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1. Abstract

The description of the dynamic behavior of helicopters often leads to differential equations
with pericdically-varying coefficients. The solution of these differential eguations can be ob-
tained by different mathematical methods. An efficient procedure results from the combination
of multiblade ccordinates and Fleguet theory. Using this method, investigations of ground and

air resonance are carried out,

By plotting the eigensolutions and eigenvector functions it is shown that the transformation
using multiblade cocordinates do not eliminazte the periodicity of the coefficients, and this
neot only by reascn of different dynamic behavior of rotorblades but also by special frequen-
cies contained in the system matrices. This paper includes the consideration of systems having

such characteristics.

2. Notation

Agr Aqs bi’ bo - flap~ceoefficients

a = distance flap hinge to hub

b - distance lag hinge to one point of the bklade

b (t) ~ eigenfunction of the systen with periodically varying parameters
Qk(O) eigenvector of the Moncdromy matrix

Cre Cg stiffness parameters of rator hlade

dg, dB damping paramcters of rotor blade

eyr €44 £, £, lag-coefficients

[ distance flap hinge to lag hinge

m mass of fuselage

m, mass of one blade

R radius of rotor disc

R matrix of the corresponding system with constant parameters
E period of the periodic coefficients

t time

X, ¥ degrees of freedom of the fuselage

Ry eigenvector of a system with constant parameters

8,% degrees of freedom of the rotor blade

ao, ac' 58 collective and cyelic pitch

Aloaa) perturbation value

Sy real part of Ak

wy imaginary part of Ak

e frequency obtained by Floguet-theory

lk eigenvalue of the corresponding system matrix with constant coefficients
hk eigenvalue of Monodromy matrix

Q rotor speed

3(t} transition matrix

${t=T) Monodromy matrix
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3. Introduction

Due to the coupling of the movements of the rotating blades and those of the fuselage,
the mathematical description of the dynamic helicopter reaction leads to a differential
equation system with periodically-varying coefficients. In order to solve this equation
system, a variety of mathematical methods can be resorted to, especially the Fourier co-
ordinate transformation which is also named multiblade coordinate transformation, and

the Floguet theory.

With the help of the multiblade coordinates, the differential equation system with perio-
dically wvarying cecefficients can be explained by a corresponding differential equation
system with constant coefficients which always exist according to the law of reduciability
of Liapunow. By calculating the eigenvalues, the stability and natural freguency data

can be determined directly and are easy to interpret. However, it is necessary that the
system characteristics are subject to certain conditions so that the periodic cecefficients
in the equations really do disappear after insertion of the multiblade coordinates and the

following indispensable analytical transformation of the equation.

When applying the Floquet theory, the system characteristics are not subject to any con-
dition except that of the cecefficients to be periodic, On the one hand, the stability of
the system can also be discussed easily on the hasis of the results; con the other hand
the frequencies of the system canncot be determined directly. One should not make use of
the term ‘natural frequency' here, as =~ strictly seen - this is important for systems
with constant coefficients only. This will be taken into consideration in the following.

However, when combining the multiblade crordinate transformation and the Floguet theory,
the advantages of each can be combined and thus results can be obtained which are easy to
interpret. Additionally, it is possible te consider blade to blade dissimilarities in the
dyramic behavior. In the following, this method is presented exemplarily on the basis of
investigations of ground and air resonance. The emphasis here is only to allow a comparison
with other investigations of the ground and air resonance. New physical points of view

are only of minor importance.

Fig. 1 shows the basic mechanical substitute model. Besides the two translatory degreesg
of freedom in x and y direction, the fuselage additionally has two rotationary motions:
body piteh and body roll. Every single blade can perform lag as well as flap motion. A
detailed deduction of the eguations of motion can be found in /1/.

In order to carry out a very simplified investigation of air resonance, only the landing
gear stiffness and dampers are put to zero. Of course, it is only the hover state that
can be regarded.

4. Method of Sclution

The following multiblade coordinates are introduced in the equations of motion for the lag
and flap motion of the individual blades of a four-blade rotor:

Bk = ao(t) - a1(t) coswk - bj(t) sinl:'k + bo(t)(—1)k_1

L = egtlt) + e, (t) cosy, + f1{t) sing, + :EGH:)(—U]{"1

k-1

By tt) ag * baj{t) - (ay + sa (t)) cos¥ (t) - (b, + 8by(£)) singy (£) - Ab_(t) (~1)

k-1

(t)

on &, + Aeo(t) + (e1 + Ae1(t)) cosy) (t) + (f1 + AL (%)) siny, (£) + Afo(t) {(-1)
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In order to eliminate the periodically-varying coefficients in the blade equations, the
individual eguations would additionally have to be multiplied with the multiblade coordi-
nate coefficients and subsequently be added. The procedure is described in detail for
example by J. Dugundij and J.H. Wendell /2/ as well as K.H. Hohenemser and S.K. Yin /3/.

However, these analytical transformations are not carxried out here. This way, the diffe-
rential equation system furtheron has periedically-varying coefficients. Using the Floquet
theory, the eigenvalues A of the transition matrix $* which are also named characteristic
multipliers, are determined. These are sufficient for stability statements. However, the
frequencies which are typical for the system, are also interesting in most of the cases.
In a system with constant coefficients, it is the natural frequencies that, like the mcdal
dampings, result from the eigenvalue analysis. In a system with periodically-varying coef-
ficients, there is a large spectrum of modulated rotor-harmonic freguencies instead of one
eigenfrequency.

According to Liapunow's law of reduciability, there is a corresponding system with constant
coefficients for every differential eguation system with periodically-varying parameters.
The eigenvalues of this system can be determined from the characteristic multipliers. The

real part results in

1
k— Tlh i.’\k{

[+
|

and the imaginary part in 1
W = ondo4 S argAk_ {29
Due to the periodicity of the tan-function, the imaginaxry part is mathematically undeter-
mined by an integxal multiple of the rotor cycle frequency. However, this imaginary part
is identical with an eigenfrequency of the corresponding system with constant coefficients
and conseguently can be clearly determined. In /1/, two methods are described regarding
the development of the eigenfrequency curves as functions of the rotor cycle freguency.
Starting from small rotor angle velocities or taking advantage of 'resonance conditions®,
the integral multiple of the rotor cycle frequency is determined and this way the eigen-
frequency itself.

While the solution of the differential cquation system with constant cocfficients is
brought about as a product of the constant eigenvector and the e-function

- A,{t

'af_k{t) = Ryee’! { 3

the solution of the system with periodically-varying coefficients is represented as
= A t
ik(t) Ek(t)-ek { 4

with Qk(t) as a time-dependent vector, which for this reason is called eigenvector function
in the following. Essentially, the eguation (4) only serves as a comparison of a system
with periodically-varying ccefficients on the one hand and a system with constant coeffi-
cients on the other. In a system with pericdically-varying coefficients, it is an advan-
tage to calculate the temporal solution according to the following relationship

gk(t) = g{t). b, (0) { 5)

with ¢ {t) representing the transition matrix at any moment of time t and Qk(O) the k-th
eigenvector of the specific transition matrix ¢* (t=T) at the end of one rotor revolution,
which is also named 'Monodromy Matrix'. Consequently, the eigenvector function pk(t) can be

determined by multiplication of e'xk t,

“N

b (t) = &(t)s b {0} e { 6)
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For plotting purposes, the cenjugate complex parts are taken inte censideration as well,
resulting in purely real functions. However, this calculation is rather extensive as two
program runs are needed. As a first step, the monodromy matrix $* is calculated as well

as its eigenvalues and eigenvectors. In the second run the temporal soluticn ¥y (t) or the
eigenvector function b (t) is worked out. Storage of the transition matrix ¢ (t) according
to any time step 4t would be an alternative, this, however, would require an.extensive

storage.

With the identical blade characteristics, the multiblade coordinates mostly describe the
corresponding system with constant coefficients. The belonéing system matrix is marked
with R. The relationship between this system matrix R and the transition matrix $%(T) is
described by the feollowing eguation:

o% = oFRT (73

£.

On the one hand, the eigenvalue calculation of the corresponding system with constant co-
efficients (equation 2} results from thisequation, on the other hand it becomes evident
that the transition matrix $* and the constant system matrix R have equal eigenvectors.
Consequently, with the multiblade coordinates describing the system with constant coeffi-
cients, the accompanying modes of vibration are alsc known in this case. Thus, the exten-

sive calculation of the eigenvector functions can be abandoned.

In order to contrel this, the time solution of the k-th natural value was calculated on
the basis of the Floguet theory according to equation 5 and represented in fig. 2. The
amplitude courses of the individuwal degrees of freedom are plotted against the time t.

; . . -{6 + iw*) t ;
At last, multiplication with e k leads to the eigenvector function. As it has
been supposed, the diagram reveals the time-independent eigenvector bk(O). Consequently,

the frequency share u® from the Floquet theory corresponds to an eigenfreguency.

Fig. 3 shows a diagram of the time solution and the eigenvector function calculated accord-
ing to it for another eigenvalue. In the eigenvector function, the amplitudes are not
constant, but oscillate with the same frequency which is just an integral multiple of

the rotor cycle frequency. In this case the eigenfrequency w derives from the part w® of
the Floquet calculation +/- the integral multiple of the rotor cycle frequency. Here, the
factor n can be read off directly. The algebraic sign can either be determined from the
course of the eigenvector function or, as the eigenfrequency itself, from the course of

the time solution. After multiplying the time solution with epAt where the real eigenfre-
guency being inserted, the time~independent eigenvector gk(O) of the transition matrix is
‘haturally brought about again.

5, Results

As a first application of the mathematical process described above, the ground resonance
of a light helicopter with a hingeless rotor was investigated. The chosen data of the
fuselage and the rotor and also the results {fig. 4) are already laid down in /1/ and
serve to have a closer look at the problem in the following: - The above diagram (fig. 4)
shows the real parts of the eigenvalues, calculated for the constant system, and plotted
against the rotor cycle frequency. The figure belew reveals the belonging imaginary parts
of the eigenvalues, i.e, the eigenfrequencies of the system with constant coefficients.
The frequency curves are carried out according to the method described in /1/ from the
results of the Floquet calculation. They are represented by the dotted line as an example.
The course of all the freguency curves, especially the determination of the integral mul-
tiple of the rotor cycle frequency, could be confirmed by the calculation and graphic re-
presentation of the eigenvector functions.
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On the ordinates the eigenfrequencies and damping values of the uncoupled motions

are marked which are calculated from the data. Curves 5 and 6 show the collective mode
of the flap frequency, curve 7 the corresponding progressing mode, and curve 4 the
regressing mode. The belonging damping values, the real parts of the characteristic
exponents (as the eigenvalues of the corresponding system with constant coefficients
are also named) increase extremely with the rotor rotational speed, as the aerodynamic
damping has a large influence on the flap motion. The curves 2 and 3 in the diagram
below belong to the identical collecitve modes of the lag motion. Curve 12 shows the
correspending regressing mode of the lag frequency. Here, the course of the regressing
mode is typical for a hingeless soft-in-plane rotor. The prodgressing mode of the lag
frequency and the respective freguencies of the fuselage are changing into one another
successively; this behavior is not only being carried out in the respective frequencies,
but alsoc in the belonging modal dampings, as shown in the diagram of the real parts. An
example is the harsh transition of curve 9 from the roll damping to the damping of the
x and y motion in the real part diagram and the corresponding transition of the fre-

quency curve 9 from e, to @, y in the diagram below.
’

The transition from a principally rolling motion into a strongly-coupled motion of the
fuselage, that means a moticon in x and y direction as well as roll motion, is also indi-
cated by plotting the eigenvector function (fig. 5) for the respective range of the ro-
tor rotational speed.

Fig. 6 shows the change of the mode of wvibration corresponding to curve 10 of the eigen-
value diagram: With increasing rxotational speed, the body-pitch motion changes into an
almost pure progressing lag mode, resulting at last in a body rell mode. This transition
is also shown in the flap moticn which is coupled with the motion of the fuselage.

The eigenvalue diagrams show that a possible instability would firstly occur with 1 50 rad/s
as then the regressing lag frequency is identical with the lowest natural freguency of the
fuselage, the eigenfrequency of the pitch motion. The beleonging damping curve in the real
part diagram, however, still shows sufficient damping for the critical rotational speed
range. In the area of the resonance frequency, that means at a rotor angular velocity of
about 50 rad/s, it is not only the frequencies that are identical, but the corresponding
modes of vibration as well (fig. 7). When the rotor rotational speed is increased, the am-—
plitude of the lag motion in the regressing lag mode becomes smaller, the part of the hody
pitch motion changes into a body roll motion, because the next possible instability can
occur when regressing lag frequency and body roll freguency correspond to each other.

The vibration forms of the progressing and regressing flap frequency are merely coupled
with the other degrees of freedom.

The modes of vibration of the collective freguencies in flap and lag motion are not at all
o and e the
multiblade coordinate approach also includes the difference mode bO and fo as new degrees

coupled with the fuselage degrees of freedom., Besides the summation mode a

of freedom corresponding to a four-blade rotor. As for instance J. Dugandij and J.H. Wendell
have shown in /2/, the analytical transformation of the differential eguation system with
periodically~varying parameters into a system with constant coefficients leads to a partial

decoupling of the equation of meotions., Moreover, summation form a e, and difference form

'
b, and fo are described by uncoupled egquations that are identical? The consequence is that
when calculating the eigenvalues, a double eigenvalue exists for the flap as well as the
lag motion respectively. For such a double value, the corresponding mecdes of vibration are
not Getermined by two eigenvectors, but by an eigenplane. Consequently, the mathematical
process, calculating the eigenvectors determines two orthogonal vectors in this plane as
eigenvectors. In doing so, either the modes of vibration shown in fig, 8 can come into
existence which - as shown analytically in /2/ - include a decoupling of difference and

summation mode or coupled modes come into being, as exemplarily shown in fig. 9.



Influence of collective and cyelic pitch angles

Regarding the calculations mentioned so far control inputs were not taken into conside-
ration, i.e. collective and cyclic blade pitch angles had been put to zero. In the following,
the influences of the control inputs are considered as well. To do this, the stationary

values of the multiblade ccordinates

a a b e £

oo’ %10' 10" %o’ %10’ t10

are determined in a trim calculation as a function of the blade pitch angles. With a
growing collective blade pitch, the flap conus angle a_ is increased as well as the lag
angle e, due to the higher drag. When the course of the eigenvalues of the corresponding
system with constant coefficients is recorded in the complex plane as a function of the
collective blade pitch angle %o as a parameter ({(fig. 10}, the destabilizing influence of
the flap conus angle becomes evident, which has often been described in literature /4, 5/.
Essentially, the regressing lag mode is influenced which is to a large extent coupled with
the bedy pitch mode. At a collective blade pitch angle of 4o :90, the regressing lag mode
at last becomes unstable. At the same time, the stability of the body pitch mode increases
with a growing collective blade pitch angle. When the distance between the rotor angular
velocity and@ the resonance freguency $ = 50 rad/s becomes larger, this influence decreases,
Here, a decisive term is the Coriolis force

FCO = 24 (e + b) B sing, ( 8)

which excites the lag motion.

It is also noticable that the progressive flap damping decreases with increasing collective
pitch %o, This can only be due to the air drag as can be shown in the calculation without
aerodynamic damping (fig. 11) with flap conus angle a, and lag angle eo being varied di~
rectly, avoiding a trim calculation. Here, the eigenvalues of the flap motion are only in-
significantly &dependent on the conus angle although the damping of the flap motion now

has extremely smaller values. Even at a flap conus angle of ao = 1,40 compared with an
angle of ao = 3,5° belonging teo the calculation in¢luding aercdynamic damping, the re-

gressing lag mode becomes unsteady.

Due to the Corioclis force as well as the air drag, the increasing blade pitch angle %o or,
respectively, the flap conus angle which consequently also increases, effeects a coupling
of flap and lag motion. Besides all the other modes of vibration, this becomes also
apparent in the coupling of the collective and progressive modes of the flap and lag
motion, which occurred totally separat with the Zero blade pitch angle (fig. 12). However,
there is no change of the modes of vibration besides this intensified coupling of the flap
and lag degrees of freedom. This changes when the cyclic control inputs increase.

Fig. 13a shows the body roll mode with a collective pitch angle of %o = 8% and, correspon-

dingly, a ecyclic pitch angle of 8, = 8°, For reasons of comparison, the body roll mode

with as = 0% can be seen in fig. 13b. In fig. 13a with as # OO, the frequencies vary in
the different ccordinates., Moreover, the vibrations of the individual degrees of freedom
are made up of several superposed shares. As the eigenvector function bk(t) always is a
T-periodic function and consequently has the same period as the rotor revolution, the vi-
bration of one degree of freedom can always be factorized into a Fourier series. The con-
seguence is that the curves in the single degrees of freedom are a result of superposed
sine and cosine functions with frequencies that are an integral multiple of the rotor ecycle
frequency. The frequencies for the single degrees of freedom which result from the Fourier

analysis, are also shown in fig. 13a.

Fig. 13b shows all degrees of freedom oscillating with the same freqguency which could be
attributed to the fact that the introduced multiblade coordinates describe the system

with constant coefficients even without analytical transformation. However, this is not

59-6



the case in the example given in fig. 13a. Thus, with a cyclic pitch angle unlike zero,
the basic differential egquation system with pericdically-varying parameters can no longer
be transformed using mult;blade coordinates to a system with constant coefficients. This
can be explained by the approaches introduced for the flap and lag motion:

1

B lt) = (a_ + da ) - (a,  + baj)cosi = (b, + Ab)sing -+ ﬁbo{'1}k- ,
g (t) = (e + e ) + (e + Ae )cosy, + (f. + Af. )sinw., + Af (_1)k'1 { 9
k 6o o 10 1 k to 7SI T L, .

with aoo, aq51 b}o’ eoo, e10, and f10 as staticnary values which can be determined in a

trim calculation as a function of the collective and cyclic pitch angles. By adding the
stationary values and the small irregularities, flap and lag angle can alsoc be shortly
described as

B{t}) = Bo(t) + AB(E) ’ L(t) = Co(t) + Actt}' { 10}

As 8o and ¢o are functions of time (equation 9), the corresponding angular velocities
and accelerations are as well determined:

- U = - ] t
340 Q sind b10 2 cosw QO 15 2 siny + f1o  cost ’

™
Il

{11}

Qlcosy + by, G%siny , ©. = - e Ricosy - fiq a?sinyg .

Bo = 24 o

o
In the equations of motion or system matrices respectively, products of the angles and
their derivatives often occur, for instance in the balance of forces of the whole heli-~
copter in x direction the term

s : o

Ly b singy sing, m { 12 )

k=1

which considers the centrifugal force of the four blades due to the lag motion., After in-

serting the perturbational appreoaches and linearizing, the result is

21 b m, oo Ao + 20 AL ‘o }k Sin$k . {13 )

where the constant terms and the products of the perturbation values have been neglected.
By inserting the multiblade coordinates, terms result at last as for example
4
EE: b om, {[(e10 Q sing)® + ... ]LAeD + ae1 cc:,sxpk + af1 sinlpk + ifD(w1)k_1] + ... } singy , (14)
k=%
which can be written as

a4
2 2 3 b ER . (15)
b my, [e1o Q E sin &k Af1 . ]

%=1

As this term can be found in one of the fuselage eqguations, the pericdically-varying co-
efficients must consequently be eliminated only by inserting the multiblade coordinates.

Here, however, the result is

2 2.1 3
b m [910 I (5 cos4y + 3 Yo+ oL ] . { 16 )

This way, the coefficient remains periodic!

In order to eliminate the pericdically-varying coefficients in the blade equations ana-
lytically, they are multiplied hesides other things with sin W) O cos @kand are summed up.
This was described in detail by J. Dugundij and J.H. Wendell /2/. If trigonometric functions
of the azimuth angle appear in third order in the basic form of the blade eqguations,
periodically-varying coefficients continue to exist in these equations as well. When con-

sidering the difference form bo (—1)k-1 in the multiblade coordinate approach, the gquantity



of the allowable rotor-harmenic fregquencies in the system matrices is furtheron restric-
ted; this concerns those freguencies or powers of the trigeonometric functions respectively
which do not impede the transformation into a system with constant coefficients., For a
four-blade rotor, the multiblade coordinate approach presented here does only lead to a
system with constant coefficients under the condition that the fuselage equations do not
contain any powers of 4th order of the trigonometric functions and that the blade equations
contain powers of first order exclusively. This way, the use of the pure multiblade coor-
dinate approach with analytical transformation is extremely restricted. However, this is

: eq?al Fo z?ro; then €01 f10, a0
b10 = 0 results from the trim calculation and, this way, Bc, Bgo ao, 30 = 0 as well ané the
terms with unfavourable powers of the trigonometric functions are dropped in the equations

not the case for instance with a cyclic blade pitch &s’ 8

of motion, sco that, consequently, the multiblade coordinates again describe the correspon-

ding system with constant coefficients.

The eigenvalues, that means the mcdal dampings and eigenfrequencies, are only insignifi-

cantly changed at increasing cyvclic pitch angles,

Systems with blade to blade dissimilarities

in order to investigate the influence of different blade characteristics, collective and
cyclic pitch angles and, consequently, the stationary trim values were put to zero and
individual blade dampings and stiffnesses were varied. It is easy to show analytically,
that with different dynamic blade characteristics, the transformation to a system with
constant coefficients can no longer be carried out with the help of the multiblade coor-
dinate transformation, This becomes alsc evident in the graphic representation of the
eigenvector functionss; Among the individual components, different rotor harmonjics come

into being again. Moreover, the T-pericdic vibration in a single component c¢anh again
possess several parts with different multiples of the rotor cycle frequency. As an example,
fig. 14 shows the coupling of collective and cyclic lag motion., The calculation was carried
out for a deviation of the stiffness of a rotorblade at a rotor angular velocity of 10 rad/s.
Due to the centrifugal force, the stiffness is extremely increased at growing rotational
speed, with the relatiye dissimilarity 4Cq/Cq in the stiffness becoming so small that the
different frequencies or the superposition of different rotor harmonics in the components
of the eigenvector functions respectively, cannot be recognized in the diagram. However,
the superposition can be proved by the numerical calculation of the Fourier coefficlents,

The blade to blade dissimilarities can also extremely influence the eigenvalues.
Especially different damping characteristics, as for instance C.E. Hammond /6/ investi-
gated in'the case of an articulated rotor with one inoperative damper, can influence the
stability., Fig, 15 shows the decrease of the modal damping of the lag regressing mode at
increasing divergence in the damping of one or twe rotor blades, respectively.

Air resonhance

The mathematical model was alsco applied in a very simplified investigation of the aix
resonance in hover flight. To do this, landing gear dampers and landing gear stiffnesses
were put to zero. Fig. 16 shows as a result the eigenvalues which had been converted for
the system with constant coefficients. Of course, the results are not at all of any prac-
tical importance. They only serve to show the influence of the flap conus angle, which is
stronger compared with that of the ground resconance investigation. The trim calculation

was not carried out for the individual calculations, but the flap c¢onus angle a, was varied
directly. It is shown that even at a flap conus angle of a_ = 1,80 the coupled roll-flap-

Q
lag motion becomes unsteady. At last, the coupled roll-pitch-fuselage motion becomes
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unpericdic with decreasing flap conus angle. Two eigenvalues which also describe the
flight mechanic behavior, characterize periods of T = 16,2 s and T = 13,9 s as well as
D~ 69 s
and TD = 40,6 5, this means they characterize an unsteady motion. These values result

_ L0
for a, = 3

the appertaining time in which the amplitude increases to its double value of T

With decreasing ags one of the eigenvalues changes into the stabkle range.

The flap conus angle has eonly little influence on the other eigenvalues. This signifi-
cant change of the mentioned eigenvalues can be attributed to the Coriolis term from
rotor rotation and flap motion in the balance of moments in the lag equation. A calcu-
lation without this term shows that the coupled roll-flap-lag motion is stable and that
the eoupled rell-pitch motion remains aperiodic at increasing flap conus angle,

For the rotor rotational speed of @ = 45 rad/s, a trim calculation for the hover state
resulted in a collective pitch angle §o = 8,6o and a flap conus angle of a, = 3,30.
Consequently, the chosen helicopter has an extreme instability. A variation of the rotor
angular velocity with an adaption of cecllective blade pitch angle and flap conus angle
in the trim calculation showed that this way the instability cannot be prevented. From
literature, for instance D.P. Schrage, D.A. Peters /7/ and R.A. Ormiston /5/, it is well
known that different kinds of coupling such as structural flap-lag coupling and pitch-
lag coupling can significantly influence the stability of air resonance. In order to
investigate these influences, the model is to be extended by the corresponding coupling
terms. Moreover, the degrees of freedom in 2z direction (translation and yawing) are to
be introduced, so that states in forward flight can be investigated as well. As has been
shown by P.P. Friedmann, C. Venkatesan /8/ and J. Nagabushanam, G.H. Gaonkar /9/, a
further significant complement is the introduction of the dynamic inflow which is im-
portant regarding the air and ground resonance investigations.

Conclusion

- In many cases, the combination of multiblade coordinates and Floquet theory produces
results that are easy to interpret at acceptable numerical expenditure.

- The graphic representation of the eigenvector functions shows at once the practica-
bility of a transformation into a system with constant coefficients using the multi-
blade coordinates and subsequent analytical transformations of the equations. )

— Not only with blade to blade dissimilarities the multiblade coordinate transformation
does not lead to a system with constant coefficients, but also by cyclic blade pitch
angles, which can be attributed to unallowable freguencies in the system matrices due
to the mathematical approach of multiblade coordinates with small perturbations.
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Fig. 9 Modes of vibration for double eigenvalues
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