Deutscher Luft- und Raumfahrtkongress 2009
DocumentID: 121223

STABILITY ANALYSIS OF TIME-PERIODIC SYSTEMS USING
MULTIBODY SIMULATION FOR APPLICATION TO HELICOPTERS

A. Rezaeian, German Aerospace Center, Institute of Aeroelasticity,
BunsenstraBBe 10, 37073 Géttingen, Germany
alireza.rezaeian@dlr.de

Abstract
Helicopters are rotating systems with time-periodic characteristics. It means some parameters of the system,
e.g. aerodynamic forces, change periodically during the one revolution of a rotor blade. There are simulation
tools like “CAMRAD II” for modelling and analysing of any type of rotor-craft like helicopters or tilt-rotors.
However, these tools are often limited for a range of special tasks. The aim of this paper [1] is to investigate
the multibody simulation tool “SIMPACK” for the stability analysis of a rotating system. Stability or instability is
related to the behaviour of a system in the equilibrium state due to a small disturbance. Among all the
existing methods of the stability analysis of a time-periodic system “Floquet theory” and “Multiblade
coordinates transformation” are applied. Starting from a nonlinear system with time-periodic characteristics,
the equilibrium state is first established. This equilibrium state can be static or dynamic (dynamic state:
helicopter in forward flight). The system is then linearised about the equilibrium state. Using the Floquet
theory allows to predict the stability or instability of the linearised time-periodic system without usage of any
approximations. Using the multiblade coordinates transformation allows first reducing the number of periodic
terms in the first order linear differential equations of motion of the system. A time average approximation of
the remaining periodic terms changes the equations to the linear differential equations with constant
coefficients. Afterward for the stability analysis of this approximated equation the classical stability analysis

method “Eigenvalue Analysis” is used.

1. INTRODUCTION

Mathematical models of an aeromechanical system can
be given in a form of differential equation or systems of
differential equations. In general the differential equation
of motion can be non-linear with time dependent
coefficients. When the time dependent coefficients are
time-periodic, the system is then called time-periodic
system.

Often rotating systems, in which at least one part rotates,
belong to this group. Helicopters are in fact rotating
system with mostly non-linear dynamics. For helicopters
the basic source of nonlinearities come from inertia,
elastic and aerodynamic forces. Beyond these basic
sources of nonlinearities other sources exist as well. For
example hydraulic dampers and devices, which are
characterized by velocity squared, cause the
nonlinearities of the system. The investigation of the
dynamics of a rotating system and its stability analysis is
not something new. The first flowering of rotor dynamic
literature happened in the decade following World War |
[2]. Several instability mechanisms [3] for rotor whirl were
identified by Prandtl. A graphical tool for predicting critical
speeds was introduced by Cambell [4]. The second period
of progress of rotor dynamics began in 1960s, with the
introduction of improved instrumentation and data
processing tools. Beginning in 1967 the ASME (American
Society of Mechanical Engineering) has held vibration
conferences every two years which increased the
knowledge on rotor dynamics. There are many research
groups, which work on the dynamic behaviour of rotating
systems. It seems the rotor dynamics has separated itself
from the subdiscipline of vibration.

Testing of the rotorcraft aeroelastic stability is a necessary
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step for the successful development of new designs.
There are special tools which are able to simulate and
predict the aeroelastic behaviour of a system, however
the high level of accuracy for a complex aeroelastic
problem is still challenging and in some cases
experimental tests are inevitable. Testing a prototype at
full scale or model scale is typically very expensive.
Therefore more investigation on improvement and
optimization of the computational methods and modelling
tools is needed.

The aeroelastic instability happens less frequently but
ends more dramatically. A vibratory mode of a rotor can
be stable over a wide range of operating conditions and
with a small change in speed or torque may become
violently unstable with a rapid growth in amplitude leading
either to failure or to a limit cycle if nonlinearities limit the
growth. Aeroelastic instability limits the operational range.
For helicopters the maximum speed is limited by the
power available, stall, compressibility and aeroelastic
stability effects. Having deep knowledge of the physics of
an aeroelastic instability of a system allows finding
solutions to prevent the instability. Parametric analysis
using simulation tools enable us to investigate the effects
of different system parameters on those limits.

The aeroelastic stability of the time-periodic systems can
be evaluated by using a nonlinear analysis to calculate
the transient response of the system. The disadvantages
of this approach are that much more computation is
needed to obtain the transient response than to obtain the
periodic solution (which in fact must be obtained first as a
starting point for the transient motion), and it is difficult to
obtain quantitative information about the complete
dynamics from the transient response. An alternative
approach is to calculate aeroelastic stability using the
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methods of linear system theory. Therefore linearization is
a preliminary step to apply these linear methods.

It is assumed that, the nonlinear differential equation of a
system can be given by:

M & =fl6.x0...x,)
Applying the Jacobian linearization method with

consideration of the linearization point “LP” results the
following linear equation:

AN I
Xl axl Lp axZ Lp axn LP X,
N % N 1 B/ I/ B B 'S
@ X= |7 axl. . axz. » axn‘ PN
Ylal o w] o] |
axl LP ax2 LP axn Lp |

This equation can be rewritten in the following form:
@ X=[A]-x
The matrix [A]is called “system matrix”.

For the stability analysis of the linear equation (3)
following methods can be performed:

+ If the system matrix is constant in time, then
eigenvalue analysis will be the solution.

+ If the system matrix is time dependent and
periodic the first method is to use the Floquet
theory, which gives the exact solution.
the second method is to use an approximation
method to change the system matrix to a
constant matrix and then performing the
eigenvalue analysis.

1.1. Stability analysis based on Floquet theory

Floquet Theory is one of the widely used methods for
predicting the stability of a system with periodic
coefficients from knowledge of the eigenvalues of the
Floquet transient matrix. In classical application of Floquet
theory, this matrix is explicitly evaluated and then its
eigenvalues are computed. The implicit Floquet analysis
is another method that extracts the dominant eignevalues
of the Floquet transient matrix without the explicit
computation of this matrix. This method relies on the
properties of the Arnoldi algorithm (one of the most
reliable methods for extracting the eigenvalues of a
general matrix of size NxN) [5].

Floquet analysis of rotorcraft began with Ref [6] which
utilized a “rectangular ripple” method to generate the
transition matrix [7]. The introduction of conventional time-
marching Floquet analysis began with Ref [8]. The most
significant improvement in computational efficiency came
from the so called “single pass method” [9, 10]. The
accuracy of the Floquet transition matrix depends only
upon the computational procedures used. If the
accuracies of the Floquet transition matrix and the
eigenvalue routine are known, then the bounds of
accuracy on the stability boundaries can be determined.
Consider a system with n states. For this system n
solutions for one period at the end of n possible linearly
independent initial conditions should be created. These
solutions build the transition matrix at £ =7 (end of one
period). After creating this matrix, one must find the
eigenvalues of the transition matrix. To find the frequency
and damping of each mode, one must take the logarithm
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of the calculated eigenvalues.

Considering the following linear periodic equation
@) zZ=[A(t+T)]z

Floquet's Theorem states that an nth order system of
ordinary  differential  equations, having periodic
coefficients, has transient solution of the form:

(6 Z()=2() @7 (0)-z(0) = @(1.0)- 2(0)

With the definition of a new function Q(¢)
6 Q(t)=P(1.0)-e™

®(t,0)= fundamental matrix
the transient solution (5) can be written in the form:

7y Z(t)=0(t) ™.z(0)
It can be proved that Q(t) is a periodic function
(Q(t+T)=0(r) ) andZ(0)=constant, therefore the

stability or instability of the solution (7) depends on “eP
or “B”. The fundamental matrix is regular therefore it can

be proved that:

8 [@(T.0)]=[e, P, |=e"

Equation (9) is used to calculate the columns of the
fundamental matrix given by (8).

© [z(@)]=[e(r.0)]-[z(0)]

Consider a system with n states (fundamental matrix with
n columns). For this system n solutions for one period at
the end of n possible linearly independent initial
conditions should be calculated. These solutions build the

transition matrix at £ =T (end of one period).

ZO) ] [ e [ 20 ] K2
N P I R SN (R N
z,,00)] (0] 1 Z,,(T) 2
(10)
20 ] 0] Y [ 2] 4.
ol e | =[e,]=
1Z,,00)] [1] 1Z,,,(T)] |0

After creating the fundamental matrix, one should find the
eigenvalues of the transition matrix. These eigenvalues
are called “characteristic multipliers”:

(1) 4 =a;£if;

To find the frequency and damping of each mode the
logarithm of the calculated characteristic multipliers
should be calculated. Inserting the characteristic
multipliers in the equation (12) allows calculating the
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characteristic exponents which are in fact the eigenvalues
of matrix B .

1 2 n2), ] B, ,
(12) u; = Eln(a_i +5; )+1Tarctanaj =M til;,
After calculation of the characteristic exponents if

Mg < 0 = asymptotic stable
U;r =0 = stability bound
U;r>0=  unstable

1.2. Multiblade Coordinates

Generally the equation of motion of the rotor is derived in
the rotating frame. In this frame each rotor blade is
considered separately but mostly the rotor responds as a
whole to an excitation. Changing the coordinate system
from rotating to the nonrotating allows to analyse the rotor
as a whole system. In the nonrotating frame the so called
“multiblade coordinates” are defined. Transforming the
differential equations of the motion from rotating frame to
nonrotating frame has the following advantages:

+ It simplifies the analysis and helps to understand
the behaviour of the rotating system, especially,
when they are in interaction with nonrotating
parts.

* In the case of time-periodic system, the
transformation reduces the number of time-
periodic elements in the differential equations.

* A combination of multiblade transformation and
time average approximation leads to a system of
differential equation with constant coefficients.

Consider a rotor with N equally spaced blades. The
azimuth of the ith blade is given by:

(13) v, =y, +(V-1)2Z

N

Y, is the azimuth of the first blade. The arbitrary degree
of freedom of the rotor blade ,3 “is then expressed in the
multiblade coordinates as follows:

(14) B =B+ (B, cosny, + B, sinny,)+ B, (1)
1

with 7 =11to N-2 when N even
2

oo n=1t N-1 when N odd
2

[, appears only when N is even.

The multiblade coordinates from (14) are then calculated

by following equations:
N

ua&=%2m)

i=1

collective coordinate

(16) B _ii(ﬂ .(_1)") differential coordinate
d N[:1 i

2 X . .
17) B =— z B cosnwy.) cyclic coordinate
( ) nc N .:1 ( 1 W!)

i
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2 . .
18 =— sinnw.) cyclic coordinate
(>&SN;m v.)

These coordinates defines the new degrees of freedom,
which describe the motion of the rotor as a whole in a
fixed frame. Fig. 1 shows as an example the multiblade
modes of flapping motion of a four bladed rotor in
nonrotating frame
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FIG. 1. Multiblade modes of flapping rotor blade
There are similarities between the multiblade coordinates
and Fourier series but they are not the same. If the motion
in the rotating frame represented by a Fourier series, then
the coefficients of series are constant in time but infinite in
number. Multiblade coordinates transformation allows to
integrate the dynamics of individual blades and express
them in a nonrotating frame. Normally this transformation
has two steps:

«  Transformation of the rotating degree of freedom

+  Transformation of the equation of motion
multiblade transformation is used widely in the helicopter
branch. The first successful try to understand the ground
resonance problem was done with help of multiblade
coordinates [11]. Johnson [12] provided a mathematical
basis for multiblade coordinates. Using this helps to
develop a numerical coordinate transformation, this can
be used for stability analysis of a rotating system
modelled with a simulation tool.

1.3. Simulation tool SIMPACK

SIMPACK (SImulation of Multi-body systems PACKage)
software package is used to simulate, analyse and design
all types of mechanical system. It can analyse the
vibrational behaviour of multi-body systems and allows
predicting and describing the motion of a complex
machine or mechanisms. The software was developed at
the German Aerospace Research Centre (DLR) together
with INTEC GmbH, with important practical enhancements
added to the software at MAN Technology AG [13].The
software has a comprehensive range of modelling and
calculation features. Therefore it is applied within industry,
university and research institutions. There are different
modelling elements, which are used to simulate a
complex system. Data related to these elements can be
entered in to SIMPACK via the graphical user interface.
Most important modelling elements are:

+ Reference Frames

+ Bodies

« Joints, Constraints

+  Force elements

«  Sensors, Control elements

«  Substructures, Substitutions variables
SIMPACK creates first of all the equations of motion for a
modelled mechanical system and then solves it with
different mathematical procedures. A wide range of
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analyses features are available to analyse dynamic
systems. These are:
+  Static Analysis
Kinematics Analysis
Non-linear Dynamic Analysis
Linear System Analysis
Symbolic Code Generation
Eigenvalue Analysis

2. APPLICATION OF FLOQUET THEORY USING
SIMPACK

For the stability analysis of a time-periodic system

modelled using SIMPACK following procedures are

performed:

1) Finding the equilibrium state, founded equilibrium
state is saved as linearization state

2) Defining the state variables of the system

3

) Defining the period T of the time-periodic system
4) For a system with n state variables, nindependent
initial states are defined. The best way to make n
independent initial states is for each initial state one
state parameter is non zero and all other will be zero.
For each initial state the “linear time integration”
option of SIMPACK is used to integrate the system
from initial state to the end of one period.
The values of the state variables at the end of the
integration are then saved. Each integration produces
one column of the fundamental matrix
Determining the fundamental matrix
Calculation of eigenvalues (characteristic multipliers)
of the fundamental matrix
9) Calculation of characteristic exponents
10) Interpretation of the results

2.1.

Example periodic mass-spring-damper

To evealuate the stability analysis procedures mentioned
above a mass-spring-damper system with periodic
coefficients is modelled using SIMPACK. Fig. 2 shows this
model. The idea of this example comes from paper
[14].

W, =100+0.1cos(271))Z
Fruper = 0.5(0.6+ cos(27-1))Z f

FIG. 2. SIMPACK mass-spring-damper model

The motion of this system is defined with the linear
differential equation (19).

(19) Z+0.4(0.5+cos(2z-1))Z +10(1+0.1cos(27-1))Z =0

Considering the state variables ZandZ, equation (19)
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can be written in the new form of the system of first order
differential equations given by equation (20).

(20) m _[—10(1+o. ?cos(zzr-z)) —0.5(0.6+1cos(27r-t))Hﬂ

Now two independent initial states are defined and then
the system is integrated. Equations (21) and (22) show
these procedures.

D AT
B
$n| L0

| 92,
2oz
(¢, o,

. 0
_¢21 ¢22 0.1

Using the equations (21) and (22) the elements of the
fundamental matrix (23) are calculated.

m}
b5
Calculating the characteristic exponent shows the stability
of the system.

U, =—0.004 < 0 stable system

(21)

0.00150
—-0.07656

(22)

9

-0.9770 0.0150
(23) [<I>(T,0)]={ i { }

0.2845 —0.7655

M, =—0.29 <0 stable system

The direct time integration of the system (equation (19))
using SIMPACK shows the stability of the system. The
state variables after a small disturbance converge to initial
state (linearization state). Calculating the eigenvalues of
the system matrix, given by equation (20), shows that, the
real part of the eigenvalues in one period of oscillation
changes from a positive value to a negative one which
results positive and negative damping of the system in
one period. According to the classical stability analysis it
is not clear whether this system is stable or not.

3. APPLICATION OF MULTIBLADE
COORDINATES TRANSFORMATION USING
SIMPACK

For stability analysis using multiblade coordinate
transformation for SIMPACK model the following steps are
performed:

1) Finding the equilibrium state

2) Linearising the system about the equilibrium state. In
the case of dynamic equilibrium state (for helicopter
rotor in forward flight), one period of dynamic
equilibrium state is divided to finite number of time
steps. For each time step of one period the values of
state variables are saved and then the system is
linearised about this point.

Calculation of the system matrix from the linearised
system. SIMPACK allows producing the system
matrices in MATLAB m-file format.
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4) Multiblade coordinates transformation of the linear B,
system matrix. This transformation is done using ; ) (i-1) (i-1) B.
implemented MATLAB program. A {0 ’QS"‘['/’*T”J QCOS("*T”J O] 5. |

5) For a system with dynamic equilibrium state, step 3 ﬁl
and 4 are repeated for the all time steps of one (27) ) ¢
period. By

6) Constant coefficient approximation .Constant {1 COS(yH@”] sin(l//+Hﬂ] (_1),] B.
coefficient approximation is then made by calculating 2 2 B,
the time average of the multiblade transformed 9,

system matrices.
7) Performing the eigenvalue analysis for the time

Substituting equation (26) and (27) in equation (25) and
averaged transformed system matrix resulted from 9 ©d (26) (27) d (29)

rewriting it for all rotor blades results in equation (28).

step 6. r as, as, COS(V/) as, sin(l//) —das
8) Repeating the steps 1 to 7 for different system B, P i P By
parameters. For example different rotor rotational A | |%e e COS['/“QJ e Sm['f”*}j e || B,
VelOCitY' ﬁ; - Ay Ay 005('//"'”) agy Sin('//"'”) —an ' B, -
9) Post-procegsing of the resullts. Thig can be done for /”4 “ a cos(y/+3—ﬂj . sin(l//+3—”j u 5,
example with post-processing option of SIMPACK, - o 2 * 2 *
MATLAB or with EXCEL. 0 —a.Qsin(y) anQcosly) 0 5
. T V4 0
To implement the multiblade coordinates transformation 08 0 _“““Qsm("”E) ““QCOS[VHEJ 0 1B,
in MATLAB program, first of all this transformation @8) 1o -a,Quinly+7)  ay@coslyra) 0 B
should be mathematically formulated. For transformation 0 —ayQ sin(y/+37ﬂj asxgcos(ym%”) of LA
two different methods have been established. - ]
Implementing the both methods has the advantage of s s COS(V/)” s Sm(l//)” T 8,
validation of the transformation formulations. The both e e COS('/”Q) e Si“['f“ gj Yo | | .
methods should result the same values. ap apcosly+z)  apsinly+z) -ay || g
3.1. First mathematical method of multiblade Y G CO{V”%”J i Si“("”%ﬁj a | LA

coordinates transformation On the other hand, the second derivative of £ in

For describing the transformation methods, to avoid the multiblade coordinates is given by:

complexity, an isolated four bladed rotor is considered. To

each blade belongs stiffness and damping and blades are ) ) A
uncoupled. Equation (24) gives the linear differential /‘5‘,:{0 —chos(ly+(l;1)7rj —stin(w+(’;1)nj 0l ﬁ'f +
equation of this isolated rotor. ,B is an arbitrary degree of - ﬁ,‘
freedom. ﬁo_

B 0 0 0 0 1 0 0 0]p (29) [0 —ZQsin(y/+(i;])7zj 29cos(y/+(i;])7rj 0] Bl

gl 1o 0o 0o o o 1 0 o0l|B f?h

Bl 10 0 0 0 0 0 1 0B P

Bl |0 0 0 0 0 0 0 1[|p ) . 1) ﬁ;"}
(24) i = ay 0 0 0 as 0 0 0||g [1 COS(I//JrT/[) sm(y/+ 5 il'j (—1)] ﬂl

B, 0 a, 0 0 0 a, O O]|B B,

3 0 0 a, 0 0 0 a, O]||p

"Zg 0 0 (7)3 a 0 o (;7 u ,33 Writing equation (29) for all the four blades results:

L4 ] L 84 88 | /74|

According to equation (24) one can write:
(25) Bl =as f, +as; 'ﬁl

For a four bladed rotor equation (26) and (27) gives the

degree of freedom “f” and respectively “/S” in
multiblade coordinates.

B =B+ B. ~cos[l//+@n’j+ﬁ,: <sin(l//+ (i;I)ﬁj+ﬂd =
ﬁ(]
) {1 COS[WJr@”j Sin[‘/“r@”j (—1)’} 2;
B,
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7 0 - Q% cos(y) - Q%sin(y) 0 5
,3[ i 0 —chos(l//+§] —stin[l//+%j 0 . ﬁi
Bl |0 —Qcosly+r) -Qsinlw+7z) 0B,
151 o —chos[l//+3§] —stin(l//+37ﬂ-j o| LA
[o —2Qsin(y) 20cos(y) 0] ..
0 —29sin(l//+§j 2900s[l//+%) 0 Igo
le
(30) 0 -2Qsin(y+7x) 2Qcos(w+7x) 0 ' ,5.1\- *
. 3z 3T 5
0 —2Qsin 1//+7 2Q cos| l//+7 ol |5,
M cos(w) sin(p)  —17 _ .
1 cos +£] sin +£ 1 :?o
2 ' | B
1 cos(y+x) sin(y+7) -1 El‘_
3z} . 3z
1 cos l//+7 sin x//+7 1|8,

Comparison of equations (28) and (30) led to a new
equation. This equation gives the second derivative of
multiblade coordinates as a function of multiblade
coordinates and their first derivatives. This allows writing
the final transformation result in the form given by

equation (31). The elements of Matrices [M] and [N]

are function of the elements of the linearised system
matrix (24), azimuth and rotor rotational velocity.

By By

B. [o] 1] || A

B, B,

ﬂd - ﬂd

(31) :Bo 1 ’{.30

B. B

B | |ILI'-[M] [2]"-[N])| B,

B L 114, |

The matrix [L] is given by equation (32).
1 c[os(l//) ) s(in(l//) ] -1
1 cos y/+£ sin 1,//+£ 1
(32) [L]: 1 cos(y/+72r) sin(l//+72r) -1
1 cos(l,y+37”j sin(y/+37ﬂj 1

This method is used to transform a general system matrix,
by which most elements due to the couple effects are
nonzero [1].

3.2. Second mathematical method of

multiblade coordinates transformation

For describing the second method of transformation,
again the linear equation of motion of an isolated rotor
given by equation (24) is considered. Equation (33) is
obtained from equation (24).

B+, + B+, =as,p +as p +a, B, +a, p, +
anfs+anfy +ayf, +agp,

Writing the equation (29) for four blades and adding them
together results:

(33)
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. @34 BB +BB =4 0 0 0 glf

B,

s
B

Substitution of multiblade coordinates for the degree of

freedom ,B and its derivative on the right side of equation

(33) and making it equal to the right side of equation (34)

allows determining elements 75, of the transformed

matrix given by equation (35).

B, 00 0 0 1 0 0 O0][p]
B. 0 0 0 0 O 1 0 O0]]|B.
Bl |0 0 0 0 0 0 1 0|f,
35 B, /0 0 0 0 0 0 0 1 B,
( ) /Bo - TS 1 T52 T53 T54 TSS TiG T57 TiS ﬁ(}
ﬁl(- T61 T62 T63 T64 T65 T66 T67 T68 ,B] c
ﬁl.\ T7l T72 T73 T74 T75 T76 T77 T78 ﬂ] s
_Bd i _TSI sz Tss Tm Tss sz Tx7 Txx i _134 B
As an example, element T} is calculated as given by
(36):
36) T, = as, +ag +a,; +oag,

4

To calculate the element T, ; of the transformed matrix

first the equation (29) is multiplied with:
(i-D)r
=)
Then for four blades the results of multiplication are added
together as shown by equation (37).

COS('//+

b, cos(l//)+ 52 cos(w+ %j + ,33 cos(y/+ 7I)+ 54 Cos(l// + 37”) =

A, A,
o 2 0 o] P +[0 0 40 o] Pe |,

(37) él\ .I.\
B B

[ B,

> B

20 .
b -20* 0 0] )
L B

On the other hand, from equation (24) one can get:

B, cosly )+, COS(V/+%j+,5’3 cos(y +7)+ 3, cos(ly+37”] =
(38) (aSIﬂ] +as 3, )COS(I//)+ (“szﬁz +a,p, )COS[://-}-%)-}-
(a73ﬂ3 +a, f, )cos(y/+7z)+(a84ﬂ4 +ayp, )COSEVH'%IJ

Comparison of the right sides of the equation (37) and
(38) allow determining elements7,; .As an example,

element 7,  is given by:

i3 3
ag, cos(y) + ag, cos(y/ + 5) +ag, cos(y + )+ ay, cos[l/l + 7)
2

(39)

Toy =
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Equations (40) and (41) are used to calculate other
elements of the transformed matrix, which belong to other
rows.

B sin(y)+ B, Sin(vl+§]+ﬁg sin(y +7)+ B, sin[l//+37ﬂ-j =

A h
[0 0o 2 of A +0 -4Q 0 o] Ael,
(40 4] )
A
o2 ol Be
b o —202 0] A
LB,
@ B BB B=lo 0 0 4l
Is
B,

3.3.

Ground resonance is a self-excited dynamic instability
caused by the interaction of the lagging motion of the rotor
blades with other modes of the motion of the helicopter
and results a violent damage of structure. For a helicopter
with soft in-plane rotor, the critical mode is usually an
oscillation of the helicopter on the landing gear when it is
in contact with the ground. Therefore this instability is
called ground resonance.
Some of the most important parameters of this instability
are:

+ Blade lag frequency

+ Blade lag damping

+  Frequencies of the structure supporting the rotor
For the classical ground resonance analysis, the degrees
of freedom of the helicopters are reduced and just the lag
degree of freedom of the rotor blades and longitudinal and
lateral in-plane motion of the rotor hub are considered.
For this model aerodynamic forces have little influence on
the instability effect in compare to structural and inertial
forces, therefore aerodynamic forces can be neglected
[15]. For a hingeless rotor a more complete model is
required, including rotor aerodynamics and flap motion of
rotor blades.
The aim of this example is usage of the multiblade
coordinates  transformation for SIMPACK model.
Therefore at this part a simple ground resonance model
was selected to avoid any unnecessary complexity. The
example “flapping stability of rotor blade in forward flight”
which is much more complex, was modelled and analysed
using the multiblade coordinate transformation [1].
Fig. 3 shows the ground resonance model created using
SIMPACK. For this model the fuselage has two
translational degrees of freedom and rotor blades have
lagging degree of freedom. Blades were jointed to the lag
hinge with rotational springs and dampers. The data
related to the rotor are based on the scaled research rotor
“BO105, DNW, configuration K20” available in Institute of
Aeroelasticity, DLR Gottingen. The SIMPACK rotor model
is in fact a mathematically equivalent model of the
hingless rotor blade of “BO105”. For this mathematically
equivalent model the hingless rotor blade is modelled with
a rotor with an equivalent lagging hinge and equivalent

Example ground resonance
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spring and damping coefficients to model the stiffness and
damping of the hingless rotor [16]. Using the “substitution
variables” and “ParVariation” options of SIMPACK allows
performing parameter studies of the model.

Blades with lagging
DOF

Fuselage with 2 I

translational DOFs
inXand Y
direction

FIG. 3. SIMPACK ground resonance model

In this paper the results of two ground resonance models
are introduced.

The data related to the first model are :

Rotor data

0.35 [m] Distance between the lagging hinge and
the axis of rotation.

1.39 [Ka] Blade mass

1.66 [m] Blade length

1.281[Kgm?] Blade mass moment of inertia about
lagging hinge

81.6 [Nm/grad]
1.5 [% crit.]

Lagging stiffness
Damping ratio

Fuselage data
160000 [N/m]

77.519 [Ns/m]
160700 [N/m]

Spring stiffness in Y direction
Damping coefficients in Y direction
Spring stiffness in X direction

65 [Ns/m] Damping coefficients in X direction

3.51 [Hz] Frequency of eigenform in Y direction
forQ=0

3.52 [Hz] Frequency of eifenform in X direction for
Q=0

0.54 [%crit.] Damping ratio in Ydirection for Q=0
0.45 [%crit.] Damping ratio in X direction forQ =0
322 [Kg] Fuselage mass

To perform the stability analysis, rotor rotational velocity is
changed stepwise. For each value of rotational velocity
the system is linearised about the trim state. Then the
linear system matrix of the model is extracted and saved
in MATLAB m-file format. After that the multiblade
coordinate transformation is performed to transform the

linear system matrix “ [A] from rotating coordinates to
non-rotating coordinates. The transformed system matrix
is then called matrix [T] Fig. 4 shows the linear

differential equation of the system in rotating and non-
rotating coordinates and illustrates the definition of the
system matrices. After performing the transformation the

eigenvalues of the transformed linear system matrix [T]

are determined and with respect to the eigenforms are
sorted. The frequencies and damping are then calculated
and evaluated.
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(48) o = [(x* — 2% Jp- dA=0.00366643 Kgm]

rotating coordinate non-rotating coordinate
! ! & x Fig. 6 shows the frequency and damping of the
v y v v transformed system matrix of the both SIMPACK and
é £ : ; COMRAD II models. Comparison of the results of both
; ! & &0 simulation tools shows the agreement of them and
52 5 '3 £, validates the implemented MATLAB program for
£, AN ) B multiblade transformation.
: | § multiblade transformation | S1s s According to the Fig. 6 the ground resonance of the
54 :[A]' [ R = &1 oalé model happens by rotational frequency ~17 [Hz]. This
i | PORERUREREISR . = [r)- ; instability happens when the regressing frequency of the
. || covdnlbabamel |8 3 rotor interfaces the fuselage frequency. However this
M o e i y happens in two different points. Investigating the damping
' i § é on the interfaces shows that just in one interface the
¥ § 20 70 damping of the fuselage eigenform reduces and leads to
A2 2 & &, instability. The instability of this ground resonance model
£ G g ¢ depends to the following parameters:
E 3 i jid natural frequencies of the helicopter and the blades, the
L=d] L4 ] k1 & distance between the rotor hub and the lead-lag hinge,

the moment of inertia of a blade about the lead-lag hinge,
. ) ) the rotor speed, the mass of blade, and the effective mass
FIG. 4. Multiblade coordinates transformation of the hub. To see the effect of each of these parameters
on the stability, one can perform parameter studies using

A CAMRAD Il simulation of the simplified ground  the parameter variation option of SIMACK “ParVariation”.
resonance model is used to validate the procedures

performed for the SIMPACK model. From the data, which
are used for SIMPACK model, the data needed for the
CAMRAD II model are calculated. This is necessary due 20 o

to the differences of the structure of the modelling input o Fusancs 1SPAGK
file of CAMRAD Il [17] and SIMPACK. Fig. 5 shows 4 Fusslage 2.SIMPACK
schematically the rotor modelled using CAMRAD II. 3 + AIPSIMPACK
_ 151 u RIP-SIMPACK
N [ —5—Fuselage 1-CAMRAD ||
7A =) e Fuselage 2-CAMRAD Il
= B- AIP: Advancing In Plane Mode == AIP-CAMRAD Il
[— : < 10 {progressing in plana) ==—RIF-GAMRAD I
- _I__E—b g_ | RIP: Regressing In Plane Mode
4 \ [ — | | € |“ o 3 \
| <T < ] Bl r | Fuselage_1,2 : Fuselage eigenforms
g S 54
ré [
:;_ 0 [ —t t
[ - 012345678 91011121314151617181920
FIG.5.  CAMRADII rotor model Rotation frequency [Hz]

@

® Fuselage 1-SIMPACI

& Fuselage 2-SIMPACK

+ AIP-SIMPACK

= RIP-SIMPACK
=&=Fusclage 1 GAMBAD Il
== Fusalage 2-CAMBAD 1|
==AIF-CAMRAD Il
=== FRIP-CAMRAD Il

From the mass moment of inertia used for SIMPACK
model and the rotor length one can calculate the rotor 1.5 X
chord length:

b=r4-r2=1.658m]

Damping [% crit.]

2, 2 2, 2 0.5 B9
“2) 1. - mlp> +c*) _ 1.3896(1.658° + ¢ ):0.3245
12 12
= ¢ =0.2308[m] 0
From the geometry of the rotor blade and its mass the 0.8
0123456 7 8 910111213 14 15 16 17 18 19 20

density is calculated.
Rotation frequency [Hz]

M 1.3896
43 = " blade _ =131.1|Kg/m®
@) = T 1658 ¢ 0.12¢ [xg 1]

FIG. 6. Frequency and damping of the eigenvalues of
the transformed system matrix, first model

Equations 44 and 45 give the value of the two other
parameters needed in the model input file.

s 5 By the first ground resonance model the frequencies of
44) Lypry = J(x +z )p -dA =0.00377359[kgm] the eigenforms of the fuselage in both X and Y direction
have nearly the same values. For the next model these

©DGLR 2009 8
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frequencies have different values and they are far from
each other. The data used for this model are:

Rotor data
Same data used for the first model

Fuselage data

31135 [N/m]  Spring stiffness in Y direction

143 [Ns/m] Damping coefficients in Y direction
15645000 [N/m] Spring stiffness in X direction

6500 [Ns/m] Damping coefficients in X direction
3.48 [Hz] Frequency of eigenform in Y direction
forQ=0

79.17 [Hz] Frequency of eigenform in X direction for
Q=0

5 [% crit.]  Damping ratio in Y direction for Q=0
10.39 [% crit.] Damping ratio in X direction for Q=0
59.09 [Kg] Fuselage mass

These data were used for both SIMPACK and CAMRADII
models. Fig. 7 shows the final results of the both
simulation tools. Comparison of the results shows the
agreement of them and again validates the procedures
used for SIMPACK model.

20 /-
® Fuselage 1-SIMPACK
L A Fuselage 2-SIMPACK
15 4 + AIP-SIMPACK
3 B RIP-SIMPACK

=8=Fuselage 1-CAMRAD I
=#e=Fuselage 2-CAMRAD Il
=&=AIP-CAMRAD Il
===RIP-CAMRAD Il

Frequency [Hz]
=)

0123458678 91011121314151617 181920
Rotation frequency [Hz]

[ @ Fuselage 1-SIMPACK |

| & Fuselage 2-SIMPACK |
* AIP-SIMPACK
RIP-SIMPACK

=
10.5

e == Fuselage 1-CAMRAD Il
=dr=Fusatage 2-CAMRAD Il
== AIP-CAMRAD Il
=&~ RIF-CAMRAD 1|

Damping [% crit.]
o
"

————)

T ¥

—t—t—t—t— 4+

0D 123456 7 8 9 10111213 14 15 16 17 18 19 20
Rotation frequency [Hz]

Frequency and damping of the eigenvalues of
the transformed system matrix, second model

Analysing the damping curves shows that at the point of
instability the energy needed for increasing of the
amplitude of the fuselage oscillation comes from the rotor
(increasing of the rotor damping equals to reducing the

©DGLR 2009

energy).

4. CONCLUSION

Existing modelling options and features of SIMPACK
which are used to analyse rotating systems were
evaluated. Among all the options, the following were
evaluated by performing the different simulations [1]:

* Rotational effects

» Linearization of the nonlinear system

+  Parametric modelling and studies

+  Expressions (user defined functions)

»  Post-processing

For evaluation of the simulation results, the SIMPACK
results were compared with analytical solutions and in
some other cases with the results of other simulation
tools. The evaluation of the results leads to the following
statements:

« For a rotating system, SIMPACK considers the
forces resulting from rotation.

* Linearization option of SIMPACK gives valid
results. This statement should be tested for more
complex systems.

+ SIMPACK allows defining parameters inside the
model and performing different analysis with
parameter variation. For example eigenvalue
analysis of a rotor can be performed for different
rotational velocity, by defining this as model
parameter.

+ SIMPACK allows creating functions inside the
model and let them be used for different
parameters of the model. This option enables us
to create the multiblade coordinates as functions
and request them as outputs.

* In most cases SIMPACK can be used as
postprocessor for evaluation of the results.
Features of SIMPACK like frequency analysis
“FFT, fast Fourier transformation” or creating
filters are its advantages.

Two mathematical methods for multiblade transformation
were stablished. These two methods were formulated and
later implemented using MATLAB. The results of both
methods were compared. This allowed checking the
methods. Both methods produce the same result for the
same input.

Different examples of ground resonance were modelled
using CAMRAD Il and SIMPACK and the results of
simulation were compared together. Comparisons show
the validity of the Modelling and analysis procedures
using SIMPACK.

For usage of the Floquet theory, some models were
simulated using SIMPACK. The comparison of the results
of stability analysis using Floquet theory and the
behaviour of the system during the time integration of the
system shows the validity of the methods used. This has
been checked for different models and examples [1].

The limitation of the method introduced, for performing the
stability analysis using Floquet theory, for a system with
high numbers of state variables should not be neglected.
Usage of methods like “implicit Floquet theory” should
overcome this limitation.
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