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Abstract

Since Multi Body System (MBS) codes have been proved to be potentially powerful simulation tools in
the whole range of helicopter rotor dynamics, here the question of modelling the free flying helicopter
in a pure MBS as well as in a hybrid FEMBS dynamical simulation model is highlighted. The objectives
of this research work are modelling techniques for decribing the dynamical behaviour and the structural
interaction between articulated helicopter rotors and the nacelle of a free flying helicopter. Here the
focus lies on the coupling of the rotating structure of the fully elastic, hinged main rotor with the
non-rotating parts of the body structure via a flexible rotor-nacelle interface. As simulation platform
the 9 [to] generic model “Helicopter H9” has been used. Representing the research object for this
investigation it serves as a demonstrator model and as dynamic reference configuration for both the
MBS and the FEM calculations.

For reasons of a better clarification of the rotor-fuselage coupling effects the center of gravity of
the helicopter fuselage exhibits large offsets in all three coordinate directions. As a consequence we
get a highly non-symmetrical dynamical system w.r.t. the main rotor axis and a rotated principal axes
system. Concerning the specific dynamic coupling effects between rotor and nacelle a survey study with
topics like the main rotor suspension (lateral and vertical) or the elasticity of the drive train had been
conducted. In systematic variation of the respective stiffness values (over four decades) the results of
different parameter studies are presented as numerical results for single constant rotor speeds as well
as in frequency fan diagrams for the overall dynamical behaviour under the change of rotor speed.
By applying different blade pitch and δ3 angles the influence of the blade pitch positon on the rotor
eigenbehaviour has been tested. Even cases of stability loss of the free flying helicopter concerning
elastic eigenmodes of the coupeled rotor-nacelle-system — an air resonance type — could be detected
in this work.

The validation of the models and the computational procedure had been done by comparing the
eigenmodes and the eigenvalue results produced with the two elasto-mechanical methods MBS and
FEM. Thus different algorithms and independent tools have been used in the examination. It has
been shown that for the non-rotating as well as for the rotating test cases the coupling effects caused
by the blade hinges and pitch angles will be reproduced without any restriction in both approaches.
The FEMBS modification of the pure MBS model renders a hybrid formulation which can combine
advantages of both sides. Thus the potential of a sophisticated MBS code like SIMPACK as a powerful
simulation tool for helicopter dynamics of the free flying system has been demonstrated with respect
to the characteristics of an articulated rotor.
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1 Introduction

In recent time Multi Body System (MBS) codes
have found their way into structural analysis
within the helicopter industry, and the use of com-
mercial MBS tools in the general design and devel-
opment process seems to become fruitful. These
MBS codes combine their inherent property of
describing large deflections of the (rigid) struc-
ture including full geometric non-linearities with
in general high performance time integration al-
gorithms. In combination with special algorithmic
features Finite Element Model (FEM) substruc-
tures can be incorporated into the MBS model
thus replacing one or several rigid body compo-
nents. By applying these so called FEMBS tech-
niques consistent elastic properties can be intro-
duced into the structure to any desired amount.
Together with these modal FEMBS structures and
additional degrees of freedom (DOF) added to the
— now — hybrid MBS model the total dynamic
model can be subjected to any kind of numeri-
cal simulation. Thus with MBS and FEM two
fundamentally different approaches in structural
dynamics can be combined with their respective
advantages to potentially high power CSD tools.

Since the most MBS codes have not primar-
ily been designed for describing elastic helicopter

Figure 1: The five-bladed dynamic helicopter
demonstrator H9 with articulated rotor — side
view

rotors with their numerous potentially coupling
mechanisms, here the question of modelling the
free flying helicopter in a MBS dynamical simula-
tion model is highlighted. In order to take into ac-
count also the characteristics of the flexible rotor-
nacelle interface, the specific modelling features
of the MBS code have been used. In this paper
these characteristic features have been subjected
to a systematic investigation to verify their per-
formance, correctness and reliability. It could be
shown that one potential drawback of the (nonlin-
ear) MBS approach — the numerical composition
of the system matrices in a linearised equation of
motion for the consecutive eigenvalue analysis —
is in general succsessfully tackled due to numerical
high performance differentiating algorithms.

In this paper the structural model of the in-
vestigated helicopter demonstrator has been built
up parallelly with the three methods MBS, FEM

Figure 2: The five-bladed dynamic helicopter
demonstrator H9 with articulated rotor — top
view
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and FEMBS, thus resulting in system features in-
dependent from each other, but with a physical
agreement as good as possible. The commercial
MBS code SIMPACK has been basically validated
by comparisons to the scientific FEM code GYR-
BLAD, designed for the solution of rotordynamic
problems. Additional comparisons have been done
to the commercial FEM tool NASTRAN, which
also had been used to supply the elastic substruc-
tures for the FEMBS models.

The effort to demonstrate a low error margin
in the results to be compared proved to be suc-
cessful. Most of the eigenvalue results show a
relative error of around 0.1%. To reach values
further below this margin would have needed an
additional numerical effort in higher model resolu-
tion. On the other hand error values approaching
or passing the 1% margin are to be considered a
hint for wrong or physically incomplete modelling
on either of the both sides to be compared and
has — at least — to be explained thoroughly.

2 Build-up of the articulated “Heli-
copter H9” dynamic demonstrator

The objectives of this research work are the appli-
cation and the validation of MBS modelling tech-
niques for decribing on one hand the general dy-
namical behaviour of a free flying helicopter and
on the other hand the structural interaction be-
tween the helicopter rotors — main and tail rotor
— and the nacelle of this free helicopter. In this
context the focus lies on the dynamic coupling of
the rotating structure of the fully elastic main ro-
tor and the — non-rotating — parts of the body
structure. For this purpose a generic model, the 9
[to] “Helicopter H9” (see Fig. 1 and 2), had been
developed as a simulation platform. Represent-
ing the basic research object in this investigation,
it serves as a strucural demonstrator model and
as dynamic reference configuration for both the
MBS and the FEM calculations. Since in this in-
vestigation the focus was put on the dynamical
behaviour of the rotating, elastic structure the in-
fluence of the aerodynamic forces had been ne-
glected. Nevertheless one can consider it justified
to adress the “free” system also as a “free flying”
helicopter since in contrast to a ground fixed sys-
tem it contains the essential dynamic features like
the influence of the fuselage mass or the boundary

Figure 3: The five-bladed H9 rotor head defor-
mation of the 19. articulated rotor eigenmode,
f = 15.3843 [Hz], n = 6 [Hz], δ3 = −15◦,
α0 = 15◦

conditions (BC). The investigation whose results
are presented in this paper was done in analogy
to the one conducted in [9]. The main difference
between the investigated H/C systems lies in the
introduction of hinges and control pitch angles
into the blades and thus the general build-up of
the rotor head (see Fig. 3 and 4). Formal MBS
code modelling questions like where to begin the
imported elastic beam structure along the blade
axis, i.e. where to place the blade joints in the
model had been answered: All kinematic bound-
aries with potentially large deflections were estab-
lished in the MBS part outside from the imported
FEM part in order to keep the MBS intrinsic mod-
elling capability of large, non-linear joint states.
Beside the formal aspects, further rotor dynamics

Figure 4: The five-bladed H9 rotor head defor-
mation of the 29. articulated rotor eigenmode,
f = 26.7526 [Hz], n = 6 [Hz], δ3 = −15◦,
α0 = 15◦
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total mass mtot = 9118.4 [kg]
position of total CG xcg = 2.6320 ycg = −1.7547 zcg = −2.6320 [m]

total inertia (principal axes) Θx = 28724.780 Θy = 64820.231 Θz = 76555.202
[
kgm2

]
total inertia (α0 = 15.◦) Θx = 28724.880 Θy = 64820.298 Θz = 76555.034

[
kgm2

]
Kardan angles (principal axes) α = 22.710 β = 12.584 γ = −11.090 [◦]
Euler angles (principal axes) ψ = 16.411 ϑ = 25.801 ϕ = −30.037 [◦]

fuselage mass mfus = 8000.0 [kg]
position of fuselage CG xfus = 3.0 yfus = −2.0 zfus = −3.0 [m]

fuselage inertia (basic axes) Θxfu = 7200.0 Θyfu = 36000.0 Θzfu = 36000.0
[
kgm2

]
5-bladed main rotor mass mmr = 1118.4 [kg]

diameter main rotor Dmr = 16.0 [m]
position of main rotor hub xmr = 0.0 ymr = 0.0 zmr = 0.0 [m]

main rotor inertia (basic axes) Θxmr/ymr = 11931.697 Θzmr = 23862.928
[
kgm2

]
main rotor inertia (α0 = 15.◦) Θxmr/ymr = 11931.814 Θzmr = 23862.694

[
kgm2

]
4-bladed tail rotor mass mtr = 156.58 [kg]

diameter tail rotor Dtr = 2.80 [m]
position of tail rotor hub xtr = 11.540 ytr = −0.400 ztr = −0.300 [m]

tail rotor inertia (basic axes) Θxtr = 51.442 Θytr = 102.82 Θztr = 51.442
[
kgm2

]
rotor transmission ratio nmr/ntr = 40

7 = 5.7143 [–]
main rotor suspension point xsmr = 0.0 ysmr = 0.0 zsmr = −2.0 [m]
norm. isotropic main rotor ĉu = 2.0 ĉv = 2.0 ĉw = 3.0

suspension stiffness /fs ĉα = 4.0 ĉβ = 4.0 ĉγ = 5.0
[Hz]

norm. orthotropic main rotor ĉu = 1.0 ĉv = 2.0 ĉw = 3.0
suspension stiffness /fs ĉα = 4.0 ĉβ = 5.0 ĉγ = 6.0

[Hz]

soft suspension case factor fs = 1.0 [–]
medium suspension case factor fs = 10.0 [–]

stiff suspension case factor fs = 100.0 [–]

Table 1: The structural parameters of the dynamic demonstrator “Helicopter H9”

length l 8.0 [m] l/b 40. [–]
width b 0.20 [m] b/t 4. [–]

thickness t 0.05 [m] moment of inertia J η b t3/ 3 [m4]
Prandtl’s torsional factor η 0.843 [–] flap joint posn. 0.25 [m]

Young’s modulus E 71.73 ∗ 109 [N/m2] lag joint posn. 0.50 [m]
shear modulus G 26.90 ∗ 109 [N/m2] pitch bearing posn. 0.75 [m]
Poisson ratio ν 0.33327 [–] pitch angle α0 0., 15., 30. [◦]

density ρ 2796.0 [kg/m3] −δ3 angle 0., 15., 30. [◦]
stiffn. fact. (x = 0÷ .75[m]) 100 [–] α0 (x = 0÷ .75[m]) 0. [◦]

Table 2: The structural parameters of the articulated “Helicopter H9” blade
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related questions like the impact of the pitch con-
trol angle α0 or the flap orientation δ3 angle on
the eigenbehaviour or the structural stability con-
ditions of the free helicopter could be highlighted.
Prior test calculations with the non-articulated ro-
tor (which neither had a flex-beam like softened
blade shaft area) showed significant system insta-
bilities in the case of strong blade pitch control
angles.

The “Helicopter H9” has a fully elastic five
blade main rotor with a diameter of D = 16 [m],
a rigid four blade tail rotor with a diameter of
D = 2.8 [m] and a MTOW of 9118.4 [kg]. The
rotor transmission ratio had been determined to
such a value that the blade tip speed of main
and tail rotor will result equal. The main rotor is
rigidly mounted on a 2 [m] shaft whose lower end
is elastically suspended. As suspension conditions
two sets of stiffnesses are available, an isotropic
and an orthotropic one. To the basic stiffness
values a general factor is to be applied to get a
stiffening or a softening effect. In both models
(MBS and FEM) discrete springs have been ap-
plied in the mounting point with such stiffness
values that would cause the desired frequency of
a respective (rigid body) one degree of freedom
oscillation. An increase of these basic suspension
frequencies by the factor 10 e.g.would thus result
in an stiffness increase by the factor 100. These
main rotor suspension stiffness sets together with
the complete set of the characteristic parameter
values for the H9 helicopter are displayed in Tab.
1 and 2.

The helicopter nacelle is modelled as a six de-
gree of freedom rigid body, while the elastic main
rotor has up to ∼ 1300 degrees of freedom. For
reasons of a better clarification and validation of
the rotor-fuselage coupling effects — and to make
the task more demanding — the center of grav-
ity of the helicopter fuselage exhibits large offsets.
Thus the overall center of gravity of the helicopter
does not lie in the sourroundings of the main rotor
hub as usual but with distinct offsets in all three
coordinate directions. As a consequence we get
a highly non-symmetrical dynamical system w.r.t.
the main rotor axis. It has been experienced that
the geometric translation of the system matrices
into the coordinate system of the overall center
of gravity and the rotation of the coordinate axes
about the adequate Euler angles onto the princi-

pal axes allow a better control of the rigid body
modes which was useful in this investigation. Due
to the fact that now the main rotor axis does not
coincide with any of the three inertial axes any
longer all three rigid body rotational modes will
be coupled by the main rotor gyroscopic effect.

Beside the establishing of the principal axes as
coordinate axes for the rigid body rotations — the
rigid body transversal movement still is aligned
along the original basic helicopter coordinate sys-
tem — additional decoupling measures like very
small but finite and disparate “free body” sus-
pensions enable a clear distinction of the rotating
and transversal rigid body eigenmodes. As long
as the values of these free body suspension stiff-
nesses remain lower than one tenth of the smallest
elastic rotor frequency there will be no significant
interaction. (The quality of the rigid body modes
can easily be controlled by a look at the modes of
this “free” system.) Furthermore the advantage
of special joint modelling techniques like the usage
of pseudo bodies could be shown. This technique
of introducing additional bodies and DOF into the
“pure” MBS model could help to reach the aim of
placing the required rotor mount positions with-
out any spatial restrictions. (See also [8].)

The aspects of rotor suspension and the varia-
tion of the respective suspension stiffness param-
eters had been investigated here in analogy to [9].
Thus it is possible to compare the differences in
the dynamical behaviour of also these two con-
cepts caused by the introduction of the hinges into
the blade (for example in the fan diagrams of the
eigenfrequencies). It should be recognised that in
the hinged rotor the blade shaft stiffness up to the
pitch bearing had been raised by an overall fac-
tor of 100 (see Tab. 2). As a remark concerning
the mass distribution and the data given in Tab.
1 it has to be stated that the whole H/C system
is divided into two sub-groups, the rotor and the
fuselage. Thus “fuselage” there comprises every-
thing except the rotor, i.e. the tail rotor compo-
nents mass values are included there.

3 The eigenbehaviour of the articu-
lated single blade

The generic helicopter blade model was originally
based on the “Princeton beam” (see also [1]), but
had been changed in such a manner that makes



Waitz: MBS Analysis of a Free Flying Articulated Helicopter ERF 2014 Southampton 5

Figure 5: The single blade rotor hub deformation
of the 8. articulated blade eigenmode — backward
position, f = 48.5460 [Hz], n = 6 [Hz], δ3 =
−15◦, α0 = 15◦

it more suitable for the present investigation con-
cerning size, mass allocation and frequency dis-
tribution. With choosing MBS and FEM model
build-ups two basic approaches for incorporating
elastic properties into the rotor blade models are
compared with each other. Here the way of map-
ping the continuously distributed elastic properties
of the blade beam structure on dynamic equiva-
lent discrete spring stiffnesses of a “pure” MBS
model — in contrast to the strategy of importing
separately built up elastic Finite Element mod-
els with modal substructure techniques (FEMBS),
thus creating a hybrid MBS model — is demon-
strated in order to achieve mechanical equivalent
rotor models (see also [8]).

By applying different angle values

Figure 6: The single blade rotor hub deformation
of the 8. articulated blade eigenmode — forward
position, f = 48.5460 [Hz], n = 6 [Hz], δ3 =
−15◦, α0 = 15◦

(0◦, 15◦, 30◦) the influence of the blade pitch
positon and the alignment of the blade flap hinge
on the rotor eigenbehaviour has been tested in
this work. The eigenfrequencies of the rotating
and the non-rotating single blade computed with
the three methods are displayed in Tab. 3 to 4
for one single rotor speed and different pitch
angles and compared among each other. In Fig.
7 to 8 the frequency fan diagrams of the single
blade are shown for these three different pitch
angle cases. Again for the homogenous clamped
blade the eigenfrequencies of some parameter
constellations are displayed in Tab. 5 to 6 for one
single rotor speed for reasons of comparison.

In the MBS model of the blade it had to be ac-
counted for the right consideration of two torsion
related and inertia based special internal beam
moments: one is the s.c.Propeller moment,

M I
x(x) = Ω2

∫ l

x
cos(α0+αt+αe) sin(α0+αt+αe)

(Iy − Iz)
µ

A
dx, (1)

an internal moment counter-acting on the pitch
angle, and the other one the s.c.Trapeze effect or
Trapeze moment,

M II
x (x) = Ω2(α0+αt+αe)′ (Iy + Iz)

1
A

∫ l

x
µ r dx,

(2)
which both render contributions to the equilibrium
state and the torsional stiffness properties, where
α0 stands for the pitch control angle, αt the pre-
twist and αe the elastic deformation content of
the total declination angle of the blade cross sec-
tion with respect to the rotor plane. In the rotor
systems investigated in this paper all calculations
were done around an undeformed equilibrium state
(but with no restriction to the general validity of
the chosen approach). This means for the MBS
model that there were no pre-deformations (zero
joint states) and the equilibrium had to be guaran-
teed for by the Propeller moments in the shape of
s.c.Nominal force parameters, straight in analogy
to the normal forces in blade axis direction caused
by the centrifugal effects. The Trapeze moment
is introduced into the stiffness properties of the
blade model as a backing moment.

The impact of the two hub parameters α0

(pitch control angle) and δ3 (alignment of the flap
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joint) on the eigenbehaviour of the rotating blade
can be studied in the eigenfrequencies as well as
in the eigenmodes. The most obvious changes in
the eigenfrequencies occur in the branch of the
first torsion and the neighbouring modes at a ro-
tor speed of around 4 [Hz]. When the adjacent
branches of the third lag mode and the fifth flap
mode tend to approach and finally cross the tor-
sion branch a strong interaction between these
three modes, which results more intensive with ris-
ing angle values, can be perceived (see Fig.7 to 8).
This phenomenon of coupling of the deformation
components (DOF) can be seen even clearer by a
look at the respective eigenmodes. In Fig. 9 to 16
(and also in Fig. 5 to 6) the components flap, lag
and torsion occur to a varying but not at all de-
niable extend in the affected eigenmodes. These
two blade root angles combine already kinemat-
ically the deformation components flapping with
lagging (α0) and flapping with torsion (δ3). To
this boundary condition kind of interaction goes
the gyroscopic coupling to result in the observed
total impact.

4 The eigenbehaviour of the free sys-
tem with articulated rotor

Investigated are modelling techniques for simulat-
ing the dynamics of the structural behaviour of
the free flying helicopter in the frequency domain.
The results presented are produced by eigenvalue
analyses and contain the eigen characteristics like
eigenfrequency, natural damping and the eigen-
modes. In the case of the MBS simulation code
the dynamical model requires a numerical lineari-
sation prior to the eigenvalue analysis. On the
MBS side the commercial tool SIMPACK is tested
while on the FEM side the scientific tool GYR-
BLAD is used, which is working on a linear formu-
lation, as well as the imported NASTRAN blade
models are linear FEM models.

A topographic and apparently important dif-
ference between the FEM and the MBS/FEMBS
formulation had been introduced into the simula-
tion models of the complete helicopter model. In
the FEM model the rotor blade No. 1 had been
aligned backward into the positive x-axis, while in
the MBS model of the rotor the blade No. 1 was
looking forward, i.e. into the negative x-axis, thus
resulting in a different rotor blade placement rel-

ative to the helicopter fuselage: The rotor of the
MBS model was turned about 72◦/2 = 36◦ in the
positive (or negative) sense of rotation. Along
with the orthotropic character of both the stiff-
ness conditions of the suspension point and (as
well important) the inertia relationship of the H/C
fuselage two apparently different systems had to
be compared — if there had not been the isometry
(rotational symmetry) of the rotor. The phase an-
gle shift in the alignment of the rotor blades was
introduced into the models by purpose in order to
show by the results the invariance of the (rota-
tional symmetric) H/C main rotor with respect to
the strongly non-isotropic boundary conditions in
the coupling point between the rotating structure
of the H/C rotor and the non-rotating structure
of the H/C fuselage. As it can be seen e.g. by
comparison of the eigenvalues in Fig.18 (and also
in the Tab. 7 and 8) the “proof” resulted positive
both for the rotating and the non-rotating rotor
case.

The validity of the rotor-body coupling in gen-
eral has been proven also in advance by several
separate examinations of subsystems like the com-
parison of the flexible and the rigid isolated rotor.
For example the invariance of the symmetrical
rotor towards orthogonal suspension conditions
(fuselage mass and hub stiffness effect on bound-
ary conditions) had been verified by comparing the
eigenvalues of our reference system with results of
a second rotor system which was built up identical
except for the blades beeing mounted to the hub
by an arbitrary offset (here: ∼ 25.0◦). Both sys-
tems rendered (numerically) equal eigenfrequen-
cies. In other precedingly examined control cases
like rotor systems with a rigid rotor also analytical
solutions could be used for verification.

Results of the eigenvalue analyses of the com-
plete helicopter model with soft orthotropic sus-
pension are presented in Fig. 18 as frequency fan
and stability diagrams, and in Tab. 7 and 8 as
eigenvalues (damping and frequency) for the non-
rotating case and a single rotor speed. In Fig. 17
and Tab.9 again the values of the soft case are dis-
played together with the ones for the medium and
the stiff suspension cases. The rotation boundary
condition is body-fixed in the sense that the posi-
tion of the rotor axis is freely moving in space with
the the rotating rotor shaft. Eigenmodes for some
selected frequencies are displayed in Fig.19 to 26.
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To get an impression of the “mere” rotor-nacelle
interaction without any suspension stiffness influ-
ence one has to look at the results for the stiff
main rotor suspension case, because there the in-
fluence of the suspension springs is — at least for
the displayed frequency range — almost negligi-
ble. In Tab. 9 the influence of the rotation of the
tail rotor on the dynamic behaviour of the free sys-
tem had been looked at by the comparison with
the tail rotor case being put “off”.

By lining up the eigenfrequencies in ascending
order a clear structure in the results can be per-
ceived: Groups of five very closely neighboured
frequencies follow each other where the identical
pairs belong to the reactionless modes. These
quintuples are based on the eigenfrequencies of
the single blade and are eventually disturbed only
by rigid body or elastic suspension effects. Obvi-
ously the stiffer the rotor suspension is the more
pronounced the grouping occurs (and vice versa).
Comparing also Fig.8 with the stiff case in Fig.17
illustrates the influence of the eigenbehaviour of
the underlying rotor blade. Although frequencies
of zero belong only to pure rigid body modes a
small suspension stiffness does not interfere with
the elastic mode shapes. By hitting the (small)
presumable eigenfrequency number as the result
value in the simulation this can be used as a con-
trol criterion for the quality of the eigensolution
(compare e.g. the rigid body values for the non-
rotating case, Tab. 7).

For the free flying helicopter several instability
regions occur over the whole rotor speed range.
Especially in terms of structural (and aeroelastic)
stability the physical “completeness” of the rotor
dynamic model plays a crucial role. By introduc-
ing different kinematical and dynamical boundary
conditions into it, cases of stability loss due to
ground resonance can be produced. Even for the
free flying helicopter cases of stability loss con-
cerning elastic eigenmodes of the coupled rotor-
nacelle-system — an air resonance type — could
be detected. Beside the dynamic properties of the
elastic rotor blade the design of the main rotor
suspension has an essential influence here. In the
soft rotor suspension case large areas with nega-
tive damping values occur (see negative damping
values in Fig.18) while the stiffer rotor suspension
cases proved to be stable over the whole range
of rotor speed. As a general tendency it can be

stated that the softer the main rotor suspension is
the more numerous and the more severe instability
cases are to be recognised.

5 Parameter variation of the main ro-
tor suspension and the tail rotor

Concerning the specific dynamic coupling effects
between rotor and nacelle a survey study with
topics like the main rotor suspension (lateral and
vertical) and the elasticity of the drive train (tor-
sional) had been conducted. Therefore six degrees
of freedom in the elastic suspension point of the
main rotor can be collocated and adressed at the
lower end of the rotor shaft. The pairs of transla-
tional and rotational displacement around the x−
and the y−axis can be used to model the dynamic
and kinematic conditions of the rotor mount while
the third rotational DOF around the rotor z−axis
stands for the elastic torsional stiffness of the drive
train. A spatial spreading of these six DOF to indi-
vidual locations is optional. (The transversal ver-
tical DOF in z−direction had been included just
for the sake of completeness.) In systematic vari-
ation of the respective stiffness values (in three
steps over four decades) the results of different
parameter studies are presented as numerical re-
sults for distinct constant rotor speeds. In fan dia-
grams (Campbell diagrams) the overall dynamical
behaviour with the change of rotor speed is illus-
trated. The results of the eigenvalue analyses are
shown in the figures and tables already mentioned
above for the complete free helicopter.

In the course of the investigation H/C systems
with three different main rotor suspension stiffness
sets (referring to the normalised stiffnesses in Tab.
1) have been tested. The values of the set of 6
DOF for the basic (the soft) version are given in
Tab. 1. The normalised suspension stiffnesses are
defined as

ĉi =
√
ci
mi
/(2π) [Hz], (3)

representing the frequency of the respective one
DOF rigid body movement in the principal coordi-
nate system. To get to the values for the medium
and the stiff rotor suspension cases, the ĉi values
are enlarged by the factors 10 and 100, which cor-
responds with a rise of the physical stiffness values
in the six DOF of the suspension point about the
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factors 100 and 10000. In Tab. 7 to 9 numeri-
cal values of the eigenfrequencies (and damping
coefficients) of the complete H/C system are pre-
sented for some parameter constellations. The
Tab. 7 and 8 show the results for the soft rotor
suspension case according to the three indepen-
dent simulation models and their correspondimg
discretisation method FEM, MBS and FEMBS,
with Tab. 7 for the H/C with non-rotating rotors
and Tab. 8 for the case with rotating rotors (both
main and tail rotor). Tab.9 finally gives the eigen-
values for the varying rotor suspension stiffnesses,
the stiff, medium and soft case, according to one
single modelling method and solution algorithm,
here FEM (using code GYRBLAD).

Also the effect of the tail rotor on the eigen-
frequencies can be studied in the Tab. 9. The
displayed relative difference values give a nice im-
pression of the influence of the rotating tail ro-
tor on the frequency of each (lower) eigenmode.
The third sub-column in each of the three meta-
columns there shows as percentage the difference
of the displayed frequencies — the cases with both
the main and the tail rotor in action — to the
respective cases with a non-rotating tail rotor (re-
ferred to the dispayed values). That means that
for the cases with negative deviation values set-
ting the tail rotor in rotation will give a lift to the
eigenfrequencies. This comparison was included
into the investigation to get a clue for the mag-
nitude of the influence of the rotation of the tail
rotor. At least for our test case H9 with a rigid
fuselage it can be stated that the impact of the
tail rotor is quite low, i.e. almost zero for all the
higher modes and only for a few yaw or roll domi-
nated lower modes with either positive or negative
deviations of around 0.5[%] in the eigenfrequency
values.

During the investigation of the single blade
and the complete helicopter model it could be ex-
perienced that the reachable numerical model and
eigenvalue resolution was around 0.1[%], so that
any physical effect contributing at such a magni-
tude could not be resolved. On the other hand it
could be proved in general that in test calculation
cases with the frequency differencies approaching
or crossing the 1.0[%] margin always inconsistent
or defective modelling of e.g. the rotatory effects
were underlying. Looking at Tab.8 the differences
in the results according to the three methods lie

around 0.1[%], thus showing a very good agree-
ment between the respective models. Only for two
frequencies (the 6th and the 7th) an error margin
of around 2.0[%] was rendered. It could be found
out that the value of this difference depends on
and rises with the quotient between the stiffness
factors fs of the rotor suspension and the (very
soft) suspension in the CG of the complete sys-
tem. Consequentially, setting this ratio to 1 —
which means identically normalised stiffnesses in
the respective 6 suspension DOF — an equally
good deviation level of 0.1[%] or less could be
obtained in all eigenmodes. Of course this elasti-
cal strongly mounted system does not represent
the free system anymore, but by this compari-
son it could be shown that the involved systems
are physically equivalent and that the occurring
2.0[%] deviation stems (presumably) from the nu-
merical linearisation of the MBS model. In this
context a program control parameter of SIMPACK
was tested in order to influence and improve the
numerical accuracy of the solution. Setting the
overall factor vepar(11) (offered to improve the
numerical quality of the linearisation by affect-
ing for example the difference quotients) equal
1.e+5, all the rigid body frequencies from MBS
and FEMBS (SIMPACK) of the rotating system
(see Tab.8) could be highly improved and brought
to convergence with the FEM (GYRBLAD) solu-
tions. (The highest, the gyro rigid body eigen-
mode No. 6, is already interacting with the adja-
cent elastic modes.)

6 Conclusion

In this study the dynamic demonstrator of a
generic helicopter had been modelled and the
structural behaviour of the free flying system in-
vestigated. The focus of the investigation lied
on the computational and modelling facilities the
MBS code SIMPACK offers for describing the in-
terface between the rotating, fully elastic blades
of the rotor and the fuselage of the H/C. The
MBS joints as main elements of the MBS code
for defining system DOF with their intrinsic prop-
erties of describing potentially large deformations
have been used in building up the blade hinges,
the rotor hub and finally the elastic rotor suspen-
sion. The introduction of further physical model
characteristics, like a swashplate, pitch links with
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double load paths or a more complex drive train
model (and the respective DOF) into the system,
seems both feasible and promising.

The validation of the models and the proceed-
ing had been done by comparing the eigenmodes
and the eigenvalue results produced with the two
elasto-mechanical methods MBS and FEM. Thus
different algorithms and independent tools have
been used in the examination. It has been shown
that for the non-rotating as well as for the rotat-
ing test cases the coupling effects caused by the
blade hinges and pitch angles will be reproduced
without any restriction in both approaches. The
FEMBS modulation of the pure MBS model ren-
ders a hybrid formulation which can combine ad-
vantages of both constituents. Thus the potential
of a sophisticated MBS code like SIMPACK as a
powerful simulation tool for helicopter dynamics
of the free flying system has been demonstrated
with respect to the characteristics of an articu-
lated rotor coupled to the non-rotating fuselage.
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8 Appendix: Additional figures and ta-
bles

Fig. 7 to 8: Frequency fan diagrams of the
single blade

Tab. 3 to 6: Eigenvalues of the single blade
Fig. 9 to 16: Eigenmodes of the single blade
Fig. 17 to 18: Frequency fan diagrams of the

free helicopter H9
Tab. 7 to 9: Eigenvalues of the free H/C H9
Fig. 19 to 26: Eigenmodes of the free

helicopter H9

References

[1] Hopkins, A. Stewart; Ormiston,
Robert A.: An Examination of Se-
lected Problems in Rotor Blade Structural
Mechanics and Dynamics. American Heli-
copter Society, 59th Annual Forum, Phoenix,
Az., May 6. – 8. 2003.

[2] Gasch, Robert; Knothe, Klaus:
Strukturdynamik. Vol. 1 and 2, Springer-
Verlag Berlin, 1989.
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Table 3: The articulated non-rotating single blade (n = 0. [Hz], δ3 = −30.◦, α0 = 0.◦): Eigenfre-
quencies and damping according to the three methods in comparison to the FEM solution

Table 4: The articulated rotating single blade (n = 6.0 [Hz], δ3 = −30.◦, α0 = 30.◦): Eigenfrequencies
and damping according to the three methods in comparison to the FEM solution
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Table 5: The clamped homogeneous rotating single blade (n = 6.0 [Hz], α0 = 0.◦): Eigenfrequencies
and damping according to the three methods in comparison to the FEM solution

Table 6: The clamped homogeneous rotating single blade (n = 6.0 [Hz], α0 = 30.◦): Eigenfrequencies
and damping according to the three methods in comparison to the FEM solution
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Figure 9: The 6. articulated blade eigenmode, f = 41.0005 [Hz], n = 6 [Hz], δ3 = −15◦, α0 = 15◦

Figure 10: The 7. articulated blade eigenmode, f = 48.2504 [Hz], n = 6 [Hz], δ3 = −15◦, α0 = 15◦

Figure 11: The 8. articulated blade eigenmode, f = 48.5460 [Hz], n = 6 [Hz], δ3 = −15◦, α0 = 15◦

Figure 12: The 9. articulated blade eigenmode, f = 58.4584 [Hz], n = 6 [Hz], δ3 = −15◦, α0 = 15◦
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Figure 13: The 6. articulated blade eigenmode, f = 40.99 [Hz], n = 6 [Hz], δ3 = −15◦, α0 = 15◦
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Figure 14: The 7. articulated blade eigenmode, f = 48.27 [Hz], n = 6 [Hz], δ3 = −15◦, α0 = 15◦
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Figure 15: The 8. articulated blade eigenmode, f = 48.55 [Hz], n = 6 [Hz], δ3 = −15◦, α0 = 15◦
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Figure 16: The 9. articulated blade eigenmode, f = 58.42 [Hz], n = 6 [Hz], δ3 = −15◦, α0 = 15◦
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Figure 18: The H9 with articulated rotor (δ3 = −15◦, α0 = 15◦): Comparison of the eigenfrequencies
and the damping for the main rotor soft suspension case (x = MBS SIMPACK, —– = FEM GYRBLAD)
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Table 7: The H9 with non-rotating 5-bladed articulated rotor (n = 0. [Hz], δ3 = −15.◦, α0 = 15.◦;
soft orthotropic rotor suspension) and tail rotor: Eigenfrequencies and damping according to the
three methods in comparison to the FEM solution
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Table 8: The H9 with rotating 5-bladed articulated rotor (n = 6.0 [Hz], δ3 = −15.◦, α0 = 15.◦; soft
orthotropic rotor suspension) and tail rotor: Eigenfrequencies and damping according to the three
methods in comparison to the FEM solution
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Table 9: The H9 with rotating 5-bladed articulated rotor (n = 6.0 [Hz], δ3 = −15.◦, α0 = 15.◦) and
tail rotor: Eigenfrequencies and damping w.r.t. the rotor suspension stiffness (stiff, medium and soft
orthotropic) and the respective difference to the zero tail rotor rotation solution
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Figure 19: The 10. articulated rotor eigenmode, f = 2.3928 [Hz], n = 6 [Hz], δ3 = −15◦, α0 = 15◦

Figure 20: The 16. articulated rotor eigenmode, f = 7.5785 [Hz], n = 6 [Hz], δ3 = −15◦, α0 = 15◦

Figure 21: The 26. articulated rotor eigenmode, f = 20.1356 [Hz], n = 6 [Hz], δ3 = −15◦, α0 = 15◦

Figure 22: The 34. articulated rotor eigenmode, f = 41.0012 [Hz], n = 6 [Hz], δ3 = −15◦, α0 = 15◦
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Figure 23: The 10. articulated rotor eigenmode, f = 2.4101 [Hz], n = 6 [Hz], δ3 = −15◦, α0 = 15◦
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Figure 24: The 16. articulated rotor eigenmode, f = 7.6319 [Hz], n = 6 [Hz], δ3 = −15◦, α0 = 15◦
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Figure 25: The 26. articulated rotor eigenmode, f = 20.1351 [Hz], n = 6 [Hz], δ3 = −15◦, α0 = 15◦
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Figure 26: The 34. articulated rotor eigenmode, f = 40.9936 [Hz], n = 6 [Hz], δ3 = −15◦, α0 = 15◦


