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ABSTRACT

A coupled rotor/airframe vibration analysis model has been used to study
variations in the control vector and vibration Tlevels of the fuselage. The
differences between minimization of the hub forces and the acceleration at
selected fuselage locations have been discussed. Also the effects of nonideal
conditions in the implementation of higher harmonic control and the resulting
residual vibration leveis in the fuselage have been discussed. The coupled
rotor/airframe vibration model is based on the Hsu and Peters rotor model, a
finite element fuselage model and impedance matching techniques.

I. INTRODUCTION

The subject of airframe vibration analysis and the reduction of vibration
levels is important in developing designs that provide better occupant comfort,
improved visual acuity and prolonged fatigue lives of airframe structures and
other equipment. Extensive studies inveiving dynamic modeling of the fuselage,
evaluation of their dynamic characteristics and the needed validation by ground
vibration tests are in progress. In many cases, there are discrepancies
between the analytical models and test results, Attempts are being done to
reconcile these differences by improved modeling techniques and structural
dynamic system fidentification techniques. However, accurate predictions of
vibration levels require a knowledge of the exciting forces and other vibration
reduction devices. The exciting forces include contributions from the rotor
systems and the fixed or nonrotating system. The main rotor system
contributions need considerations of the structural dynamics of the blades, the
appropriate aerodynamics and the effects of vibration control processes such as
the higher harmonic control. This paper is addressed to the probiem of
vibration predictions in the airframe due to main rotor contributions including
the effects of higher harmonic control and their practical implementation.



Practical implementations of higher harmonic control has resulted in

incomplete vibration reduction. Some of the unsatisfactory vibration
reductions with the classical constant gain Cfngrol and some adaptive control
techniques have been attributed to reasons™ such as nonlinear effects,

convergence of the control algorithm to an incorrect mintmum, control vectors
based on incorrect flight conditions, error sensitivity and other problems such
as hardware-software problems. Accurate predictions of air frame vibrations
are not possible unless the actual reason for the unsuccessful reduction of
vibration levels is incorporated inte the vibration analysis. 0On §he4bright
side of the picture flight test resuits are now becoming available.™’ If a
reasonably accurate apriori model is developed for the analysis airframe
vibrations that includes higher harmonic control effects, flight test results
and system identification techniques can be used to identify and separate the
reasons for unsuccessful vibration reductions. Such an identification process

will also assist in improving real time controi techniques with or without a
knowledge base.

Developments and some results of a coupled rotor/airframe vibration model
with higher harmonic contrel are discussed in this paper. Previous attempts at
developing §uch a model has been reported by Sopher Studwell, Cassarino and
Kottapalli. In Reference 5, Sopher, Studwell, Cassarino and Kottapalli have
developed a coupled roter/airframe vibration analysis computer program that can
predict effects of higher harmonic control on changes in vibration levels.
Presented results that use the scale model wind tunnel test data indicate that
the model has the capability to adequately predict trends of the variation with
the air speed and higher harmonic control inputs. The predicted vibration
levels are sensitive to fuselage modal characteristics. The changes in
vibration levels due to higher harmonic control were underpredicted and were
sensitive to modal characteristics.. Also absolute vibration Tlevels with nine

fuselage modes are different from measured values but indicated a correct
trend.

The approach in this paper is to start with a simple coupled rotar/air
frame model that includes higher harmonic effects. The objective is to later
generalize the simple model to include additional structural dynamic
capabilities, aerodynamic capabilities and control algorithms. By this process
it is expected that unimportant parameters and their effects can be eliminate
to keep a simple model. A first attempt here is to generalize Hsu and Peters
coupled rotor/airframe model to include the effects of higher harmonic control

and study the effects of some of the postulated reasons for unsuccessful
reductions.

11. BACK GROUND

In the past few years, many active vibration control techniques1 4, 1-17
have been proposed to overcome the possible weight penalties and lack of
flexibility of passive vibration control options. This paper is concerned with
one of the active control techniques that uses the blade pitch motions at



higher harmonics in the rotating frame. The potential benef%ﬁﬁzof the higher
harmonic control techniques have already been demonstrated. As is well
known, basic principles of this control technique consists of superposing
higher harmonics on the O/rev and 1/rev blade cyclic pitch to achieve a
reduction of wvibration levels at selected fuselage locations. In practical
applications, however, vibratory hub loads are detected at b/rev for a 'b'
bladed roter system and a control algorithm is then used to determine the
amplitude and phase of the rotor higher harmonic inputs to reduce the vibratory
hub loads. It is then expected that a reduction of the vibratory hub loads and
moments results in a reduction of vibration levels of the airframe. It is
usually assumed that, for a 'b' bladed rotor system, the significant airframe
excitation frequencies 1is at b/rev even though the airframe excitation
frequencies occur at other integral multipies of b/rev because of the larger
contribution of lower harmonics. Other purposes of higher harmonic control has
included objectives such as reduction of blade stresses, etc.

It has also been noted that, for best results, amplitudes and phases of
the needed higher harmonics vary considerably for different flight conditions
and different choice of locations where reductions of vibration Jevels are
sought. As a consequence, a significant amount of recent research work has
focussed on inflight adjustments, uses of recursive estimation procedures and
adaptive control technigues to achieve optimum changes in vibration levels for
different fight conditions.

[TI. COUPLED -ROTOR/AIRFRAME MODEL WITH HHC

As discussed earlier, the approach is to start with a simple model and
later progressively add additional complexities. Some of the reasons for such
an approach is to be able to answer the following questions.

(1) Under what conditions 1is the rotor/airframe coupling
important in predicting high harmonic control effects on airframe
vibrations in practice?

{2} If the airframe coupling is important what type of airframe
structural dynamic model 1is adequate? How simple a model will
suffice to yield the desired results? How many and what types of
degrees of freedom are important? Are simple assumed mode models
such as beam type of fuselage models are accurate enough to predict
the desired higher harmonic effects and changes in vibration levels
including the reasons for unsuccessful reductions and adaptive
control?

(3) Does a simple rotor system model with quasi steady
aerodynamic yield the desired results? If not how complicated should

the model be? What type of aerodynamics is necessary to predict the
desired effects?



The coupled rotor-ai rfpﬁ?e vibration model that is used is based on the
work of HSU and Peters. This model is based on an impedance matching
method and thus provides the simplicity of performing separate calculations for
the rotor system and the fuselage. The separate derivations are followed by
procedures involving matching of appropriate forces and moments. In such an
analysis calculations are needed only for a single blade. Results for
multiblade rotor system are obtained by appropriate transformations.

In developing the model, Hsu and Peters' have assumed a uniform blade that
is quantitatively described by modal coordinates q. 1in "flapping only"
conditions. As discussed in the previous section, this assumption has been
retained in the present analysis to maintain simplicity and study the effects
of flapping motion of the rotor and airframe combination on higher harmonic
control. Natural extensions of the present analysis is to consider "flap-lag”

condition and "flap-lag-torsion” conditions. Reverse flow effects have been
included.

There are some differences between Hsu-Peters' model and the model used in
this paper. In the present analysis there are two options for the fuselage
analysis. A first option is to use a model, similar to that of Hsu and Peters,
that is based on the assumption of assumed modes. A second option is to use a
model that is based on a finite element approximation. The purpose of the
finite element model is to be able to consider larger degrees of freedom in the
fuselage and local changes of stiffnesses.

Quantitatively, the coupied rotor airframe model can be explained with
reference to Figures 1 and 2. The deformation of the rotor blade .

!
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where ¢.(x) are the assumed modes and q.(t) are the generalized coordinates.
Then, for the rotor blade the dynamic equ3t1on are

Mel + Dl +DetP4-K)1= Do+ DY -G2)

where q is a vector of generalized coordinates.

S0, 1} (3.3)

The vector 8 is a 10x1 vector

s 30, 05,05 % 0, 6 0 - 95} -(3-4)

and Y is the Vector of forc1ng terms due to hab' m0t1ons
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Other matrices in equation (2-2) are the mass matrix M,, stiffness matrix K,,
aerodynamic damping matrix D_, aerodynamic contributiongto the stiffness matrix
D, and the contribution of céntrifugal forces to the stiffness matrix P. Parts
o% the forcing matrix D is due to control variable and D, is due to the hub
motion. Techniques and equations for determining all thege matrices are the
same as those discussed in references 1 and 4 with the exception that D, is
different because of the additional higher harmonic terms in control varia%les
and reversed flow effects.

The fuselage model is described by the following equation
MW, +GW, + i W, = F -(3-5)

The quantity \J. is a vector of dimension N_. corresponding to the
degree of freedom selected for the fuselage. The vector \Af and the forcing
vector {F} are partitioned as follows:

Wy Fy
\ﬁJ = ) _Er - —(3- éz)
W 7wy, 7 (

The vector Hf and F, correspond to the node at the hub. In the coupled
model these displiacemen and forces are matched with the corresponding
dispiacements and forces of the rotor contributions at the same node. These
other guantities are as follows:

Ff = vector of forces applied allocation other than the hub
F = vector of forces applies all fuselage nodes
wf = vector of displacements at all fuselage nodes

wff = vector of displacements at all nodes other than the hub
For a harmonic excitation
W = He F —- (3.7)

where H_. is fuselage frequency response matrix that can be obtained from (3.5).
In partftioned form

F,
\A/H Hfj_ Hfz. h

Wt His o He| Uy

~(2-9)
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When forces are applied only at the hub, the hub displacements can be

expressed as
i - (39)

Wep = Heo F

fh fl

If the excitations at the hub consist of sums of sines and cosines, i.e.,

{Fh} = {ic} cos wt + {Fhs} sinw t _.(3. hj)

The hub displacements become
c

c R T F
We, _ Hey Ry h —(3-1)
T - HI_ R Fs

£1 = M £1 k

4
where wfh = vector of ampiitudes of cosine response

P .
th"z vector of amplitude of sine respanse

R

I - N
Hfl’,ﬂfl' = real and imaginary parts of Heq

The hub forces and displacements are defined as follows:

R e T PR SRS

z' - 3= b e, 22 5 LT = SWs lw’i} - (3-13)

Then
z= Hal -3
where
R T “
He Ry
1 i
Heo Vo mE o R -(3:15)
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I[V. METHOD OF SOLUTION
The equations are solved by a harmonic balance method by expanding the
generalized coordinates in harmonics and equating the coefficients of the
corresponding harmonics. For a four bladed rotor system, appropriate third,
fourth and fifth harmonics are used.

In particular

T e ,
1; = ([;0 + Z(CZ:‘ Ces nLE i: Sim 'n_n.t:) ~(4-1)
n=l

Z, = :Z:: Cos LSt + ZZE Sim L SLE - 42)
| Lo = i: coy bt + o(f“ san Lo SLE - (43
d, = L, cos b SLE + L sim G 0C - (4-4)
By defining
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§ can be expressed as

r——
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and from(4-6)hub forces P of (3-12) can be written as

p=Qe+ HZ — (.7)

The matrices § and H are obtained from (4-6).
From {3.16) and (4.3)
_ - -1 T
Pe(l-ftg e = He (4.8)

and
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Trim conditions are determined by the usual procedures that ensure a
balance of forces and moments at the fuselage <¢.g. The higher harmonic
control vector is defined as follows.

T
' — ¢ < C '
@““Cﬂ_ {63’93184-;9::‘621955} B (4_"0)

Optimum values for the contrel variables are determined by either minimizing
the forces or the displacements {or acceleration). When the forces are
minimized, the control vector is chosen to optimize the following objective
function.

T = __P,T\:_\_,}P_]_). + _e_-:Hc_ we _Qﬂuc — (L,. “)

where W_and W_ are diagonal weighting matrices and the second term is included
to redule the control amplitudes., The vector of hub forces P can be expressed
as

f = f"_ + -g ehuc - U““l)

~HHe —

where Po = hub forces at trim when eHHC =

Hm: part of ﬁ that corresponds to eHHC

Minimizing J with respect to eHHC leads to

* = T T =T
Q_F - - (_B’dhc \f}jf ljmu. + \‘je_] ﬁung\ﬁp ..E" — (413
where e:: is the optimum control vector.

When displacements (or acceleration) are considered instead of the hub
forces, the controls are evaluated by minimizing

T = E{T \'iz Zp 9_}1:.-. \,},Je @_Huc - —(44)



which results in
. T s

=T - — |
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where Zf- ZO + HHHC BHHC

Zﬁ = displacements {or accelerations) at trim whengHHC=
HHC = part of that corresponds to @

0

il

HHC
and 8 = optimum control when displacements (or acceleration) are minimized
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NUMERICAL RESULTS AND DISCUSSIONS

Discussions in this paper are directed toward the possibility of
developing a capability to predict airframe vibration levels and their changes
with higher harmonic control. In order to develop such a capability, it is
necessary to determine how a particular higher harmonic control algorithm and
its practical implementation will change the fuselage exciting forces and
eventually fuselage displacements, velocites and accelerations. If higher
harmonic control is implemented under ideal conditions such as linearity, error
free estimation of flight conditions, use of the exact instantaneous flight
conditions to calculate the higher harmonic corrections, convergence to the
correct minimum and absence of any hardware ~ software problems "the higher
harmonic control will reduce b/rev hub forces to zero. However, this is not
the case in practice. It is necessary to consider these nonideal conditions.
Both ideal and some nonideal conditions are discussed in this paper.

First, the control parameters are discussed under ideal conditions by
selecting a rotor system and two models for the fuselage. The coupled
rotor/airframe model discussed in the previous section has been used. The
discussions are concerned with the wuncontrolled forces, uncontrolled
accelerations, the control parameters that are necessary when the hub forces or
minimized and the necessary parameters when the accelerations in the fuselage
at a selected Tocation are minimized. MNext, the possibility of selecting an
incorrect flight condition or convergence to a false minimum is discussed. The
resulting vibration levels in the fuselage have been calculated. Then, the
following question has been asked. If these vibration levels have been
measured in a flight test is it possible to use their measurements and
structural dynamic system identification technigues to determine the actual
fiight condition used in the control algorithm, and the resulting hub forces
that were acting on the fuselage?

The selected rotor mode!l had properties described in Tabie I. The
properties used for the finite element model for the fuselage are shown in
Table II. The assumed mode model for the fuselage has {Table IIl)nine degrees



of freedom. The model had one each rigid body degree of freedom and two
elastic modes in plunge, pitch and roll degrees of freedom. Some of the
calculations are only with six degrees of freedoms. The finite element model
had eleven nodes and thirty three degrees of freedom, (Figure 3)

In Figure 4 variations of trim conditions, i.e., 8 _, 8 C, 8 S, and A with
the advance ratio p has been illustrated. Figures without %ubsc%ipt refer. to
the finite element model fuselage and the figures with subscript a refer to
the assumed mode model! for the fuselage. The 4/rev uncontrolled C, and its
variations with the advance ratio are illustrated in Figure 5. Similarly, the
4/rev uncontrolled pitching moment coefficient C,, variations with the advance
ratic are illustrated in Figure 6. In Fiqure 7, ghe uncontrolled accelerations
at the node representing the pilot seat has been illustrated. The higher
harmonic contral vector, i.e., 6,, 8,, and 8. that are necessary to control the
hub forces or accelerations as fanct?ons of %he advance ratio u are illustrated
in Figures 8, 9, and 10. The values of 4., 8,5 and 8, 1in these figures
represent their magnitude. Two curves 1in~each of the” Figures 8, 9, 10
represent two different conditions for the evaluation of the higher harmonic
control vector. One curve represents the values of the control parameter where
hub forces are minimized. The second curve represents the values of the
parameters where the accelerations at the node representing the pilot seat are
minimized. The weighting factors for the minimization ofzthe hub forces and
moments constitute a diagonal matrix with values of R™, 1, and 1. The
corresponding weighting matrix for the minimization of accelerations at the
node representing the pilot seat is also a diagonal matrix with weights 10, 1,
and 1. The value of 10 has been assigned to the vertical acceleration. As can
be seen from the figures, even under ideal -conditions, the values of the
control parameters are different depending up on which quantity is minimized
and the weights chosen for differgnt varigb%es. If a 1limit on the values of
the control parameters such-as 0.2 or 0.5 are imposed there will be residual
of the uncontrolled forces or moments or accelerations for some advance ratios.
BAR charts for the hub shear forces and hub bending moments are illustrated in

Figures 11 and 12. A1l harmonics before and after control are illustrated for
a selected advance ratio.

Next set of figures are used to jllustrate some of the preliminary studies
of nonideal conditions. All variations of nonideal conditions have not been
studied in this paper. In Figure 13, some of the possible nonideal conditions
have been illustrated. Some of these include (a) an assumption of linearity
when the actual behavior is nonlinear, (b) incorrect flight conditions used in
the estimation of control parameters, (c) convergence to a false minimum, (d)
random errors introduced as the control parameters are transferred from the
software of the control algorithm to the hardware that implements these control
variables. In order to illustrate, two particular conditions involving the
convergence of the algorithm to a false minimum and changes in the flight
conditions are considered. In order to illustrate changes 1in the flight
conditions advance ratio change from u, to wu, in a time duration 't' seconds
has been considered. It is assumed that flight conditions have been estimated
at specific time values tl has been used to detect and calculate the control



variables. B8y the time the changes are computed and implemented via hardware
the flight conditions correspond to an advance ratio at t. + t. In Figure 13
the variations of the advance ratio, t, and t have begen illustrated. In
Figure 14, accelerations_ at a fuselgge node because of these nonideal
conditions have been illustrated. In Figure 15 use of incorrect flight
condition and its effect on controlled accelerations are illustrated. In a
practical situation, if these accelerations or some other quantities have been
measured and the cause of this particular nonideal condition is not known the
following question can be asked. Is it possible to use system identification
techniques to determine these <conditions? In general is it possible to
distinguish between the wvarious causes resulting in an incomplete reduction of
vibration levels due to HHC, In Figure 16 accelerations at the node
representing pilot seat due to the convergence to a false minimum near a u has
been illustrated for a selected advance ratio.

In general
= = S+
<2?; = [;Ej‘T tiﬂﬂci]
- QHHC

If ¢ is not the correct value corresponding to the trim condition because of
an euﬂgr in the control algorithm ®une = B¢ . Then

= — o
zf = [ﬂ'r ﬂnhc]i’é’:}

—

In a very simple identification problem if z.is measured at selected fuseilage
locations can we find ec.

CONCLUSIONS

The higher harmonic control vectors and their effects on the vibration
levels at selected fuselage locations have been studied by using a simple
coupled rotor/airframe model. Considerations have been given to different
available options such as the minimization of the hub forces and minimization
of accelerations in the fuselage. Some effects in the possible practical
implementation of HHC have been discussed. Possibilities of identification of
the actual HHC input has been discussed. Additional work with (a) more
accurate aerodynamical considerations (b) additional degrees of freedom in
rotor and fuselage and (c) identification techniques should yield practical
insight to the problem.
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Filgure 2 Rotor Blade Deflections

Toble I Reotor Properties

Deacription Symboi Value
No. of blodes 4
Radius R 20.8 ft
Chaord c 1.56 ft
Mass/Unit Length m 0.203 slug/ft
Flap Bending Stiffneas E1 3.128 X 10" b—e"
Lift Curve Slope a 5,73
Lock Number r 6.53
Rotor speed £ 33.62 raod/sec
First Nonrotating Freq. w 10.08 rod/sec
Density of Air p 002378 slug/ft®
Solidity o 0.085



Table lla Fuselage Mass and Stiffness Properties

Maoss Banding Torsional
Element | Masa/Length | Moment/Length Stiffness Stiffness
Ne. x5 o ), xd),
slugs/ft slugs—Tft ibg—*t lba—fi
1 1.57 8.38 1.15 .86
2 5.76 20.94 2.88 2.186
3 5.76 20.94 2.88 2,16
4 12.56 38,74 5.33 4.00
-] 12.586 3B.74 5.33 4.00
] 3.14 15.70 2.786 1.62
7 52 9.42 1.30 .97
8 .52 5.23 72 .54
9 42 419 .58 43
10 .42 2.09 .29 22

{ 2% Proportional visnous darmping is assumed )

Table Ob Fuselage Concentrated Properties

Node | Mass (slugs) Rotary tnertia (sluga—ﬁ:z)
Ne- Pitch Roll
1 - - 10.0
2 — - 60.0
3 - — 100.0
4 - —_ 225.0
S 23.4 842.4 1100.0
6 - - 225.0
7 - - 16.0
8 — - 3.2
9 — e 2.0
10 - - 1.0
11 - — 1.0
Toble Mc  Natural Frequencies of the Fuselage Model
Mb?;i.e Frequency {Hz) Type
4“l B.37 First vertical bending
5 17.40 Second vertical bending
33 21.64 First torsion
7 3417 Third Vertical Bending
8 34.25 Second torsion

*

First three maodes are rigid body modes




Table I Fuselage Properifes { Nondimensional 3

Description Symbol Value
Unconsirgined banding freguency We, 1.83
Unconstroined pitching frequancy g} 3,04
Unconstrained rofling freguency By 257
Radiug of gyrotion In pitch rgm 0.37
Radiun of gyration in roff gl 0.14
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