SEVENTH EUROPEAN ROTORCRAFT AND POWERED LIFT AIRCRAFT FORUM

Paper No. 77

OPTIMIZATION OF BLADE PITCH ANGLE
FOR HIGHER HMARMONIC ROTOR CONTROL

H. G. Jacob
Institut fliir Flugflhrung der

Technischen Universitdt Braunschweig
Germany

G. Lehmann
Deutsche Forschungs- und Versuchsanstalt filr Luft- und

Raumfahrt e.V., Institut £iir Flugmechanik
Braunschweig, Germany

September 8-11, 1981

Garmisch-Partenkirchen
Federal Republic of Germany

Deutsche Gesellschaft fiir Luft- und Raumfahrt e.V.
Goethestr. 10, D-5000 K&1ln 51, F.R.G.



OPTIMIZATION OF BLADE PITCH ANGLE FOR HIGHER HARMONIC ROTOR CONTROL

H. G. Jacob

Institut flir Flugfithrung der
Technischen Universitdt Braunschweig
Germany

G. Lehmann

Deutsche Forschungs-— und Versuchsanstalt fir Luft- und
Raumfahrt e.V., Institut fiir Flugmechanik
Braunschwelg, Germany

Abstract

This contribution describes a method which allows to optimize the
higher harmonic blade pitch dependent on a quality criterien. Various
specific design objectives can be included in this criteriom.

The principle, the (computer supported) dynamic optimization procedure
is based on the representation of the time dependent and distributed evolution
of the control inputs by a system of mathematical functions. The coefficients
of these functions are iterated by a static search algorithm to values which -
optimize the quality criterion associated with the task.

Three different mathematical models are used to show the effectiveness
of higher harmonic blade control and to give an overview on the sensitivity
of these control inputs.

Notation
Fnt without { value of the quality criteriom
. consideration
Fwt with of the trim state
Ib flapping moment of inertia
M blade first moment of inertia
M moment of the spring
Me moment of air loads
VB helicopter velocit
P 1ty
Vio mean va}ue of the induced velocity
q generalized coordinate
32 diag. matrix formed by the scaled eigenvalues
u rotor advance ratio
A rotor inflow ratio
8 blade pitch angle
9 collectiv pitch
6©
tw linear twist rate
GC pitch angle of the conventional ceontrol
eadd additional control inputs
8 input amplitude of the n-th harmonic
Al input phase of the n-th harmonic
ci?j parameters in equation (4.1)
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1. Introduction

The application of higher harmonic control to helicopter rotors
makes it possible to induce different effects, e.g.

to reduce the oscillatory hub forces and moments
to decrease the blade stresses

- to increase the performance

to avoid instabilities of blade motion.

Dependent on the task it will be necessary to have a special kind
of higher harmonic contrel., For a simulation it is also necessary to know
the effect of control parameter variation. As it is almost impossible to
investigate these relationshipsanalytically it is a common practice to use
numerical techniques e.g. ROMULAN [1], [2]. The only restriction of this
computer program is, that linear relationships between the inputs and out-
puts are assumed. If influences of nonlinearities are not neglectible other
methods must be applied. Therefore we use an optimization method to determine
the optimal time dependent and in one task also locally distributed blade
pitch angle. Thereare no restrictions for the mathematical model are
necessary. The application of this optimization method is easy because the
software interface is very simple.

Three different mathematical models are used to show the effectiveness
of higher harmonic blade control and to give an overview on the sensitivity
of these control inputs. The first computations are based on a mathematical
model which describes a hingeless rotorsystem with rigid blades, an effective
hinge offset and a hub restraint [3]. In the second step full elastic blades are
used in conjunction with a mode shape method. The control inputs to these
two models are only higher harmonic pitch angles for full-blade feathering.
In the last model additional variable twist is used as the basis for
minimizing the vibratory hub loads. :

2. The Optimization Method [4], [6]

The computer supported optimization method which was applied to
determine the optimal time dependent and, if desired, also locally distributed
open—-loop control of the blade pitch angle is neither elegant nor rigorous,
but it is easy to use. The originally complicated dynamic optimization
problem is transformed to a static parameter optimization task by expressing
the time dependent and distributed evolution of the control inputs u (t, z)
by a given structure of mathematical functions. The unknown coefficients c,
of these functions are then iterated by a static search algorithm [5] to
values which optimize the quality criterion F associated with the behaviour
of the rotor blade (Figure 1)}.
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The following program parts are used for implementing the optimization

procedure:

e}

The bloc with the structure of the time dependent and, if desired,
locally distributed control inmputs u (t,z,c;) delivers the commands for
the system to be optimized, this in function of the coefficients c, given
by the static optimization algorithm. For the computation of optimél blade
pitch angles with regard to the minimization of the hub vibrations a
structure was chosen comprising several higher harmonic terms in function
of time and in addition a so called Tschebyscheff-polynomial in function
of the distance along the axis of the rotor blade. The coefficients s
represent the -amplitudes and the phase-shifts of the higher harmonic Inputs
and the factors for the Tschebyscheff-polynomial. This time dependent and
locally distributed structure is added to the conventional sinusoidal

control of the rotor blade's pitch angle.

The program part with the mathematical model allows the simulation of
the considered system under the influence of the input commands manipulated
by the search algorithm. During the investigations about the effects of
higher harmonic control two different models were used to describe the
dynamical behaviour of the rotor system. The simpler model presumed a
hingeless rotor arrangement with rigid blades. In the second model full

“elastic blades were implemented in conjunction with a mode shape method.

The bloc named quality criterion computes a scalar value F representing
the performance of the system to be optimized for a given set of input
coefficients c,. The quality criterion may comprise several different
performance indexes added together with appropriate weighting parameters.

In the case dealt here the design objective consists in minimizing the
oscillations in the hub reactions ~ with respect to forces as well as
moments — and to hold the mean values of these components in view to a
desired steady state flight. =

The program part 'static optimization algorithm’ has to drive
iteratively the coefficients c¢. of the input structure to values
minimizing the quality criteridn. For the described studies a very simple
optimization program [5] has been used, which comprises ~ less than
100 FORTRAN-statements. Basically the algorithm stores at each iteration
the evaluation ¥ of the quality criterion and compares it with values
previously determined. This comparision triggers a new selection of the
coefficients £, in a particular way. The process is repeated until the
performance index F ceases to change. Constraints may be taken into account
either by adding penality functions to the quality criterion or by intro-
ducing boundaries directly into the search space over which the nonlinear
programming algorithm operates.

The main advantage of the described optimization strategy consists in
its simple and flexible application. The method can be easily-used because
the originally dynamic optimization problem is solved by a given static
search algorithm which needs mot to be adapted to the task considered. The
method is very flexible because the different program parts are independent
from each other. This means that the mathematical model or the quality
eriterion or the structure of the input commands may be changed without the
obligation to modify accordingly the other program parts, as it is often the
case when using more difficult optimization methods.
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3. Time Dependent Optimal Control of the Blade Pitch Angle

3.1 Mathematical Model of the Rotor with Rigid Blades and Flap Hinges

The numerical calculations with HHC are based on the design parameters
from the model test rotor used in the Institutr fir Flugmechanik in the DFVLR
Braunschweig.

type four-bladed, soft in-plane hingeless rotor
radius 2. m

chord 0.121 m

twist -4 deg/m

air-foil NACA 23012
tip-speed 218 m/s

The blade mass distribution and stiffness distributions are shown in
Figure 2.

For the first calculations a mathematical model with rigid blades and
flapping hinges with torsional spring is used. So the flap motion is the
only degree of freedom. The amount of hinge~offset and the torsional-spring
strength were chosen to match the rotating and non-rotating natural frequencies
of the true blade. For this model of hingeless blades the following nonlinear
equation of motion 1s given

M

(3.1) I 'B+stin8(cosB-I + E% 'ER)+Mg-cosB+MS=M

b b B

1
with Ib=R3fm'(x—e)2dx
e
2]
M =g-R fm'(x—e) dx
g e ‘

MSFKB-B

1

MB= Ri(x—e) dF,

The aerodynamic loads of the rotor blades are calculated with the Hade-
element theory. For the estimation of the mean induced velocity we have used
the Glauert formula
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(3.2} vi=vio(I+KX'x-cos$)

where v, is the induced velocity at the rotor centre, taken as the
result from the equation

T
v - .
io 2 .2 . 1/2
2pF(V +Vi0)

In equ. (3.2) K  is the factor to calculate the longitudinal induced-
velocity distribution and is given by

g = &4/3 u/x
X F.2+uf2

As we have used a rigid blade the local blade pitch angle
can be written as

(3.3) &8 =90+8tw-x +8]c‘cos¢+els'51n¢ .

This is a formula to calculate the conventicnal rotor blade control.
For Higher Harmonic Control {(HHC) equation (3.3) can be extended to

= + { 9 3
8 Bcnzz(enccosnv+ nSs:mmb)

or equivalent
(3.4) © =ec;£2 8 cos(ay+dy )

where 6, is the blade pitch angle of the conventional rotor blade

control (see equation (3.3)). Equatiom (3.4) is a formula for a general
cyclic blade pitch variation, however, only the first higher harmonics
including the fifth order are applied in this case.

Now. the local incidence angle o of the blade can be written as
a=6+ ¢

where ¢ is the section inflow angle. To calculate the section lift

and drag coefficients ¢, and c¢., we have used experimental results from the
NACA 0012, shown in Figire 3 - 6. These data have been modified for the
NACA 23012. : ’
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3.2 Results with the Rigid Blade Model and Single Higher Harmonic
Blade Control

3.2.1 Results without Consideration of the Trim State

The structure of the quality criterion is mainly dependent upon the
task. To minimize the oscillations of the hub forces and moments the following
quality criterion is appropriate and was applied in the first calculations.

3 3
= F, -F, . [+ . -M. .
(3.5) Em izll i,max Fl,mln[ iElml,max M1,m1n|

The scalar value F represents the sum of the oscillation amplitudes,
Fithe nonrotating hub forces X, Y, Z and M, the nonrotating hub moments
L, M, N, * ‘

The optimization procedure starts at steady state flight conditions
with an advance ratic u=0.318. For this state the control parameters in
Table | are necessary. The corresponding oscillation amplitudes of the hub
reactions are shown in Table 2,

In the calculations always one higher harmonic blade pitch variation
was added to the conventional blade pitch control. The optimization algorithm
drives the two parameters 8 and AY_ to values which minimize the quality
criterion F__.Results of theSe calculdtions are shown in Figure 7. The two
beams on the left side represent the value Fnt obtained by the conventional
control. This value has been splitted into the components of the hub forces
and moments.

Thus the different effects of the higher harmonic comtrol inputs can
better be demonstrated. It can be stated that oscillating hub forces are
mainly reduced by the 32, 40 and 50 blade pitch variation. The corresponding
hub moments do not decrease in the same manner. The best reduction is
obtainable with a 28 control, but a attendant phenomenon is the change of
the trim conditions. Table 3 shows the mean values of the nonrotating hub
forces and moments. The trim state is given in the first column and the
values obtained by the optimal 23 blade pitch variation are presented in
the second column.

It becomes obvious that there is a significant change in the pitch
and roll moments together with a -small increase in thrust, This effect can
be explained with a wide-band reaction in the aerodynamic loads due to a
single frequency oscillation of the angle of incidence. Figure 8 shows the
results of a linearized approximation of the 1lift caused by a 40 blade
pitch variation. If we vary the pitch angle with 22 the influence to
the 12 airloads is not negligible, but it decreases with the higher
orders. This is confirmed by numerical results. When 3R, 40 and 50
control is used there are only small changes in the trim conditions.

To summarize the results we always have a decrease in the oscillatory
hub forces and moments.The improvement of the value F is about 337 with the 30
control, 38.57 with the 40 control, and 157 with the %& control, Figure 7
presents the required control inputs. It can be seen that there is a unique
decrease of the pitch angle.
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3.2.2 Results with Consideration of the Trim State

.The qu?l%ty criterion in the foregoing calculations does not consider
the‘tr}m copdltlons. The following criterion is defined to suppress the
deviations in the steady hub forces and moments.

3 2 2
F=1[] (F, -F, . )%, M. .
wt ;= iymax “i,min i,max 1i,min
(3.6)
3 2 2.1/2
+) 5-(F, _ =F. )Y #5-(F, _ M. )71
io1 i,mec “i,ma i,me i,ma
with
F. = maximal value of the i-th hub force
i,max
F. . = corresponding minimal wvalue
i,min
M. = maximal value of the i-th hub moment
i ,max
M. . = corresponding minimal value
i,min
Fi e = mean reference value of the i-th hub force
3
Mi me = mean reference value of the i—th hub moment
2
"F:.L ma actual mean value of the i-th hub force
Mi ma actual mean value of the i-th hub moment.
¥

This structure of the quality criterion allows the minimization of the
oscillating hub forces and moments under-the constraint that a desired steady
state is warranted.

The additiomal control inputs can be described with the following
formula: ’
5
9 =810 dd.+n§?n cos (np+4y,)

C o,z
(3.7)

=8 ,+8
a

C "add.

with (n>=2)= number of the single higher harmonic applied to the rotor blade.
In this formula also a constant value 80 d and the amplifude 8
_and phase shift Awl of the first, the basic ! harmonic oscillation,

are used for the optimization in view to hold the desired permanent
status of operation (see the structure of the qualtity criterion).
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In Figure 9 the percentual reductions of the hub reaction
fluctuations in forces and moments are shown for the different single
higher harmonic controls. The shaded beams symbolize Fhe sum of the force
fluctuations, the white beams the sum of the fluctuations in moments.

a.) Results with 2nd HHC

The optimizatien runs based on the mathematical model with the
rigid rotor blade described in the paragraph 3.] and minimizing the.
quality criterion defined in the paragraph 3.3.2 yielded the following
results for a 2nd higher harmonic control:

8, 4q.% ~0-006°-0.017%05(y-6.27°)-0.100cos (24+23.567) .

As explained in the foregoing paragraph the comnstant value and the
values associated with the basic harmonic control of the above equation are
adapted by the optimization algorithm in a way to obtain the desired steady
state flight which would be disturbed if only the 2nd HHC had been applied.
The amplitude of the 2nd HHC has been driven by the search algorithm to a
very low value of 8o = -0.100° which yields only a small decrease of the
quality criterion from F__=86.62 (conventional control) to F _ =82.27
(2nd HHC), The sum of the “fluctuations of the 6 hub reactions reduces
from Fnt=196.78 to Fnt=18].45 as shown on Figure 9.

b.) Results with 3rd HHC

This structure of a supplementary control gives a very much better
result with the following formula:

0, 4q. = 0.0-0.015%0s(y~2.29%)~0.293%0s (39+3.77°) .

The hiéher zmplitude of By = -0.293° of the 3rd HHC improves the

quality criterion to F_ =56.36 and lowers the sum of the fluctuations
of the rotor component$ to F__=131.32 (see Table 4 in comparison with
Table 2.). nt

The low values of the right column, namely the deviations of the
actual mean values of the rotor components from the reference mean values,
indicate that the desired f£light condition is not altered by the additionally
applied control on the rotor's blade pitch angle.

c.) Results with 4th HHC

When applying besides the correction for the basic harmonic control
a supplementary 4th HHC with the following structure )

8 4 = -0.001°+0.002%0s (v~7.70°)-0.125%cos (49-22.17°)

then the amplitude B 4 = -0.125° of this 4th HHC delivers values of
Fwt=58,25 and Fn =135.97, which are similar to the results with 3rd HHC
(see Figure 9).
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d.) Results with 5th HHC

This optimization run yielded the additional input command

84~ -0.001%+0.0003%cos (Y+13.41%)+0.229%0s (59+55.98°)

with the quality criterion F _=70.97 and the fluctuations sum of the
hub components Fn =168,11 which are worse values compared to the
foregoing results.

3.3 Results with the Rigid Blade Model and Simultaneous Application
of Several Higher Harmonics for the Blade Control

In this paragraph it will be shown what are the improvements in the
reduction of vibrations when not single but several optimal higher harmo-
nic controls are applied in function of time on the rotor blades.

3.3.1 Structure of the Additiomally Applied Control

As described in paragraph 3.1 the control applied on the rotor
blades comprises two parts. The first part consists in the unaltered
conventional control, the second part delivers the additiomal comtrol
computed in a manner to diminish the fluctuations of the rotor forces and
moments and to hold the desired flight path of the helicopter.

In the case dealt here the following structure of the additional
control in function of time 1s used: -

Nnax
(3.8) Badd.=eo + X Bn cos(nw+Awn)

n=1
with nmax=t0ta1 number of harmenics simultaneously applied.to the rotor
blade.

As already mentioned the constant value 8 and the coefficients 61
and oy, asgociated with the first basic harmonic are computed in a way
to compensate the effects of the higher harmonics on the steady state flight
characteristics of the helicopter.

3.3.2 Results with the simultaneous Application of Several HHCs

The Figure 10 demonstrates the percentuzl improvements in vibration
suppressions when applying several HHCs simultameously on the rotor blade.
Again on the left side the beams symbolize the sum of the three fluctuations
of the hub forces and on the right side the sum of the corresponding moments.
It is visible that the second HHC besides the basic control yields ornly a
small progress. The reduction in hub reaction oscillations is essential
when using a blade control up to the 4th HHC. The sum of the hub reaction
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fluctuations amounts only to a value of F__=103.7 compared with
Fnt=136.0 when applying the 4th HHC alone"tA supplementary 5th HHC
doés not improve the performance note-worthly (the most right beam
will be explained in a further paragraph).

Figure 1l represents the oscillations of the hub reactions with
more details. In each case (e.g. conventional control at the most left
side) the force hub components fluctuationms in x, y, and z direction
are shown by the left side arrows and the correspending moment
fluctuations at the right side of each arrow group (dimensions N and N-'m
respectively).

On Table 5 the corresponding optimal higher harmonic controls are
displayed in amplitude and phase shift, It is visible that in every case
the amplitude for the 3rd HHC is the highest one.

Figure 12 shows the time evolution of the addionally applied pitch
angle eadd {(y) over ome revolution of a rotor blade when a control up to
the. 4th "HHC is applied. The resulting new total contreol 8, this is the
sum of the conventional and the additional command, is likewise represented
{observe the different scales).

On this Figure it is clearly visible that the 3rd HHC gives the
highest amplitude for the evolution of Badd (y), as expected by the
values of Table 5. ’

The results in the reduction of the hub reaction oscillations are
demonstrated on Table 6 . The quality criterion is improved to a value of

Fw =44.17 and the sum of the rotor component fluctuations is diminished
to Fnt=103.69, as already mentioned.

3.4 Mathematical Model of the Rotor System with Full Elastic Blades

For further calculations the true rotor system was described by a
mathematical model with full elastic blades to show the influence to the
optimal control parameters. The full coupled mode shapes and the eigen-
values have been calculated with a finite element program [7 ],
see Figure 13 . The forced blade motion then was computed with a mode
shape method considerating the first flap mode_and the first lag
mode. So the equation of motion becomes

2 oL

q* F(q,4,t)

i<

21
1

The term F (q,q,t)includes the aerodynamic forces and the coriolis
forces, ¢! is the transposed modal matrix and I the generalized mass,

normalized to the value |. The aerodynamic forces have been calculated in
the same manner shown in paragraph 3.1, The formula to determine the blade
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pitch angle must be extended to

= -x iny+ +0 +8
8 90+8tw x+0 . siny B}Ccosw ee

s HHC

where § is the blade pitch angle induced by the elastic deformatiom.

e . . . . .
Caused ~ by the elastic deformations different conyentloqay contro% inputs
are required for this model to obtain the same trim conditions as in

chapter 3.1. These new values are given in Table 1.

3.5 Results with a Full Elastic Blade Model and Single Higher
Harmonic Blade Control

The optimization rums minimizing the quality criterion defined in
chapter 3.1 yielded results shown im Figure 14 . Analogous to the model
with rigid blades a 20 blade feathering decrease the quality criterion
to the smallest value, but simultaneously distinct deviations in the trim
conditions are obtained. The control inputs with lower frequencies (20 and
3Q) have a mainly influence the oscillating hub moments in comparison teo
the 30, 4% and 50 blade feathering winimizing the oscillating hub forces.
In Figures 15-16 the results from the rigid blade and elastic blade model
are displayed. The improvement of the quality criterion was about 39% for
the 3%, 30% for the 40 and about 287 for the 58 blade feathering.

The results of both mathematical models have the same tendency,
however with deviations in the quantities.

4. Time Dependent and Locally Distributed Optimal Control of the Blade
Pitch Angle

After describing the improvements in the reduction of the hub reaction
oscillations with single and with several simultaneously applied HHCs
in function of time it will be shown in this section what is the additional
progress when applying a command on the rotor blade which is not only a
function of time but also dependent on the distance along the axis of the
blade. The optimization runs performed for this investigations were based
on the mathematical model using rigid rotor blades and on the quality
criterion‘defined in section 3.2.2, that is considering also a desired
steady state flight path,

4.1 Structure for the Time Functions of the distributed Control Inputs

The structure considered here comprises higher harmonic terms up to
the 4th BHC in function of the ratationm angle ¢ (which depends on the time)
and in addition a Tschebyscheff- Polynomial in function of the distance r
along the axis of the rotor blade:
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4

e =
add.(ci,j’w’ﬁ [CO,D;ZICo,2n—lcos(nw+co,2n)} .To(r)

&

(4.1) +{e, + cl,znﬂlcos(nw+c]’2n)] -Tl(r)

+le, +} ¢ co + .
2,0n 2,n-1 s (ny CZ,Zn)} T2(r)

In this formula the 27 variables e. .{i=0,1,2 and j=0,1,2 ...8)
are the parameters driven by the optimizatio%’ilgorithm to values
minimizing the quality criterion. As visible from this equation the
control of the rotor blades is allowed to be time dependent (im
fupction of the angle ¢} up to the 4th HHC. The Tschebyscheff- .
Polynomials T (r), T,(r) and T,(r) give in addition a distance dependency
of the pitech “angle "along the"axis of the rotor blade. These polynomials
have the following structure: :

To(r)=1 constant
T](r)=2r—1 slope
Tz(r)=2Ti(r)-Tl(r)-T0 parabola

- -

Tn(r)=2T](r)'T _](r)—Tn_z(r) polynomial of n th order

with r=coordinate of the distance along the blade axis,
r=0 being the root and
r=1 the top of the blade.

For these investigations only a distance dependency up to the
2nd order, that is of parabolic shape, has been chosen.

4.2 Results of the Time Dependent and Locally distributed Blade Control
The 27 coefficients of the time dependent and locally distributed

control structure (4.1) were driven by the optimization algorithm to the
values shown in Table 7.
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It is visible that the 3rd time dependent HHC changing the pitch
angle along the rotor blade in aparabolic shape (underlined coefficient

93) exhi?its the largest amplitude with the value of 6.=1.138°, A
perspective drawing of these results is shwon in Figurz 17, the
corresponding topview in Figure 18.

In Table 8 the resulting hub load mean values are shown
together with the corresponding fluctuations and deviations from
the mean reference values in view to the desired steady state flight path.

The very small fluctuations of the different hub forces and
moments are also represented in the Figure 10 and Figure 11 of the
preceding paragraph. It is visible that the supplementary locally
distributed control of the rotor blades brings a substantial improvement
in vibration reduction with a value of F__=45.77 for the sum of the hub
reaction fluctuations and a value of F__2°20.68 for the quality criterion
defined in equation (3.6) which considérs also the requirement to hold
a desired f£light path (see the most right column of Table 8 with the wvery
small deviations of the actual mean values from the desired reference

mean values of the hub loads).

5. Concluding Remarks

In this paper numerical studies concerning the higher harmonic
control of helicopter rotor blades were discussed. Emphasis was placed
on the application of the different control metheds with single HHC,
with several HHC and several HHC with variable twist. The results show
that a simultaneous application of the 3%, 40 and 50 blade feathering
yields the best reduction of the oscillating hub forces and moments.

An additional improvment can be obtained with a variable time dependent
twist of the rotor blades. The results also show that a single .
additional 20 control causes an umwanted.trim state.

Using different mathematical models, it was shown that slightly
different results are obtained but the conclusions which can be drawm
from this are quite the same.

It is our opinion that further extensions of the mathematical
model are necessary e.g. instationary aerodynamics, consideration of
more mode shapes, etc to make a significant step foreward to the
solution of the true vibratory hub loads but the enormous increase of
CPU time is still a major problem.
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Contrel Inputs Model with Model with
Rigid Blades | Elastic Blades
. o} o
rotor disk plame -8.51 -8.51
angle of attack o
6, 8.39° 8.66°
6 1.60° 1.85°
Ic o o
B -5.63 ~-5.09
ls
Table 1 Contrel inputs for the steady state flight at p=0.318
(computed values for the mathematical models)
Hub Maximum Minimum Mean Peak to Peak
Loads Value Distance
X(N) 57,20 33.10 45,53 24,10
Y(N) -12.,66 =46 ,40 -38.59 18.45
Z{N) 3603.48 3564.39 3583.28 39.07
L (¥Nm) 11.48 ~15,34 - 1.54 26.83
M(Nm) 13.21] -16.21- - 1,37 29,42
N{Nm) _ 670,13 611.24 642.54 58,89

Table 2 Hub loads im the steady state flight
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Hub Conventional with
Loads Control 2nd HHC
X(N) 45.53 73.28
Y(N) -38.59 -61.07
Z(N) 3583.30 3665.60
L(Nm) - 1.54 -30.90
M{(Nm) - 1,37 65.40
N (¥m) 642,50 637.16

Table 3 Hub loads in the trim state and with the 20
control inputs

Hub "~ Mean Peak to Peak| Deviations
Loads Value Distance from Trim
X(N) 45,14 18,14 -0,39
Y -38.37 22.57 0.23
Z () 3583.74 16.10 0.43
L{(Nm) - 0.97 20.94 0.57
M{Nm) - 3,25 17.18 ~1.67
N({Nm) 642,77 36.36 0,23

Table 4 Hub loads with 3rd HHC
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LI-LL

Ori;r nl 9 add | %i,aaa | AV %y My 83 Buq % By, b | Mg b oo ) Fop
HHC
conventional control 86.6 196.8
I 2 | -0.006° | -0.017°| ~6.27° | -0.100 | 23.56 82.3 | 181.5
1 +3 | -0.006° | ~0.011 | 0.78% | -0.060 | -13.25 | -0.284! 9.78° 54.9 | 126.9
1 %41 -0.003° | 0.009 | 5.12° | -0.060 | -47.40 | -0.23 | 1.55° | -0.084 | -12.93 44.2 | 103.7
1251 -0.002° | 0.003 | 5.66° | -0.060 | -62.69 | —0.21 | -6.19° | -0.095 | ~15.75 | 0.015 | 3.46 | 41.7 | 99.6

Table 5 Amplitudes and phase shifts in dependence of

the simultaneously applied HHCs




+

Hub Mean Peak to Peak Deviation

Loads Value Distance from Trim
X(N) 46.52 13,57 0.99
Y(N) -38.85 18.51 . -0.25
Z() 3582.82 11.33 ~0.49
L (Nm) - 3.53 21.94 -1.99
M(Nm) 1,80 18.51] 3.18
N (Nm) 641,99 19,84 ~0.53

Table 6 Hub loads with simultaneous application of four

higher harmonics

®,add | ®1,2aa | 21 | 92 by 85 hvg 8, v,
~0.003 | 0.012 |- 1.20| 0.093 | ~26.51 | ~0.049 | - 7.60 | =0.181 | =15.32 | *T_(x)
0.01 ~0.25 -81.06 |~0.68) | - 0.39} -0.004 | - 8.04 | -0.206 62.70 'Tl(r)
-0.023 0.083 3.02| 0.146 38.59 1.138 | ~-89.65 | -0.028 2.07 'Tz(r)
Table 7 Optimal coefficients of the time dependent and
locally distributed control structure
Hub Mean Peak to Peak Deviation
Loads Value Distance from Trim
X(N) 44,67 12.36 -0.86
Y(N) -38.57 12.11 0.02
Z(N) 3582.93 3.47 -0.37
L (Nm) - 1.58 6.63 ~0.,04
M{(¥Nm) - 1,02 4,60 0.36
N (Nm) 643.25 6,58 0.72
Table 8 Hub loads with time dependent and locally distributed

blade control
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Structure of the
b : time dependesl and
i locally distributed

control inputs
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SINGLE HHC
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Fig. 9 Reduction of the hub reaction fluctuations with single
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Fig, 10 Reduction of the hub reaction fluctuations

with several HHCs applied simultaneously
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Fig. 14 Values of the optimized quality criterion and the
corresponding input amplitudes for the elastic blade
model and single higher harmonic

200
SINGLE HHC
160 |- rigid  {p)ade
elastic |
_ .
L 120F}. =
[
=
;ﬂ i
8O- R
40 |
o
10 20 30 40 5Q

Frequency of Blade Feathering

Fig, 15 Reduction of the vscillating hub loads yielded
by single HHC

77-26



180°

~0.24

270 g0°

q0* 270

& Suue™ Oacosn (V¥ +AY)
= mwcio Lt
ELASTIC BLADE
180° 180"

o1d 40
iz
270 k )

aw, )
. D *

0* 270* 90*

Fig. 16 Optimal control inputs for single HHC

77-27



?????




 
 
    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 1 to page 1
     Mask co-ordinates: Left bottom (487.02 545.32) Right top (560.13 583.85) points
      

        
     0
     487.0246 545.3249 560.1289 583.8528 
            
                
         1
         SubDoc
         1
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     0
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 2 to page 2
     Mask co-ordinates: Left bottom (524.61 587.08) Right top (540.48 607.90) points
      

        
     0
     524.6132 587.075 540.4805 607.9008 
            
                
         2
         SubDoc
         2
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     1
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 3 to page 3
     Mask co-ordinates: Left bottom (69.36 60.45) Right top (231.86 189.26) points
      

        
     0
     69.3587 60.4465 231.8561 189.2555 
            
                
         3
         SubDoc
         3
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     2
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 3 to page 3
     Mask co-ordinates: Left bottom (555.86 528.12) Right top (579.64 558.84) points
      

        
     0
     555.8601 528.1221 579.6402 558.838 
            
                
         3
         SubDoc
         3
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     2
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 5 to page 5
     Mask co-ordinates: Left bottom (376.49 48.68) Right top (579.14 150.00) points
      

        
     0
     376.4895 48.6783 579.1382 150.0026 
            
                
         5
         SubDoc
         5
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     4
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 5 to page 5
     Mask co-ordinates: Left bottom (95.36 84.44) Right top (128.15 113.25) points
      

        
     0
     95.3641 84.4398 128.1455 113.2477 
            
                
         5
         SubDoc
         5
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     4
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 5 to page 5
     Mask co-ordinates: Left bottom (549.34 523.51) Right top (577.15 560.27) points
      

        
     0
     549.337 523.512 577.1515 560.267 
            
                
         5
         SubDoc
         5
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     4
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 7 to page 7
     Mask co-ordinates: Left bottom (98.05 45.56) Right top (146.58 105.98) points
      

        
     0
     98.0515 45.5615 146.582 105.9771 
            
                
         7
         SubDoc
         7
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     6
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 7 to page 7
     Mask co-ordinates: Left bottom (543.74 511.06) Right top (579.39 564.54) points
      

        
     0
     543.7399 511.0583 579.3949 564.5409 
            
                
         7
         SubDoc
         7
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     6
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 8 to page 8
     Mask co-ordinates: Left bottom (87.31 64.49) Right top (150.80 110.12) points
      

        
     0
     87.3059 64.4865 150.8012 110.1237 
            
                
         8
         SubDoc
         8
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     7
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 9 to page 9
     Mask co-ordinates: Left bottom (90.51 25.85) Right top (223.80 116.37) points
      

        
     0
     90.5139 25.8521 223.798 116.3659 
            
                
         9
         SubDoc
         9
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     8
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 9 to page 9
     Mask co-ordinates: Left bottom (63.66 287.45) Right top (78.58 299.38) points
      

        
     0
     63.6581 287.447 78.578 299.3829 
            
                
         9
         SubDoc
         9
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     8
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 9 to page 9
     Mask co-ordinates: Left bottom (422.73 267.55) Right top (586.85 302.37) points
      

        
     0
     422.7295 267.5539 586.848 302.3669 
            
                
         9
         SubDoc
         9
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     8
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 9 to page 9
     Mask co-ordinates: Left bottom (552.03 514.23) Right top (594.81 568.94) points
      

        
     0
     552.035 514.2289 594.8052 568.9351 
            
                
         9
         SubDoc
         9
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     8
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 11 to page 11
     Mask co-ordinates: Left bottom (542.69 254.97) Right top (593.28 571.46) points
      

        
     0
     542.6857 254.9721 593.2835 571.4561 
            
                
         11
         SubDoc
         11
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     10
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 13 to page 13
     Mask co-ordinates: Left bottom (95.20 70.40) Right top (135.86 115.02) points
      

        
     0
     95.2039 70.3954 135.8639 115.0222 
            
                
         13
         SubDoc
         13
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     12
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 13 to page 13
     Mask co-ordinates: Left bottom (546.43 494.85) Right top (587.09 571.21) points
      

        
     0
     546.4308 494.8462 587.0908 571.2076 
            
                
         13
         SubDoc
         13
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     12
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 15 to page 15
     Mask co-ordinates: Left bottom (91.16 68.37) Right top (131.78 120.89) points
      

        
     0
     91.1571 68.3732 131.7814 120.8876 
            
                
         15
         SubDoc
         15
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     14
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 15 to page 15
     Mask co-ordinates: Left bottom (525.14 405.26) Right top (577.66 563.79) points
      

        
     0
     525.1441 405.2581 577.6585 563.7922 
            
                
         15
         SubDoc
         15
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     14
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 16 to page 16
     Mask co-ordinates: Left bottom (70.56 30.81) Right top (171.93 140.13) points
      

        
     0
     70.5596 30.8116 171.927 140.1293 
            
                
         16
         SubDoc
         16
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     15
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 16 to page 16
     Mask co-ordinates: Left bottom (50.68 183.86) Right top (70.56 227.58) points
      

        
     0
     50.6837 183.8564 70.5596 227.5836 
            
                
         16
         SubDoc
         16
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     15
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 16 to page 16
     Mask co-ordinates: Left bottom (71.55 638.02) Right top (88.45 670.82) points
      

        
     0
     71.5535 638.022 88.448 670.8174 
            
                
         16
         SubDoc
         16
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     15
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 17 to page 17
     Mask co-ordinates: Left bottom (96.07 53.48) Right top (180.26 155.50) points
      

        
     0
     96.0706 53.4849 180.2562 155.498 
            
                
         17
         SubDoc
         17
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     16
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 17 to page 17
     Mask co-ordinates: Left bottom (491.25 521.95) Right top (576.42 587.32) points
      

        
     0
     491.2477 521.9529 576.4236 587.3206 
            
                
         17
         SubDoc
         17
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     16
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 19 to page 19
     Mask co-ordinates: Left bottom (100.37 75.53) Right top (141.12 106.34) points
      

        
     0
     100.3736 75.5325 141.1193 106.3402 
            
                
         19
         SubDoc
         19
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     18
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 19 to page 19
     Mask co-ordinates: Left bottom (549.57 515.78) Right top (591.31 556.53) points
      

        
     0
     549.5702 515.7849 591.3097 556.5306 
            
                
         19
         SubDoc
         19
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     18
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 20 to page 20
     Mask co-ordinates: Left bottom (72.38 449.02) Right top (117.01 499.60) points
      

        
     0
     72.3788 449.0194 117.0056 499.5965 
            
                
         20
         SubDoc
         20
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     19
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 20 to page 20
     Mask co-ordinates: Left bottom (507.74 523.40) Right top (640.63 585.88) points
      

        
     0
     507.7383 523.3975 640.6271 585.8751 
            
                
         20
         SubDoc
         20
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     19
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 21 to page 21
     Mask co-ordinates: Left bottom (60.42 47.54) Right top (197.09 123.80) points
      

        
     0
     60.4155 47.5424 197.0933 123.8046 
            
                
         21
         SubDoc
         21
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     20
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 21 to page 21
     Mask co-ordinates: Left bottom (9.90 513.04) Right top (60.42 638.82) points
      

        
     0
     9.9042 513.0391 60.4155 638.8223 
            
                
         21
         SubDoc
         21
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     20
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 21 to page 21
     Mask co-ordinates: Left bottom (505.11 517.00) Right top (576.42 567.51) points
      

        
     0
     505.1135 517.0009 576.4236 567.5122 
            
                
         21
         SubDoc
         21
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     20
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 22 to page 22
     Mask co-ordinates: Left bottom (73.29 460.29) Right top (115.88 497.93) points
      

        
     0
     73.2933 460.2914 115.8813 497.9272 
            
                
         22
         SubDoc
         22
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     21
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 22 to page 22
     Mask co-ordinates: Left bottom (204.03 433.55) Right top (297.13 494.96) points
      

        
     0
     204.0285 433.55 297.1279 494.956 
            
                
         22
         SubDoc
         22
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     21
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 22 to page 22
     Mask co-ordinates: Left bottom (363.49 445.44) Right top (423.90 483.07) points
      

        
     0
     363.4859 445.4351 423.9015 483.071 
            
                
         22
         SubDoc
         22
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     21
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 22 to page 22
     Mask co-ordinates: Left bottom (507.10 532.59) Right top (634.86 583.10) points
      

        
     0
     507.0966 532.5919 634.8607 583.1033 
            
                
         22
         SubDoc
         22
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     21
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 23 to page 23
     Mask co-ordinates: Left bottom (53.51 137.73) Right top (83.23 170.43) points
      

        
     0
     53.5052 137.7319 83.2304 170.4296 
            
                
         23
         SubDoc
         23
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     22
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 23 to page 23
     Mask co-ordinates: Left bottom (127.82 402.29) Right top (572.70 424.08) points
      

        
     0
     127.8181 402.2856 572.7043 424.084 
            
                
         23
         SubDoc
         23
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     22
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 23 to page 23
     Mask co-ordinates: Left bottom (546.94 461.74) Right top (584.59 774.84) points
      

        
     0
     546.9426 461.7359 584.5944 774.8407 
            
                
         23
         SubDoc
         23
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     22
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 24 to page 24
     Mask co-ordinates: Left bottom (513.70 140.29) Right top (774.50 171.90) points
      

        
     0
     513.6978 140.2877 774.5023 171.9003 
            
                
         24
         SubDoc
         24
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     23
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 24 to page 24
     Mask co-ordinates: Left bottom (145.21 111.64) Right top (164.97 270.69) points
      

        
     0
     145.2127 111.6387 164.9706 270.6899 
            
                
         24
         SubDoc
         24
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     23
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 24 to page 24
     Mask co-ordinates: Left bottom (158.06 81.01) Right top (464.30 111.64) points
      

        
     0
     158.0554 81.0139 464.303 111.6387 
            
                
         24
         SubDoc
         24
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     23
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 25 to page 25
     Mask co-ordinates: Left bottom (43.61 429.17) Right top (63.44 457.92) points
      

        
     0
     43.6115 429.1715 63.437 457.9184 
            
                
         25
         SubDoc
         25
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     24
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 25 to page 25
     Mask co-ordinates: Left bottom (92.18 476.75) Right top (101.11 488.65) points
      

        
     0
     92.1839 476.7526 101.1053 488.6478 
            
                
         25
         SubDoc
         25
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     24
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 25 to page 25
     Mask co-ordinates: Left bottom (531.32 26.71) Right top (556.10 47.53) points
      

        
     0
     531.3176 26.7148 556.0994 47.5315 
            
                
         25
         SubDoc
         25
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     24
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 25 to page 25
     Mask co-ordinates: Left bottom (510.50 559.03) Right top (544.20 593.72) points
      

        
     0
     510.5009 559.0282 544.2042 593.7227 
            
                
         25
         SubDoc
         25
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     24
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 25 to page 25
     Mask co-ordinates: Left bottom (522.40 511.45) Right top (637.38 547.13) points
      

        
     0
     522.3962 511.4471 637.3838 547.1329 
            
                
         25
         SubDoc
         25
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     24
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 26 to page 26
     Mask co-ordinates: Left bottom (85.10 466.62) Right top (114.79 486.41) points
      

        
     0
     85.1003 466.6152 114.7877 486.4068 
            
                
         26
         SubDoc
         26
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     25
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 26 to page 26
     Mask co-ordinates: Left bottom (597.70 525.00) Right top (705.57 560.63) points
      

        
     0
     597.7032 525.0004 705.5676 560.6254 
            
                
         26
         SubDoc
         26
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     25
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 27 to page 27
     Mask co-ordinates: Left bottom (514.90 536.14) Right top (545.54 586.54) points
      

        
     0
     514.9031 536.1395 545.5412 586.5443 
            
                
         27
         SubDoc
         27
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     26
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 27 to page 27
     Mask co-ordinates: Left bottom (522.81 20.23) Right top (560.37 45.93) points
      

        
     0
     522.8097 20.2326 560.3661 45.9291 
            
                
         27
         SubDoc
         27
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     26
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 28 to page 28
     Mask co-ordinates: Left bottom (92.27 30.75) Right top (159.73 112.11) points
      

        
     0
     92.2665 30.7546 159.7302 112.1079 
            
                
         28
         SubDoc
         28
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     27
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 28 to page 28
     Mask co-ordinates: Left bottom (16.87 518.87) Right top (32.74 541.69) points
      

        
     0
     16.8659 518.8741 32.7397 541.6927 
            
                
         28
         SubDoc
         28
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     27
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 29 to page 29
     Mask co-ordinates: Left bottom (505.71 561.91) Right top (547.52 600.73) points
      

        
     0
     505.7066 561.9084 547.5178 600.7331 
            
                
         29
         SubDoc
         29
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     28
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 29 to page 29
     Mask co-ordinates: Left bottom (531.59 30.31) Right top (571.41 59.18) points
      

        
     0
     531.5897 30.3095 571.4099 59.1791 
            
                
         29
         SubDoc
         29
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     29
     28
     1
      

   1
  

 HistoryList_V1
 qi2base





