeromechanical instability at 0-deg collective, they are
very strongly destabilizing at increasing collective pitch val-
ues.

A moving-point optimization carried out at 9-deg collective
pitch yielded the following optimal aeroelastic couplings:

K = 0.6288, K = 21.0, R = 1.0, R = 0.0 (17)Pb Pz b z

Figure 11 shows that these couplings result in very large sta-
bility margins at high collective pitch values, but the damping
decreases with decreasing collective. Eventually, the regressing
lag mode becomes unstable at u0 < 5 deg, and for u0 < 2 deg
the damping in the regressing lag mode falls to values lower
than the baseline con� guration (no aeroelastic couplings).

It should be noted that the optimal aeroelastic couplings at
0-deg collective [Eq. (16)] are fundamentally different from
the optimal couplings for moderate or high collective pitch
[Eqs. (14) and (17)].

Multipoint Optimization at 0 and 9 Deg

In an attempt to stabilize ground resonance over a wide
range of variation in collective pitch the previously described
moving-point optimization procedure is simultaneously imple-
mented at two different collective pitch settings, 0 and 9 deg.
The objective function to be minimized is

0deg 0deg 2 9deg 9deg 2F(D ) = W (s 2 s̄ ) 1 W (s 2 s̄ ) (18)j 0deg min min 9deg min min

subject to constraints on design variables [Eq. (8)].
The optimization procedure yielded the following results:

K = 0.814, K = 20.221, R = 1.0, R = 0.0 (19)Pb Pz b z

Figure 11 indicates that while these aeroelastic couplings ob-
tained through simultaneous optimization at 0 and 9 deg are
unable to completely stabilize the regressing lag mode, the
level of instability is restricted to a fairly modest value over a
broad range of variation in collective pitch and the destabiliz-
ing trend with increasing collective pitch seen in the baseline
con� guration is alleviated. It is also seen that over the entire
collective pitch range the damping in the regressing lag mode
is about as much as or greater than the baseline. Up to a col-
lective pitch of 5 deg the minimum damping in the regressing
lag mode remains fairly uniform and then starts slowly in-
creasing with the collective.

Attempts to further increase the minimum damping at low
to moderate values of collective pitch by varying the weights
W0deg and W9deg were unsuccessful. Even though it appears in
Fig. 11 that it should be possible to trade stability margin at
high-thrust conditions for increased damping at lower collec-
tive pitch, the aeroelastic coupling requirements are such that
large decreases in stability at high collective resulted in only
very small increases in stability at low collective. Similarly, no
signi� cant improvement in minimum lag damping was ob-
tained for optimization at a different set of collective pitch
values. For example, when multipoint optimization was carried
out simultaneously at 0 and 5 deg, the results were qualita-
tively similar to those obtained by optimizing at 0 and 9 deg.

It is interesting to note that the optimal couplings [Eq. (19)]
yield Rb = 1 and Rz = 0. This suggests that the � ap � exibility
should be outboard of the pitch bearing, whereas the lag � ex-
ibility should be inboard of the pitch bearing for best aero-
mechanical stability characteristics in ground resonance. How-
ever, if Rb and Rz are constrained to be equal, the following
results are obtained:

K = 0.7729, K = 20.2705, R = 1.0, R = 1.0 (20)Pb Pz b z

This con� rms the earlier observation that Rb is the more dom-
inant of the � ap– lag coupling parameters.

If Rb and Rz are both constrained to be zero, the following
optimal results are obtained:

K = 0.7430, K = 20.3319, R = 0.0, R = 0.0 (21)Pb Pz b z
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Fig. 14 Variation of minimum lag damping vs roll inertia at 5-
deg collective.

Fig. 13 Regressing lag mode stabilized by increasing roll damp-
ing.

Fig. 12 In� uence of � ap – lag coupling parameters on aerome-
chanical stability characteristics at 5-deg collective.

Figure 12 shows the variation of regressing lag damping at
5-deg collective for three cases: 1) no secondary constraints
on Rb, Rz, i.e, 0 # Rb # 1, 0 # Rz # 1; 2) Rb = Rz = R (0 #
R # 1); and 3) Rb = Rz = 0. The minimum damping for Rb =
Rz (case 2) is very close to that obtained in case 1. However,
for Rb = Rz = 0 (case 3), some decrease in minimum damping
is observed. Thus, if Rb and Rz are constrained to be equal (as
was done in previous studies), it is more effective to shift the
lag � exibility outboard of the pitch bearing than it is to bring
the � ap � exibility inboard.

From Fig. 11 it appears that one of three potential design
strategies can be adopted: 1) stabilize ground resonance at 0-
deg collective, sharply destabilizing it at nonzero collective; 2)
stabilize ground resonance at higher collectives, destabilizing
it at 0-deg collective; or 3) keep the level of instability small
over a wide range of collective pitch values.

Of the strategies just suggested, accepting a mild instability
over a wide range of collective pitch values appears to be the
most attractive. In such a case it may be possible to eliminate
auxiliary lead– lag dampers by using high-damping � exures or
other techniques such as constrained layer damping treatments.
Another possibility could be to alleviate the mild instability by
increasing the damping in the landing gears. For the results
presented thus far, damping ratios in the fuselage pitch and
roll mode were, respectively, 3.20 and 0.929%. Figure 13
shows that if the roll damping is increased to about 9%, insta-
bility can be alleviated for all values of collective pitch. This
level of roll damping is typical for helicopters with oleos at-
tached to the landing-gear struts. Alternatively, a design strat-
egy can be adopted whereby optimal aeroelastic couplings that

are stabilizing over certain conditions are introduced, with the
understanding that instabilities at other conditions would have
to be stabilized by some other means. For example, if aero-
elastic couplings that were stabilizing at moderate-to-high
thrust were introduced, active controls could be used to sta-
bilize � at pitch operations.

Variation in Body Frequencies
The effectiveness of optimized aeroelastic couplings at off-

design conditions is examined by allowing up to 625% vari-
ation in body inertias. Such variations are common during op-
eration and have the effect of changing the body frequencies.
Figure 14 shows the variation of minimum damping vs body-
roll inertia at 5-deg collective. It is seen that for both the base-
line con� guration (no aeroelastic couplings) as well as for a
con� guration with optimal aeroelastic couplings [Eq. (14)], a
decrease in roll inertia results in lower damping. Thus, in the
design of a damperless helicopter it is important to ensure that
the optimal aeroelastic couplings provide aeromechanical sta-
bility not just at the baseline inertia, but also at the minimum
possible value of roll inertia (generally associated with zero
payload). Figure 14 indicates that if optimal aeroelastic cou-
plings are able to alleviate instability at the lowest possible
value of roll inertia, these couplings would provide more than
adequate stability margins for increased values of roll inertia.

A moving-point optimization procedure at 5-deg collective,
but at 225% of the baseline roll inertia, yielded the following
aeroelastic couplings:

K = 0.75, K = 21.0, R = 1.0, R = 0.0 (22)Pb Pz b z

Minimum damping values obtained using these couplings are
superposed on Fig. 14. No signi� cant alleviation in the desta-
bilizing trend with decreasing inertia was obtained by opti-
mizing at the most critical point.

A 625% variation in pitch inertia results in a variation in
the minimum damping at the pitch resonance. However, be-
cause damping at pitch resonance in all cases remains much
greater than the damping at roll resonance, this does not con-
stitute a critical condition.

Reduction in roll inertia increases the roll frequency. An
increase in landing gear effective stiffness in roll would have
a similar in� uence of increasing the roll frequency and desta-
bilizing both the baseline con� guration as well as the opti-
mized con� guration. However, the damping in the optimized
con� guration would again be higher and any instability would
be weaker.

Although parameters such as blade � ap or lag frequencies
could in� uence some of the observations made so far, unlike
thrust level, body inertia, and rotational speed, these param-
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Fig. 15 In� uence of couplings (obtained through multipoint op-
timization on ground at 0 deg and 9 deg) on air resonance in
hover.

eters are not anticipated to undergo variations during operation
and are thus not considered.

Air Resonance
In� uence of the optimal aeroelastic couplings on hover air

resonance is brie� y examined. In the present study this is done
by setting the body pitch and roll frequencies to zero. It should
be noted that the pitch and roll springs in the baseline con� g-
uration were quite soft and may not be accurately representa-
tive of ground resonance of a helicopter, but more so of a
condition between ground and air resonance. Figure 15 shows
the regressing lag damping in hover (body frequencies set to
zero) using couplings obtained through multipoint optimiza-
tion on ground at 0 and 9 deg [Eq. (19)]. The baseline con� g-
uration was marginally stable in air and was further stabilized
by the optimal couplings in Eq. (19). It should be noted that
the damping levels at different rotational speeds in Fig. 15 do
not correspond to a single value of collective pitch. Rather the
rotor is trimmed to a constant thrust (corresponding to a nom-
inal CT/s of 0.07 at 720 rpm) to enable the vehicle to remain
airborne.

Summary and Concluding Remarks
1) From the parametric studies on the effects of individual

aeroelastic couplings on ground resonance stability character-
istics at a moderate collective pitch of 5 deg, the following
conclusions are drawn: Positive pitch– � ap coupling is able to
increase the minimum damping at resonance. Small-to-mod-
erate values of pitch– � ap coupling are adequate in increasing
the minimum damping. Additional increase in lag damping by
further increasing pitch– � ap coupling is generally small. With
negative pitch– lag coupling there is no increase in minimum
damping at resonance, but there is a signi� cant increase in
damping away from resonance. This results in a decrease in
the range of rotational speeds over which instability is present.
Structural � ap– lag coupling does not, individually, yield any
bene� t.

2) In using single-point optimization at a speci� ed rotational
speed, the aeromechanical stability objective function is sat-
is� ed merely by moving the resonance instability to a different
rotational speed. The introduction of additional stability con-
straints at multiple rotational speeds provides some improve-
ment but does not eliminate instability.

3) A moving-point optimization procedure yields aeroelastic
coupling parameters that stabilize ground resonance at a given
collective pitch. However, the optimal couplings at moderate
or high-pitch conditions are destabilizing at 0-deg collective
and vice versa.

4) Using multipoint optimization, involving simultaneous
stabilization at two different collective pitch settings (typically

� at pitch and moderate-to-high collective pitch), it was pos-
sible to weaken the instability over the range of collective pitch
values and alleviate the destabilizing trend with increasing val-
ues of collective. Subsequently, by increasing roll damping to
about 9% critical, it was possible to eliminate instabilities at
all values of collective pitch.

5) Of the two � ap– lag coupling parameters, Rb and Rz, the
largest increase in minimum damping is obtained, in general,
when Rb is close to unity and Rz is close to zero. This implies
that the � ap � exibility should be outboard of pitch, whereas
lag � exibility should be inboard (in addition to negative
pitch– lag coupling and positive pitch– � ap coupling). Of the
two parameters, Rb has a larger in� uence. Thus, if the two
must be constrained to be equal, it is advantageous to have
both � ap and lag � exibility outboard.

6) The destabilizing trend with reduction in roll inertia (seen
in the baseline con� guration) persists in con� gurations with
optimal aeroelastic couplings. However, if the optimized con-
� guration has an instability at the lowest roll inertia it is much
weaker than that of the baseline.

7) By choosing the correct optimal combination of aero-
elastic couplings, signi� cant improvement in aeromechanical
stability characteristics was obtained over a range of conditions
(such as various rotational speeds, thrust levels, and changes
in body inertia). Complete stabilization could be achieved for
the present con� guration only after signi� cantly increasing the
body roll damping. However, it is not a general conclusion
that such a large increase in roll damping would be necessary
to stabilize any con� guration.

8) The aeroelastic couplings obtained through multipoint op-
timization on ground at 0 and 9 deg were stabilizing in hover.
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